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INTRODUCTION 

1. The Proceedings of the 1962 Army Science 
Conference are a compilation of all papers 
delivered 'at the conference. Its purposes 
are to: 

a. Provide a historical record of 
the conference. 

b. Serve as source material for 
scientists engaged in research 
for the Army. 

c. Enable conference participants 
to review papers in which they 
have a special interest. 

2. 'The report consists of three volumes, as 
follows: 

Volume 1 - Unclassified papers 
Volume 2 - Unclassified papers 
Volume 3 - Classified papers 

Lieu enant General, GS 
Chief of Research and Development 
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PROBLDIS AND PROGRESS IN 'l'RE 
STUDY OP ORAL TOXICITY 

OP BACTERIAL TOXINS 

CARL LAMANNA 
LIPE SCIENCES DIVISION, ARMY RESEARCH OFFICE 

WASHINGTON 25, D.C. 

In common parlance, the term food poisoning is associated 
with the consumption of food in which harmful bacteria have grown and 
produced products which, when ingested, are upsetting to the un­
suspecting victim. Caveat consumere - let the consumer beware. •A 
large number of different and phylogenetically unrelated bacteria 
have been implicated in food poisoning, some frequently, and others 
so infrequently that their capacity to cause food poisoning remains 
suspect. 

The signs of food poisoning should be traceable to the effect& 
of particular compounds. In other words, one aspect of basic scien­
tific investigations of food poisoning should be the isolati_on and 
characterization of specific compounds which, by their biological 
effects, can account for the signs and pathology of food poisoning. 
It is surprising that the number of such compounds from bacteria 
which have been so specifically identified is small. Most interest• 
ing is that the few such materials which are characterizable as to 
their general nature are proteins. As such, they are properly 
classifiable as exotoxins, since they appear to be secreted,excreted, 
or otherwise released into the medium in which the bacteria grow, are 
antigenic, and can be neutralized by specific antibody. These are 
properties traditionally associated by the bacteriologist with the 
substances he calls exotoxins. 

Scientific nomenclature contributes to clear thinking by 
insistence upon the use of precise definitions to identify objects 
and phenomena. It is f.n this spirit that I propose the limitation of 
the term enterotoxin to a certain kind of oral poison. When an 
exotoxin is swallowed, its harmful effect can be due to direct action 
on the tissue of the alimentary tract, in which case the toxin is 
properly spoken of as an enterotoxin: one which by direct contact 
specifically affects the behavior of intestinal cells. The other 
possibility is that the toxin does not act directly on the gut, but 



rather is absorbed from the alimentary tract and acts specifically 
at sites remote from the intestinal lumen. In this situation, we 
can speak of the toxin as being an oral poison, since it causes harm 
when swallowed, but should not speak of it as an enterotoxin. Any 
effects observed on the alimentary tract would be the secondary 
consequences of action at some distant primary site: an extra­
alimentary or extra-lumen site. Such a situation poses an interest­
ing critical problem missing for the case of a true enterotoxin, 
namely, how can a protein escape the intestinal barriers to the 
absorption of large-sized molecules? 

If a protein can act as an oral poison, ~e are inclined to 
make certain cODDDon sense inferences as to the properties that are 
responsible for its being an oral poison. We may reason that either 
the molecule as a whole, or some smaller specific piece or toxophore, 
must have some special resistance to the intestinal environment which 
is harmful to the maintenance of the structural integrity of a 
protein, for example the actions of proteolytic enzymes. If the 
toxin can act at a distance f:om the intestinal tract, we may also be 
led to suppose that the toxin must possess special properties to 
account for its transport across the intestinal permeability barriers. 
It is the validity of these two inferences, when tested against fact~ 
that I will discuss, using botulinal toxin as the model of an orally 
poisonous exotoxin, and one which has its primary action remote from 
the digestive system. When I can, I shall consider the biochemical 
problems encountered. The goals of biochemistry are to relate 
toxiclty to the chemical structure of the toxin molecule and to 
identify those factors of susceptibility of the host to the toxin 
which have a biochemical basis. 

In botulism, the harm done to the animal victim is the result 
of a toxemia following ingestion of. poisoned food and does not invol1te 
an infectious process. Thus we are not involved with considerations 
of the inflammatory process which complicate problems of toxin 
absorption and action. 

Botulinal toxins appear to be simple proteins. It is not 
possible to say how the property of toxicity arises in this protein. 
The search for localized toxophoric groups within the structure of 
the protein molecule has been negative to date. A variety of un­
related physical agents and chemical reactions cause loss of toxicity. 
A recent hope that fluorescence of the toxin at 3300 i after activa­
tion at 2900 I is associated with toxicity has not been substantiated, 
since detoxification, for example by urea, can be accomplished 
without an accompanying loss of fluorescence (1). The available 
facts do not prove, but do support, a hypothesis that attributes 
toxicity to tbe maintenance of the structural integrity of the 
protein molecule as a whole. 

Being willing to accept the guess that the toxic structure 
of botulinal toxin is a complete protein molecule raises the 
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question of how such a protein can escape detoxification in running 
the gamut of digestive juices. While the older literature generally 
reports botulinal toxin to be resistant to detoxification, our own 
work employing quantitative techniques, adequate numbers of experi­
mental animals, and type A toxin of varying degrees of purity, has 
shown detoxification by trypsin and chymotrypsin to occur. Results 
with pepsin have been conflicting. The conclusion that must be 
drawn is that the capacity to act as an oral poison cannot be a 
matter of absolute resistance by the toxin to the activity of 
proteolytic enzymes in the intestinal environment (2). Por 
lethality to be expressed, or any other .action of the ingested 
toxin, it is only necessary for the smallest harmful amount or · 
threshold effective dose of toxin to escape across the ali~entary 
tract barriers before detoxification in the intestine has had time to 
proceed to completion: · 

In clinical cases of food poisoning, toxin is swallowed with 
a .variety of different fobds. It is conceivable that ingested foods 

.. can affe.ct the oral potency of toxin by influencing the rate of 
in'testinal detoxification, for example, by competition for or 
inhibition of' proteolytic enzymes. We have been able to establish 
that the .state of alimentation and the kinds of foods ingested with 
toxin do influence ·oral toxf.ci ty as measured by changes in LD50 
lethal oral dose values (3). Foo~s and toxin were given to a mouse 
in separate per .2!. injections. This procedure was adopted in 
preference to mixing food and toxin in vitro in order to insure that 
all results were the consequence of in ~interactions exclusively. 
Foods may act to.increase or decreaseoral toxicity of a fixed 
quantity of ingested ·toxin. In TABLE 1, for example, it is demon­
strated that olive oil and Pgg albumin can increase oral toxicity 
both in terms of increasing the rapidity of deaths a~d total number 
of individuals succumbing to a given quantity of tox1n. This is 
unexpected if we have been thinking in terms of food competing .for 
proteolytic enzymes in which case we would not predict an increase in 
toxicity in the presence of olive oil, a substance which does not 
react with proteolytic enzyme. Probably different foods can affect 
toxic potency by different mechanisms. 

Incidentally, it is a part of the mythology of botulism that 
those who partake of alcoholic beverages at the fatal feast suffer 
less serious consequences than those who do not indulge •. A few 
experiments, therefore, have been performed to test this belief. As 
can be seen in TABLE 2, ingestion of mixtures of brandy and egg 
albumin, a reasonable simulation of human experience, particularly at 
Xmas and New Year's parties, and mixtures of brandy with olive oil 
tended only to reverse slightly, if at all, the enhancing effect on 
toxicity of the food without reducing potency below the level 
experienced upon ingestion of toxin alone. Thus, the consumption of 
alcoholic beverages has no remarkable prophylactic value in botulism 
except insofar as the true i~biber eats less food. Taking into 
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account the weight difference between man and mouse at higher doses 
o·f brandy than those employed in the experiments performed, one is 
subject to the risk of drinking lethal quantities of brandy. In 
such an event, the anticipated cure might be more pleasant than the 
disease, but equally fatal. 

Insufficient data are at hand to permit generalization and 
prediction of how particular kinds of foods will act. We do not 
know by what mechanisms the foods affect the toxic dose. But five 
possibilities worthy of investigation are self evident: foods might 
protect toxin against destructive intestinal influences; they might 
act to increase or decrease the secretion of digestive juices; they 
might c~bine with the toxin to form larger particles less able to 
penetrate the gut wall than is free toxin; they might modify the 
physiological bases of intestinal permeability; or they might have an 
effect on the rate of peristalsis with a consequent decrease or in­
crease in the sojourn of the toxin in the part of the intestine offe~ 
ing the maximum opportunity for systemic absorption. No one of these 
possibilities has been adequately explored. 

I suspect the effect of food is less by direct action on the 
toxin than on mechanisms influencing peristalsis and the permeabi­
lity of the small intestine to whole protein. If foods did inter­
fere with detoxifying proteolysis in the gut, one might hope to show 
an enhancement of oral toxicity by the use of specific inhibitors of 
enzyme, trypsin. Soybean and egg albumin trypsin inhibitors have 
been tried and both fail by their presence in the alimentary tract to 
affect the oral toxicity of the tetanus and crystalline botulinal 
toxins (TABLE 3) under the conditions of our tests. The total number 
of mice succumbing to varying doses of orally administered toxin was 
not found to be significantly different in the presence and absence 
of the trypsin inhibitor when a twofold dilution series of toxin was 
employed at dilut~ons somewhat above and below the oral Ln50 dose. 
The inability of trypsin inhibitor to increase oral potency of the 
toxin was disappointing, since one would guess that a si.gnificant 
fraction of the great difference in the amount of toxin required for 
an oral lethal dose relative to a parenteral dose would be the result 
of destructive tryptic proteolysis in the gut which should be reversed 
by a specific enzyme inhibitor. 

We will now turn our attention to the problems of permeabil­
ity. How does the toxin go from the intestine to the blood stream? 
There is good evidence that the route taken is a lymphatic one (4,5), 
and that the lymphatic route is the only avenue (5). If the lymph 
draining the intestine is diverted from the body by cannulization of 
the thoracic duct so that none of the lymph can be spilled over into 
the blood stream, botulinal toxin fed an animal does not cause poison­
ing (5). This observaUon means two things, one, that absorption 
from the gut is limited to the lymphatic route and second, that the 
toxin poisons exclusively by direct action on extraintestinal tissue. 
These observations return a dividend of general scientific usefulness. 
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They provide us with an experiJDental means for deciding whether or 
not an oral toxin acts directly on the gut and legitimately can be 
considered a true enterotoxin. This question is not always easily 
answered. A case in point is the staphylococcal enterotoxin which 
traditionally has been thought to act on the intestinal tract 
directly, a point of view which has been placed in doubt by investi­
gators at the University of Chicago. Since the staphylococcus toxin 
is a protein, it seems possible that a definitive answer should be 
forthcoming by observing animals orally fed the toxin and cannulated 
to prevent intestinal lymph from flowing into the general circulation. 

Does the toxin that escapes from the alimentary tract and 
enters the blood stream actually have the dimensions of a protein? 
Sue~ a question is related to the biochemical one of the size of the 
ultimate toxic particle. 

Since in the natural situation botulism results from food 
poisoning, one might hope Nature to be parsimonious and to permit 
only the toxicologically active fragment of the protein particle to 
escape from the intestine into the general circulation. Such a 
possibility would be reinforced by any normal tendency of the 
alimentary tract's permeability barriers to refuse passage to whole 
protein. Heckly, Hildebrand and Lamanna (4) have studied this 
question. They have found the systemically absorbed toxin which 
appears first in the lymph and then in the blood to have the dimen­
sions of a protein. By ultracentrifugal analysis, the sedimentation 
value (s 20) of the toxin appearing in the lymph draining from the 

0 small intestine of the rat was found to be 7.9t3.5 which is within 
the size range of protein. Defeat has followed an attempt to find 
toxicity resident in a particle smaller in size than a protein. 

o The data available indicate that the toxin in lymph has 
0 

dimensions within the range for proteins and need not be broken down 
to smaller non-protein elements in order to pass through the 
in~estinal barriers into the lymphatic system. While the observed 
sedimentation coefficient of the absorbed toxin in lymph was signi­
ficantly less than cf crystalline toxin, it is probable that a small 
percentage of the crystalline toxin can dissociate to the smaller 
protein particle size, and it was this portion of toxic protein 
whose passage into the lymph was favored. 

0 

There is no evidence that crystalline toxin in the 
intestine is "digested" into smaller-sized toxic particles. This 
statement is based on sedimentation coefficients determined for 
crystalline toxin both before and after exposure to residence in the 
small intestine of the rat for a period of 2 hours. The particle 
size of the bulk of the toxin was not demonstrably reduced by 
exposure of the crystalline toxin to the .digestive process in the 
living intestine. The sedimentation coefficient of the batch of 
crystalline toxin employed was in good agreement with the 17.3 value 
or 900,000 molecular weight reported for this material (6). 



There is no reason to believe that the toxin crosses the 
small intestine as smaller than protein particles which are 
reaggregated in lymph to the dimensions of a protein. lather our 
view is that the small intestine does not present an absolute barrier 
to the pas~age of protein. Botulinal toxin is but one among many 
whole proteins which can be absorbed from the small intestine in 
small quantities. 

That the true particle size of toxin in lymph is not 
determinable by sedimentation studies because of absorption of the 
toxin to albumin is most unlikely. Since albumin is the most 
abundant and highly charged of the lymph proteins one might infer 
the toxin to be absorbed above pH 7 to albumin rather than to 
globulin. The fact that the toxin present in lymph migrates 
electrophoretically at the same rate as crystalline toxin, rather 
than at a rate corresponding to some value intermediate to toxin and 
albumin or to the value for albumin argues against the existence of 
a small molecular weight toxophore adsorbed to albumin. In addition, 
toxic lymph when dialyzed against serum albumin does not release 
toxic material able to pass across the walls of dialysis tubing. By 
placing mixtures of crystalline toxin and proteolytic enzymes in 
dialysis tubing one does not find toxic material escaping from the 
bag. This result might be expected to follow if proteolytic enzymes 
could chop off pieces of the protein molecule, and thus permit the 
escape of smaller-sized dialyzable toxophoric pieces. The conclusion 
to be drawn from these experiments (4) is that the measured sedimenta­
tion coefficients of toxin which has passed from the intestine into 
lymph are values for toxin unassociated with a carrier protein. 

In another effort to settle the question of the size of the 
ultimate toxic particle, we have determined the sedimentation 
coefficient of type A botulinal toltin in lymph and blood after 
intravenous injection in rabbits (7). Such exposure of toxin to the 

. !.!1!!!2 extra-alimentary environment for as long as two hours did not 
reveal the occurrence of toxic materials with dimensions smaller than 
that of a protein. Thus residence in the body fluids did not 
demonstrably result in any disassociation or breakdown of the toxin 
to low molecular weight non-protein toxic moieties. 

Alone among the classical bacterial exotoxins, botulinal 
toxin has been considered to be an oral poison. If botulinal toxin 
is truly unique in this respect, exploration of this situation might 
provide clues of a biochemical nature to the biological properties of 
the toxin. Unfortunately, oral toxicity is ill?!, a characteristic 
unique to botulinal toxin (8, 9). Both diphtheria and tetanus toxins, 
materials not associated with clinical cases of food poisoning, can 
act as oral poisons and at the very most are only one order of 
magnitude less toxic orally than botulinal toxin in terms of the 
number of intraperitoneal 1050 doses equivalent to one oral LD50 dose 
(TABLE 4). This finding suggests that oral toxicity of the bacterial 
exotoxins is not an expression of intrinsic qualities of chemical 
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structure of the toxins, but rather is a consequence of a physio­
logical fact. Thia fact is the inability of the alimentary tract of 
the so-called normal animal to prevent the escape of small quantities 
of different kinds of whole proteins into the general ·circulation by 
way of the lymphatic route. The alimentary tract does not present 
an absolute barrier to the systemic absorption of whole protein, a 
fact which allergists have long recognized {10). The prime avenue 
of escape is the small intestine, probably the jejenum chiefly • 
Intrarectal instillation of toxin in monkeys (11) and rabbits (12) 
is slower than oral administration in causing deaths. 

Potentially, any toxic protein is an oral poison if its 
potency is high enough for the minute amounts crossing the intestinal 
wall to exceed the threshold values for physiological activity at 
locations distant from the intestine. I emphasize the term minute 
quantity, since a lethal dose of botulinal toxin for the mouse 
involves fantastically small weights of material, the order of 1 to 
10 thousantmof a millionth of a gram. The fact of escape of toxic 
protein through the wali of the large and small intestines should 
not shock us in spite of the classical teaching of physiology that 
the intestine is a formidable barrier to passage of protein. Bogben 
(13) has neatly stated a philosophy relevant to the problem of the 
penetration of tissue barriers by large-sized molecules such as 
microbial toxins: "Passage across cell membranes must be considered 
in :;tatistical terms of likelihood and unlikelihood. Given a 
sufficiently sensitive method, any substance can be shown to cross a 
boundary". Even objects as large asnon-pathogenic bacteria and 
yeast can pass from the intestine of normal rats to lymph though the 
numbers are extremely small (14). There is a possible correlation 
between the size of a particle and the number penetrating the gut 
wall since fewer yeasts escape than bacteria, and fewer of these 
large particle~ than toxin. Is such experience indicative of a simi­
lar path and mechanism of escape from the intestine for these 
qualitatively different kinds of particles, namely, diffusion from 
the intestine through "holes" in the intestine varying statistically 
in diameter in a normally distributed manner? 

With bacterial toxins, for example the neurotoxins, 
extremely small rates of passage of proteins across tissue barriers 
can have pathological consequences. This means we cannot treat the 

• - -------------- -.pas.s.age_ _qf _!Q~-~~ proteins in the same vein as the physiologist, who, 
in considering permea6IlTty-ot-rtssue-s-to--pt"o-t--e-i-nsr-1-s---8.e·nenlly _____________ ___ __ ______ _ 
focusing his attention on orders of magnitude of penetration 
considerably beyond those of concern to the bacteriologist, 
immunologist and pathologist. Incidentally, the bacterial toxins 
can serve as useful tools to monitor the specificity of actf.on of 
substances changing the permeability of the intestine to particular 
classes of compounds. For example, disodium ethylenediaminetetrace-
tic acid (EDTA)increases absorption of heparin and heparinoids (15), 
highly charged anionic substances, but does so without increasing 
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passage of botulinal toxin in mice (16) or non-pathogenic bacteria 
in rats (14). 

I should now like to tum my attention to the question of 
the oral dose of toxin required for poisoning the individual. 

The opportunity for harm to befall the host, is a relative 
matter arising from the interaction of host factors and the harmful 
agent. In botulism the biochemical substrate of the peripheral 
nervous system of the host affected by the toxin may be in quantity 
independent of the body weight of the poisoned animal. This can 
follow from the fact that the number of nerve cells in an individual 
is fixed at birth and so does not increase wit~ size and age of the 
individual. In mice lack of a relationship between body weight and 
the quantity of toxin required for a fatal parenteral dose has been 
found (17). The weight of toxin required for a fatal dose is the 
same for the small and large mouse. This is not a finding peculiar 
to botulism. We have found the same fact to be true for tetanus · 
toxin (TABLE 5). Similar reports exist for Shigella 
paradysenteriae endotoxin in mice (18), p -naphthyl-thiourea in rats 
(19) and histamine in mice (20). 

Of interest is the fact that the experience with a 
parenteral route of injection cannot be generalized to include the 
oral route. With type A crystalline botulinal toxin and tetanus 
toxin which we have tried, the youthful mouse required more toxin 
than did the older heavier mouse for a lethal dose (TABLES 6 and 7). 
While common sense might dictate a skeptical attitude toward such a 
finding, a fact of anatomy may justify the finding. In length the 
small intestine averages 40 cm in the young 12-14 g mouse, and 57 
cm in the old 40-43 g mouse. There is, roughly speaking, 50 per 
cent more intestinal surface area provided for the systemic 
absorption of toxin in the large than the small mouse under compari­
son. Since the small and large mouse require toe same minimum 
parenteral dose for lethality, the lesser oral dose for the large 
mouse could merely reflect the greater opportunity for systemic 
absorption before peristalsis removes ingested toxin from the bounds 
of the small intestine where absorption is most prominent. 

No evidence has been developed for pinpointing the chemical 
molecular basis for toxicity in botulism, staphylococcal food 
poisoning and in infectious diarrheas. Oral toxicity for botulinal 
and other recognized food poisoning toxins can hardly be considered 
an unusual property because diphtheria and tetanus toxins, bacterial 
exotoxins not ordinarily thought of as oral poisons, will cause 
toxemia when ingested in sufficient quantity. Perhaps in diphtheria 
this fact has some role to play in the natural infection since the 
organisms growing in the naso-pharyngeal area are producing toxin 
which must in part be ingested as an inevitable consequence of the 
swallowing reflex. In some clinical cases of cryptic tetanus it 
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would be wise to seek for an unsuspected source of intestinal 
absorption of toxin. 

Oral toxicity of any toxin would appear to be affected by 
any factor which can influence the length of residence of active 
toxin in the small intestine or the permeability of any portion of 
the gut to whole protein. Our unders~anding of these factors is 
still at the stage of development of fundamental descriptive data. 
We require detailed knowledge of the anatomical and physiological 
bases for toxicity by the oral route before we can achieve 
biochemical understanding of toxicity at the molecular level. 

What general conclusions about bacterial exotoxins as oral 
poisons can we draw which has relevance to clinical medical 
experience? Unless a toxic protein produced by a bacterial species 
can directly adversely affect the normal activity of the alimentary 
tract, food poisoning should not be attributed to any unique 

·intrinsic chemical properties which account for oral toxicity and 
are absent for other kinds of poisoning by bacterial toxins. The 
actual assessment of the capacity of a bacterial exotoxin to act 
as an oral poison must rest on an understanding of ecological 
circumstances: the relationship of food consumption to food prepara­
tion, and environmental factors influencing bacterial production of 
toxins in foods. These circumstances determine whether or not a 
particular organism will occur in a food and can grow to produce 
sufficient toxin to survive food preparation procedures such as 
cooking and to avoid total destruction in the intestine so that 
small quantities escaping the alimentary tract barriers by way of 
the lymphatic route are above the threshold values needed for 
pathological effects to manifest themselves. In this light it is 
sanitation, bacterial ecology, and the feeding habits of animals, and 
not biochemistry which have the stronger light to cast upon the cal­
culation of the possibilities for the actual occurrence of clinical 
cases of food poisoning. This concept expands the . list of harmful 
organisms which potentially can cause food poisoning. We can expect 
on rare occasions the proper interconnection of events which will 
result in cases of food poisoning by organisms not ordinarily 
believed to be food poisoning organisms. 

The basis for oral toxicity would seem to rest on high 
potency of a toxin associated with a lack of capacity of the small 
intestine to prevent, in an absolute sense, the systemic absorption 
of proteins in small quantities. My basic hypothesis then, is that 
oral poisoning by a bacterial exotoxin is an accident of immediate 
circumstance. The historical biological origin of oral toxicity 
is not in an orderly evolution of proteins specifically directed 
toward the acquisition of unique properties conferring the 
character of oral toxicity. 
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In reviewing what has been said, one must be impressed with 
the predominance of questions raised rather than solidly established 
facts offered. I have adopted this mode of presentation consciously. 
We are living in an age when it has become the habit of scientific 
institutions to sell themselves to the public. As a result the 
popular press is bombarding us with a continuous succession of 
scientific triumphs. This must sometimes have a discouraging effect 
upon the uninitiated scientist and students. By constantly praising 
ourselves, the rising generation may come to ~he feeling that it has 
grown up too late to participate in the real progress of science. 
The administrator may tighten his purse strings against the true need 
for research unless he can be promised a materialization of the o 

breakthrouglahe has been reading about. And so I ch6se my emphasis 
with an eye to saUsfying the need to reassure our neighbors that 
we have not achieved true wisdom in all things. There remains 
many a thing both elementary and subtile to be learn_ed even in such 
an old-fashioned subject field as is represented by the bacterial 
toxins. 

In conclusion, I '1ope I have reassured you that if the food 
you eat poisons you, it is an accident and not a diabolical plot 
against you planned by Mother Nature. Good day and good eating to 
you. 
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Table #1 
Effect of per os injection of egg albumen & olive oil on the 

toxicity of botulinal toxin 
umu at ve at s a ter ece v .DR ox n oer C 1 i De h f I i i T i 0 8 

Toxin Olive Toxin Olive 
Dilution Hr Sham Albumen Oil Dilution Hr Sham Albumen Oil 

l:~ 12 1 6 9 1:8 12 2 
24 7 16 15 24 6 
36 10 20 18 36 7 
48 12 20 20 48 9 
48 17 20 20 48 11 

1:4 12 0 5 3 1:16 12 2 
24 1 12 6 24 3 
36 2 14 9 36 3 
48 4 16 10 48 4 
48 9 18 14 48 5 

Total Deaths••••••••••••••••••••••••••••••••••• 42 
( From 3) 

Table #2 

4 3 
9 8 

14 12 
15 13 
20 16 

1 0 . 1 4 
2 6 
2· 6 

12 6 
70 56 

Effect of brandy (96 proof) on the per os toxicity of botulinal toxin 
in the presence of food 
(a) Presence of olive oil* 

C 1 i D hf I i fT i umu at ve eats a ter .n2est on o ox n 
Hr Undiluted 1:2 1:4 

=on- Olive Olive Oil Con- Olive Olive Oil Con- Olive Olive 
~rol Oil & Brandy trol Oil & Brandy trol Oil Oil & 

Brandy 
6 2 4 3 2 0 3 1 4 1 

12 5 15 8 3 1 4 3 4 2 
18 12 17 12 4 4 5 5 4 2 
24 15 19 12 9 9 9 6 6 3 
30 18 20 16 12 12 10 8 10 7 
36 19 19 15 12 11 9 12 8 
42 19 20 16 12 12 9 14 10 
48 20 16 13 13 10 15 13 
60 17 15 14 11 15 14 
72 18 15 14 11 15 15 
72 16 15 13 17 17 
Total Deaths. • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 51 53 52 

(b) Presence of egg albumen 

Continued on next page 
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TABLE #2 Continued 
Cumulative Deaths at Hr Indicated after Toxin ln2estion 

Dilution of Toxin 
Hr 1: 1.5 !. : 2 1:4 . 

Albumen Albumen Albumen 
Sham Albumen & Brandy Sham Albumen & Brandv Sham Albumen &Brandv 

12 1 3 1 1 2 0 1 1 0 
24 2 6 6 2 2 2 1 2 2 
36 2 12 8 · 3 5 2 2 3 3 
48 4 14 10 3 5 3 2 4 4 
60 5 15 10 3 7 4 2 4 4 · 
72 5 15 10 4 7 4 2 4 4 
72 5 15 13 4 9 5 2 4 4 
Total deaths••••••••••••••••••••••••••••···••·• 11 28 22 c,·r~T·-· 

Table #3 
NUMBER or MICE SUCCUMBING TO ORALLY AIIIINISTERED CRYSTALLINE TYPE 

A BOTULINAL TOXIN IN THE PRESENCE A.-n> ABSENCE OP ORALLY 
ADIINISTERED TRYPSIN INHIBITOR 

Experiment : 1 I 1 2 3 I 1 · 2 I 1 
So bean tr sin inhibitor 

Inhibitor 
present 0.2mg.ll/32* 0.5mg. 3/12 2/12 9/20 
per mouse 
Inhibitor 
absent 

Inhibitor 
present 0.5mg.8/32 
per mouse 

1mg. 22/32 10/32 1/32 2mg6/32 

Inhibitor 
absent 11 32 

(From 9) 

TABLE #4 

8 32 

NUMBER OP INTRAPERITONEAL LDso REQUIRED FOR ONE ORAL LD5o• 
Spectes Toxin 

Mouse, 20 gm. Botulinal type A 50,000 to 250,000 
Mouse, 20 gm. Tetanus 80,000 to 1,200,000 
Guinea Pig 900 gm. Diphtheria 100,000 

13 32 

*With the mice the toxins were administered orally by the use of 
a slightly curved blunt-nosed needle on a syringe. Diphtheria toxin 
was administered by forced feeding of gelatin capsules containing 
concentrated toxin. These methods appear to successfully introduce 
toxin into the gut without contamination of the mouth and throat 
and appear to be well tolerated without evidence of tissue trauma. 
Deaths, therefore, are thought to be truly representative of 
absorption of toxin from the normal gut. 

(From 9) 
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TABLE #5 
OORAPmTONW. LD50 01' TETANUS rom SOLUTION WITH 

9.4 37 

IFl'DIHT WEI' MICl"r 

Technician Small mice 

A 
A 
A 
A 
A 
B 
A 
B 

1,631,000 
189,000 
364,000 
389,000 
111,000 
81,000 

257,000 
323 000 

LDso 
Large mice 

1,350,000 
244,000 
283,000 
305,000 
55,000 
53,000 

259,000 
212 000 

* The titration values for the small and large mice are not 
significantly different, the variation being within the limits of 
experimental error. The method of Pizzi (1950), which permits the 
use of the Reed and Muench type of calculation, was employed for 
determining the standard error of the LD5n. 

(From 9) 
TABLE #6 

TITRATIONS BY THE ORAL ROUTE 01' CRYSTALLINE BOTULIHAL TYPE A TOXIN 
IN MICE OF Dil'l'EREHT WEIGHTS 

Weight of mice 
I (grams) 

Toxin , 
(ml.) ExEeriment 1 Ex2er. 2 Exner. 3 E!Eer. 4 

13-15 38-40 12-14 40-43 13-14 20-22 ,37-39 13-14 20-22 34-36 
0,08 

I 20/20 17/20 12/20 15/20 
0.04 19/20*20/20 17/20 13/20 17/20 5/20 9/20 13/20 
0.02 2/20 20/20 7/20 16/20 2/20 8/20 11/20 1/20 1/20 11/20 
0.01 1/20 9/20 :1120 15/20 8/20 5/20 8/20 0/20 2/20 10/20 
0.005 2/20 5/20 3/20 7/20 1/20 3/20 7/20 1/20 1/20 0/20 
0.0025 1/20 3/20 1/20 3/20 2/20 0/20 
0.00125 0/20 2/20 

* Dead mice/number in ected. j rhe difference in deaths between 
the 13-14 gm. and 20-22 gm. mice is probably not significant. On the 
other hand, the LD50 for the largest mice is significantly less (less 
toxin re uired for death than for the smaller mice • 
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TABLE #7 
ORAL TOXICITY or fflANUS TOXIN POI MALE MICE or DlmuNT 

WEIGHTS 
Weight of mice 

(grams) 
Toxin 
(ml.) E!J!eriment 1 E!J!eriment 2 Egeriment 3 

13-14 37-39 13-14 38-40 13-14 3/.-35 l 
0.75 2/12 10/12 4/12 8/12 
o.so 5/12* 6/12 . 2/12 4/12 5/12 3/12 

• 0.25 2/12 1/12 0/12 3/12 1/12 4/12 
0.125 0/12 1/12 0/12 4/12 0/12 2/12 · 
0.0625 0/12 2/12. 
0.03125 0/12 0/12 
*Dead mice/number injected. (From 9) 

. 

• 

• 

• 

; 
• 

16 

I --

---



f 

' 

LARSON 

INTRODU~ION 

STATIC FATIGUE FRACTURI?ll 
OF HIGH PRr.SSURE GAS VF.SSEtS 

F. R. LARSON 
WATERTOWN ARSmAL 
W~OWN, MASS. 

Delayed tracturing ot service components bu al.¥818 been a 
great problem. Thia is primarily because ot the unpredictable 
nature ot the failures. Usually these failures occur at 1tre11es 
veil below the yield strength of the material used. In D>lt cases 
ot delayed failures, the fracturing event 11 quite catutrophic 
and the brittle nature ot the material used is evident. It is 
therefore clear that the basic toughness ot the metal employed 
plays a major role. However, not all delayed fractures are caused 
by low toughness material.a; only that these material.I are more 
prone to this type ot failure. This is because small cracks can 
have pronounced effects on the behavior of lav toughness mterials. 
The phenomena is best illustrated by figure one which is a schematic 
derived trom the Gritti thl fracture · theory. Briefly, this figure 
sbova the "tracture boundary" tor tvo material.a and illustrates 
that a •terial containing a crack can be only loaded to a certain 
stress, beyond which unstable rapid tracture occurs. The main 
point to notice is the limited crack-size load-area tor the lov 
toughness •terial as compared to the high toughne11 material.. 

Assuming a structure bas been fabricated, inspected, proof 
tested, and put into service, it would be sate to state that this 
structure would be vi thin the fracture boundary and should g1 ve 
satisfactory service. In the majority ot cases this is 10 but 
occasionally service tailures do occur. It then is clear that one 
ot three things could have happened. The first is the alov growth 
of cracks or an increase in crack size. The second is a decrease 
in toughness ot the aterial employed and although the toughneaa of 
a material is an inherent property dependent upon prior processing 
history and does not us~ change with age, it is markedly sensi­
tive to service temperature. Pi~, the part could ban tailed 
due to an onrload. The third is in the realm of design ·and semce 
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llmita but could occur as a result ot an accidental overload or poor 
design; however, it is not the purpose ot this presentation to discuss 
thia phase of the problem, Furthermore, it is not intended to diacuaa 
fracture mechanics in detail tor it is a complex subject, The main 
point which is ot concern is the crack size toughne11 relationship 
as illustrated, 

Assuming that the basic tougbneaa of a material does not 
change with service, except tor temperature ettecta which vill be 
discussed later, it is clea.r that cracks 1111st grow with service, 
Structural failures often occur when there a.re cyclic stresses. The 
fatigue ot parts involved, usually in the region ot discontinuities, 
relates to stress concentrations vbich cau'3e progre11ive cracking. 
For example, failures in liberty type ships at sea bave occurred and 
considerable information baa been accWllllated on these tailures,2 
Many other similar type failures have occurred wherein it bas been 
possible to connect the fatigue crack propagation with the cyclic 
stress. In tact in many cases it is possible to pin point the number 
ot cycles ot stress by the fracture surface markings. The important 
point is that a stress cycling causes propagation ot the fatigue 
crack which grows to the critical size, and catastrophic fracture 
ensues. The major features of this type ot failure are some sort 
of a stress concentrator or a discontinuity and a cyclic stress. 
The crack usually initiates at this stress concentrator and propa­
gates a finite amount tor each stress cycle. From examination of 
these fractures and even during the service of such components the 
cracks becane evident. Therefore, it is possible through periodic 
examination by nondestructive testing techniques, such as megnaflux, 
to detect progressive damage of the part. The main point being that 
the damage is evident Eµid can sometimes be detected before final 
failure, 

The second important type ot failure in this class is stress 
corrosion cracking3. In this case there is a corrosion environment 
which propagates the crack, It is not necessary to have cyclic 
stresses under these conditions. Stress corrosion cracking can be 
induced under certain conditions in most metals. One ot the elements 
present in this type of failure is the growth ot a crack caused by 
corrosive environment usually along a shea.r st1·ess trajectory. It is, 
therefore, evident that any corrosive action, in the vicinity of high 
stresses, on the service components can be serious. By removal of the 
corrosive environment the stress corrosion cracking problem can be 
eliminated, It is then poss! ble from examination of the surfaces 
involved in the stress corr~ffion phenomena to prevent o~ gua.rd .against 
this type ot failure. Characteristics of the fracture surface in 
stress corrosion cracking failures usually a.re associated with an 
intergranular attack. The main feature of the crack, examined in 
cross section, is the many branches in areas adjacent to the main 
crack. Occasionally the fracture surface is very granular in nature 
and has a bright appearance, 
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A third class of failures is usue.J.zy associated wit~ ~drogen 
and this phenomena is commonly called hydrogen embrittlement • The 
main characteristic of eydrogen embrittlement is that eydrogen migrates 
to an area ot high stress and causes a 1011 stress crack growth. The . 
basic mechanism of b_ydrogen embrittlement has not yet been clearly 
defined and there is considerable argument abou·t the actual de·tail 
ot the ·atomic mechanism. Hydrogen may be present in the metal to 
begin wi·th because of prior melting and thermal mechanical history. 
The presence ot eydl'ogen usually causes a severe embrittlement particu­
larly ~in high strength me.terial. It is knovn that hydrogen can cause 
delayed fra.cturinr:; a.t stresses that are ns lov as 30 r,ercent ot the 
yield strength end will usually occur in the order ot 10 to 100 hourn. 

There is n fourth possibility which will be the main thewe 
ot this paper. It consists ot a combination of the second and third 
category or fractures. Basically who.t happens is a small fairly in­
active corrosion occurs and the by-product of this corrosive action 
is b1drogen. The hydrogen is charged into metallic parts surround­
ing the region ot the corrosive action. ~e slow charging of hydro­
gen produces an embrittlement which is an extremely long time etfect. 
The main damage is done by the charg1.ng ot hydrogen; the by-product 
ot the corrosion. This aas builds up with time, depending on the 
corrosion rate, and once a critical amount ot hydrogen is reached, 
the low stress slov era.ck grovs into the metallic matrix. Once the 
crack has reached the critical size, co.tastrophic fa.ilure ensues. 

From the foregoing remarks it can be recognized that the 
failures ot certain types or service components ore a complicated 
and many prong problem. To analyze any service failure, the CO!!l!)lete 
knowledge ot e-vents prior to and existing at the time of failure, is 
needed, It is the purpose of this paper to discuss a recent failure 
which is believed 1D b! a classical example ot static tatit,1e fractur­
ing. It occurred in a pressure vessel at a stress which was ap~roxi­
mately 30 percent ot the yield strength of the material. There were 
no cyclic stresses involved, corrosion was evident, low toughness in 
the region ot service temperature was determined from laboratory 
tests, so that all the elements ot the delayed fracture in service 
were present prior to placing these components in the field. 

BACKGROUND 

On or about 9 September 196o, a pressure vessel in a missile 
that was in stor~g 't Red River Arsenal exploded, complet·ely d.estroy­
ing the missile.5, ' The pressure vessel in question is part or a 
hydraulic accumulator system used to actuate the hydraulic servo­
system. This vessel contains nitrogen gas at a pressure of approxi­
mately 4.,ooo pounds per square inch. The :t'lanc;c at one end of this 
vessel is screwed into a component called an oil dome. Between the 
pressure vessel and the oil dome is a cavity which contains c rubber 
bladder and hydraulic oil. 
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In operation the 4,000 psi nitrogen gas is released against 
the bladder which in turn pressurizes the eydraulic oil to 2,000 psi. 
This pressurized oil then drives the guidance system. The important 
tact is that the pressure vessel is charged to 4,ooo psi with nitrogen 
gas at the manufacturer's plant and remains at that pressure until 
the missile is tired. This is an important step torvard because pre­
vious missile systems have required pressurizing ot the gas cylinders 
prior to tiring the J'!lissile, so that the missile launchings were de­
layed tor a period of 15 or 20 minutes. In this r,articular missile 
system it is possible to have the missile ready to fire in a coaple 
ot minutes. The tactical advantage is quite obvious. 

RESULTS OF INVESTIGATION 

To understand more clearly the nature of the failure, it 
wcw.d be helptlll to review some details ot the processing ot the 
pressure vessels and the •terial used. The pressure vessel is made 
up of tvo parts, one is a forging and the other is bydroformed tran 
plate stock. The tvo parts are called the flange end and the dome 
end. These parts are made from material which is an air hardening­
die steel purchased to an Aeronautical Material Specification AMS 
6437, popularly known as H-ll. The flange and dome end are rough­
machined on the exterior dimension and finish-machined internally 
and are joined by making a circumferential. J-weld, using argon as a 
shielding gas with H-11 as a filler wire. 

Subsequent to welding, bright hardening is done by austeni­
tizing at 185o•p in a reducing atmsphere. The vessel is then air 
cooled, tolloved by triple temper at 1080, 1100, and 1120•p in order 
to obtain a Rockwell "C" hardness of approximately 47. This hardness 
corresponds to a 200,000 to 220,000 ;yield strength material. Follow­
ing this heat treatment the welded vessel is finish-machined and 
proof pressure tested to approximately 8,000 pounds per square inch 
using hydraulic oil. The oil from the proof testing is then cleaned 
out of the ve11el with alcohol. Prior to placing the vessel in 
service, it is charged with nitrogen gas which has a -Bo•r dev point. 
There bas been some question regarding the quality control of this 
nitrogen gas as several of the vessels have been shown to have had 
considerable moisture on the interior surfactt. The vessel has, of 
course, one atmosphere ot air in it because it was not evacuated 
prior to charging with nitrogen; thus, whatever moisture was contained. 
in the air was also present internally after charging. The pressuriz­
ing ot the nitrogen and air undoubtedly condensed sane of the moisture 
present. 

The first failure occurred at Red River Arsenal on or prior 
to 9 September 196o. The missile was in storage in an iglo and the 
pressure vessel ruptured catastrophically by shattering into ma.ny' 
pieces, completely destroying the missile. The manufacturer's record 
indicates this vessel was charged on 7 April 196o. This would make 
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the total elapsed time between charging and failure about 22 weeb. 
Figure 2 is a photograph of the fractured segments trom the failure. 
Chronologically the events are quite similar for a second failure 
which occurred on 7 October 1960 at Fort Bliss, Texas. Fragments 
tram both vessels were shipped to Watertown Arsenal Laboratories 
and an investigation was undertaken to try to determine the cause 
ot failure. 

.. .. 
Both of the fractures were very simil.a.r so they will be 

discussed together, noting the minor ditterences, The actual loca­
tion of fracture origin was made by an examination of the fracture 
surface marki1£gs coDDOnl.y called chevrons which point back to a 
darker area vi th a 11 ttle indentation on the inner surface. Figure 
3 illustrates this tor one ot the vessels. Both fracture origins 
were about 3/8" from the veld. Visual examination revealed that 
neither origin was associated with the weld or the heat affected 
zone. It is probable that these tracture origins were in this loca­
tion because the hoop stress is maximum in this region. The main· . 
characteristic of the fracture was a pit ~n the internal surface 
which was undoubtedly associated with a corrosion process. SUrround­
ing the pit was a dark black area ot slov crack propagation followed 
by an area markea with chevrons which defines the rapid fracturing 
stage. 

An examination of the many fragments shoved that the fracture 
was quite flat &"ld the shear lips along the edges adjacent to the tree · 
surfaces were very small. These characteristics indicate the material 
was quite brittle. Because of the pit areas in the fracture nucleus, 
a more detailed study of the internal surface was made. The impor­
tance of determining the nature of the fracture origin is self-evident 
as previously pointed out. In the interior of the two fractured 

, vessels, considerable amounts of cprrosion products were present. 
Several areas had large flaky build-ups which were· evidently corrosion 
products. These build-ups were probed vi th a. needle and revealed no 
solid particles. X-ray analysis of these particles indicated they 
were mainly iron oxide. Some chromium oxide was also detected. In 
several areas underneath these build-ups were deep craters or pits. 

The tendency for corrosion varies with material and within 
a given material vi th microstructure and strength level. The ex­
tremely low corrosion resistance of steel when heat treated above 
200,000 psi is well lmown. This was further substantiated and evident 
trom metallographic specimens which were left overnight. In the 
preparation ot the specimens tor the microstructure studies, some 
specimens were mounted, surface ground and then left overnight in air. 
In the morning one of the specimens had several deep pits with dark 
grayish, blue color around it. In order to determine whether or no·t 
stress corrosion cracking was one ot the mechanisms involved, frag­
ments from both failures were subjected to Magna.glow to determine if 
aiiY' branching cracks were present. The results were negative, 
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indicating tbat no cracks other than the main tlat tracture were 
present. The microscopic examination ot several areas vbich bad 
several deep pits in the region ot muinum hoop stress also revealed 
no cracks. It is sate to s11 that, stress co1TOsion cracking mecba­
ni sm did not play a role in this tailure. 

To determine the mechanical properties ot the tailed com­
ponents both AS1M standard diameter tensile and sub-size impact speci­
mens were machined tram the tractured parts. Along vi th the tvo 
tailed serY'ice vessels, a third vessel which had been shown to have 
a lover hardness vas also studied. Tables I and II present this data. 
The tensile properties, Table I, are normal tor the heat treatment 
employed. From Table II it can be seen that tb:la material is quite 
brittle having impact energy ot about 2 tt-lb with 5 to 10 percent 
tibrosity. These low values ot tibrosity indicate the brittle to 
ductile trantition to be somewhere above room temperature; a very 
serious condition indicating a lov toughness material. Complete 
chemical analysis vas conducted on the tailed parts. All elements 
were within their chemical range and no deviations were noted. 

The microstructures were essentially tempered martensite 
with the sorter vessel shoving a much higher degree ot tempering. 
During the metallographic examination ot specimens tor general micro­
structure, it was observed that there vas a general tendency tor 
grain boundaries to etch dark. Since it is known that this dark 
etching tendency is usually associated v-lth a grain boundary embrittle­
ment, a special reagent was used to further reveal this condition. 
With this reagent the delineation of grain boundaries was evident in 
all specimens that were examined as shown by Figure 4. It is veil 
known that grain boundary embrittlement is usualzy caused by precipi­
tation ot carbides in the form of a tilm along the grain boundaries 
and can give rise to high transition temperatures and severe embrit~ 
tlement. Further information about the probable cause ot this grain 
boundary condition can be had from the isothermal transformation 
diagram for this steel as shown in Figw,e 5. Although this is an air 
hardening steel, it is necessary to cool it ta.irly rapidly to avoid 
the carbide nose as illustrated by the dotted line. Different cool­
ing rates were applied to some specimens in an experiment to verify 
this. It was proven that the grain boundary condition rasults from 
sJ.ow cooling o.nd is probably a carbide precj.pi tate. The microstruc­
tures of several vessels taken from production clearly show these 
characteristics of carbide grll.in boundary precipitates. Further 
microstructural studies of the path of fracture, Figure 6, shoved 
that the early stages of fracture were primarily intercrystalline. 
There was also evidence of intercrystalline cracl:s of about one half 
a grain diameter propagating out from the main fracture path. This 
intercrystalline cracking is similar to the phenomenon of teoper 
emtrittleness and is an extremely dangerous condition. All of the 
characteristics of high transition temperature (above room tempera­
ture) and low fracture toughness are evident in these tests. Fron1 
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this information it is evident that the pressure vessel material had 
a fracture toughness transition above room temperature. It you recall, 
the pressure vessels were charged with gas, in April, in the summer 
time when ambient temperatures were high. The actual service failures 
occurred during the beginning ot the cold season and only a very slight 
shift in ambient temperatures surrounding the components would be suffi­
cient to cause a marked drop in the basic toughness ot the material. 

DISCUSSION 

It is now clear that several events were contributory to 
this static fatigue fracture. First, and probably one ot the major 
factors was the extremely brittle nature ot the steel used; and the 
tact that this steel had a transition temperature above the service 
temperature. Second, the vessel was placed into service combining 
small &D:>unts ot moisture and possibly some corrosive media because 
ot a plating process which is used. During the storage lite., under 
pressure, a corrosive action was developed. Hydrogen was evolved 
from this corrosion reaction and charged into the base metal. The 
charging of the ~-Jrogen into the base metal caused a slow crack 
growth. The dark surface in the region ot the slow growth stage ot 
cracking is quite canDK>n tor those cases ot hydrogen embrittlement. 
While the surrounding ambient temperature was high, the material 
could vi thstand fairly large cracks. However, as time Dk:>Ved into 
tbe colder months ot the year, the lower ambient temperature caused 
a lowering ot fracture toughness ot the material. Since each vessel 
passed a proof testing of twice the service pressure, it is obvious 
that some sort ot progressive deterioration bad occurred. Referring 
back to Figure 1 it can be readily seen that both a slow crack was 
growing and because ot a lover temperature the "fracture boundary" 
was moving to the lett. Therefore., brittle tracture was inevitable. 

The important point is that the material used was extremely 
brittle; and hence, the susceptibility to tracture by a shattering 
mode ot failure in the presence ot a crack or pit was very high. 
Other factors such as the slow growth ot cracks and detects were 
contributory. Furthermore, the slow growth ot these detects is 
known to be more severe in a material with low tracture toughness. 
Since. the corrosion occurred on the internal surface ot this com­
ponent, it was not possible to employ inspection techniques which 
could detect progressive corrosion damage. Even it such an inspection 
procedure could be employed, it is highly unlikely that it would be 
possible to detect these cracks and flaws in any practical way because 
ot their small size. The main conclusion is that the only sate alter­
native method is to fabricate these components trom a material which 
has a high degree ot toughness. To prevent failures ot this type, it 
is possible to use certain basic guide lines and work in this direc­
tion to eliminate all the possible contributory factors. 
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The tirst and main important tact is, ot course, the elimina­
tion ot the brittle material and replacement with a material ot higher 
degree ot toughness at low temperatures as previously stated. To 
correct the situation tho.t occurred in thls tailure, the tallowing 
recomendations were made: 

1. Deprcssurizc all vessels :tn the :t'ield. 

2. Replace all vessels fabricated w:tth H-11 with new vessels 
m~de with AISI 434o steel. This recomoendation was necessary because 
a reheat treatment wo.s not feasible since tests show that even at a 
nuch lower yield strencth the H-11 materiel does nQt have adequate 
toughness. 

3. To obtain the best combination or properties in the 434o 
material, it is desirable to utilize~ 160,000 to 18o,ooo yield strength 
range rather than the 200,000 yield strength r~e. With the intro­
duction ot this new material and strength level it will still be nec­
essary to provide the best possible tabrication inspection techniques 
to insure a sound,crack free product. 

4. Eliminate all processing that tends to charge hydrogen 
into these vessels during fabrication because it is not just the 
actual individual amounts ot hydrogen that are present but the sum 
total of all hydrogen present that causes hydrogen embrittlement 
failure. These vessels should be evacuated and flushed with dry gas 
and all efforts should be made to prevent any moisture or corrosion 
caus:f.ng medium in the internal cavl ty. 

The above recqmmendations were adopted and all of the H-11 
vessels were replaced with vessels made ot AISI 434o manufactured 
according to recommendations. As part ot the quality control program 
several ot these vessels have been periodically burst tested and an 
inspection of the internal surface made. There has been no evidence 
ot corrosion and aJ.l burst tested vessels have behaved in a ductile 
manner even at burst temperatures of -65°F. Figure 7 illustrates 
this behavior. Notice the large distortion and shear lips, evidence 
ot ductility and toughness as compared to the brittle fracturing ot 
a H-11 vessel tested under similar conditions, Figure 8. 

·These new AISI 4 3~-0 vessels have been in service for over a 
year and in climatic conditions of severe cold and tnere have been 
no failures reported. Therefore, it is clear that static fatigue 
tractui1 inc can be prevented by the intelligent use o:t' materials and 
the utilization of Good manufacturing control. 
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No. of 
Hydraulic 

kcuaulator *Mark 

Y295 F-Tl 
-T2 

- · ·-LI· 
·L2 

H-Tl 
-T2 
-Ll 
-L2 

Yl86 F-L 
-T 

H-L 
-T 

Y903 F-T 
-L 

H-T 
-L 

*F • Forged 
ff • HydroforHd 
L • Longitudinal 
T • Trannene 

No. of 
Hydraulic 

Accuaulator 

Y295 

Yl86 

Y903 

TABLE I 
TffiSILE TEST RESULTS 

Y. S. Y. S. 
Di .. ter o.~ o.zrc U.T.S. 

(inch) (pai) (pai) (p• i) 

0.113 207,500 221,000 243,000 
0.113 203,500 217,500 251,000 
0.113 201,500 215,500 247,500 
0.113 207,500 222,000 .253,000 
0.111 248,400 254,100 258,300 
0.100 203,800 223,000 255,100 
0.113 204,000 222,000 255,000 
0.110 206,800 223,200 255,800 
0.113 137,000 148,000 175,000 
0.077 159,600 164,900 176,600 
0.113 143,000 150,000 175,000 
0.109 161. 300 163.400 177.400 
0.113 207,000 231,000 260,000 
0.138 214,000 229,000 265,300 
0.113 233,000 244,000 263,000 
0.113 232.500 245,000 271,000 

TABLE II 
*CHARPY V NOTCH IMPACT RESULTS 

Teat 

••Mark T!cf• ( C F.n•rty 
(ft-1 ) 

F-Ll 20 2.0 
-Tl 20 2.0 

H-Ll 20 2.2 
-Tl 20 1.5 

F-L2 -40 1.8 
•T2 -40 2.0 

H-L2 -40 2.0 
-T2 -40 1.5 

F-L 24 4.7 
-T 24 4.3 

H-L 24 4.2 
-T 24 4,0 

F-L 24 2,0 
-T 24 1.4 ~ 

H-L 24 2.0 
-T 24 2,2 

Elo~. 
(X) 

8.9 
6.7 
6.7 
8.9 
4.4 
4.4 
6.7 
6.7 

11.1 
8.9 

13.3 
13.3 
6.7 
6.7 
6.7 
6.7 

Fracture 
" Fibrous 

5 
5 

10 
5 
5 
5 
5 
.5 

65 
55 
80 
60 
5 
s' 
5 
s 

*Type specimen emploied: 
O. 394 x O .118 x 1. 25" with a notch depth of O. 024" mid notch 
radius of O. 010 ", 

••r = Forged 
H = Hydroformed 
L = Longitudinal 
T = Transverse 
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33.5 
32.1 
35.0 
35.0 
32.3 
25.6 
32.1 
31.6 
51.9 
53.2 
47.2 
51.6 
27.6 
28.0 
32.1 
32.1 
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FIGURE I. STRUCTURAL LOAD-CRACK SIZE FRACTURE 
BOUNDARY FOR TWO MATERIALS. 
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FI GU RE 3: ORIGIN OF FRACTURE IN VESSEL (y295 ) 
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Austen iti zing T emperatu re - 1850 F 

Critical Temperature- Ac, 1505 F 

Prior Condition- Annealed 
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1200 
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I...._ ....... ,_ 
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.... -

-
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TIME 

FIGURE 5: ISOTHERMAL TRANSFORMATI ON DIAGRAM FOR H-11 STEEL 
(NOTICE DOTTED LINE INDICATES CARBIDE PRECIPITATION ZONE) 

FIGURE 6: MICROPHOTOGRAPH OF FRACTURE PATH NEAR ORIGIN 
(y295) - MOSTLY INTERGRANULAR 
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FIGURE 7: 4340 BURST-TESTED VESSEL 

FIGURE 8: H- 1 I BURST-TESTED VESSEL 
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UDNARD, NIEIS>I, and IEUl>I 

MATOU:ALS POR BIOMmlWIICAL APPLICATIONS 

FRED L!DNARD, CARL A. NIEUl>I, and JOSHUA IELS>R 
U.S. ARMr PR:>STBEl'ICS RESEAJl:B LAB>RAmRr 

WALTER REID ARM! MmICAL CEl'l'ER 
WASHDIG'ml 12, D. C. 

Dft'll)DUCTIOI 

Recent adftnce• in nrgery be:fe enbuced tbe need tcr 
pro,iding polyJleric •terial1 vb:lch can be utilised in replacing or 
repairing ti1111e1 or orpu vb:lch b&Te been daaged u a relUlt ot 
trauma or di1ea1e. These •terial1 me been deaipated •terial1 
tor bicnechanical applicationa. 

The vide range ot •echanical propertiea nailable in 
polymers matea tba attracti•e candidate, fer each uea. Bovner, 
nen though a po]Jaer-, poaae11 the deaired p1',11cal properties, 
there ie no a1amrance tbat it mq be 111cce1atully used in the body. 
Biological receptirity 11 the sine qua non tor the long ter11 
utilisation ot a IUrlical repair uterial. 

~ 1aae polymeric •terial.l are biologically receptiTe 
and others are not 11 not 1cnovn with certainty at preaent. 

Some iDYeatigatora ta"for the Tiev that ti1111e receptiT1.ty 
ii related to po]Jmeric molecular ltl'llcture (l) . Others indicate 
that, within lillit1, tiaaue recepti"fity ia relatiyely independent ot 
J10lecular •tl'llcture and depend• chiefly upon the pbylical statue ot 
the polymer (~) • Carcinogenic reactions are elicited vben the 
po]1mer ia illplanted aa a til.11, and 111ch reactiona are llinillal or 
obriated vhen the polymer is implanted in powder tora. 

Because or the uncertainty vhich exiat1 in the interpreta­
tion ot the renlta, it 11 important in the dnelopaent ot uteriala 
tor internal body uae that cogni1ance be taken of both 'fiewa. 
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N&!IRIAIB msIGI Clll'fERIA 

Pora po]1Mr to bl a oadidate tor bicaeobanioal applica­
tion, it 1boalcl be bio1Gpoal.J1' reoepti••· Tld.1 1llplie1 ltabilit, 
1D tbe eanrollleDt in vbiob it i1 to be ued •• vell •• a phylical 
tana vbioh doe1 not inld.bi t DOrllal. oell aetaboli•. 

stability ii a fuaotion ot polyaer atnoture, and the 
tollold.11 attribatu oontribat1 to po]1Mr ltability. 

1) The po]1merio aterial 1hoald be cbllliaally aatarated. 

2) It alloald not hoe labile p-oap1 on the lide obaine 
or obain backbone. 

3) It •boald be ftl.oanisable and t• ?IIOletting, or the 
ltraoture 1hould be regularly oriented pendttin, clo•e packing or 
the cbain1 ud c!71tallisation. 

To IIU8 certain that tbe po]1Mr doee not caat a 
••tabolio 1badov," the polyaer •boald be uNd in textile or poro111 
fora boin, interconnecting poru. To dnelop porou1 structure, 
v.l.th adequate aeohuical propertie1, cCIIIJ)01ite1 conailting of 
ta'bric-reintorced porou1 po]1Mr1 coal.cl be utilised. 

In addition to biological rftCeptiYity, the polymer 1bould 
hoe the required 111Cbanical propertie1, be ea1il7 fabricated into 
de11Ncl 1bape1, alld be ealily lterilised. 

Tbe ranp1 or JNObanioal propertie1 ot intereat are th01e 
repreeentld bJ tbe aott elutoaeric Mterial1 to flexible, bat aore 
rigid •terial1. ror aaple, tor ••ICUlar pro•th11e1 and patch 
gratt1, eott ela.toaeric propertie1 are de1ired; tor teaoral bead• 
ad artificial tracheae, aore rigid •terial1 appear to be required. 

Elastcaer1 ud reline baaed on acrylic and •tbacrylic 
acid eater, are obaical.J1' 1aturated and .... ble to non-•ul.tur 
wlcaniu.tion teclmique1, and rigid re1in1 s.,Dtbeli1ed traa the•• 
•terial1 hoe 1bown salutary tiene re1ponae in apecitic areas ot 
the body, nch •• in repair ot lkull detects and in the J10Uth. It 
vu, therefore, decided to prepare an elastOlllrio •terial baaed on 
bet1ropo]111er1 ot theee eater,. After coneiderable experimentation, 
a terpo]1Mr elaataaer vae nol•ed which conai•ted ot butyl acrylate, 
lletbJ-1 •tbacrylate and aetbacrylurlde. To dnelop ad.equate JNOh­
&Diaal propertiee, th11 bue elaataaer va1 reinforced vith a ..,i117lic 
type tiller baled OD tbe relinou po]JetbJ-1 aetbacrylate and, to 
iuure diJleuional ltability and enhanced reeietance to the biolog­
ical ellri.rODllent in vhiah it vae to be u1ed, the elaetCIIV va1 
croaelinted. vith tonaalde1',de. Teolmique1 were al10 denied to 
etitten the bale elutC11er •o that a range or •terial1 or •ar.,ing 
ucballical propertie1 could be obtained. 
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Pgl11E Szrbeei• 

!be terpo]iar 1lutcaer blltJl ao17lat1 (90), •t-1 llltb­
ao17lat1 ( 7. 5) an4 llltllaor,lullcl• ( 2. 5) vu prepared and O•IIIP011Dd-«1 
vith poqei-,1 llltllaor,late ( 'Y'/ pte/100 pt1 of elaltGllll') aDC1 
fOl'IIU.ia u deecribed in 11pre 1. 

yp1,,.,1 ytipp Peen1i1en 

The terpoJiMr ot llatyl aar,late, •t1',l aethaorylate and 
lllthacr,laadd• OantaiDI lllide groap1 vld.ob -, react with fonaalde-
1',de to etteot oroelliaking of po]iar obaiu. The 111ebu1• tor 
the reaction of aetbacr,la:lcle vith fonald•""'• under albl1ne ucl 
aoid oonditiou -, be repreHDtecl u (3,4,5) 1 

a) .A]ka]1'll 

0 0 
B I bale B H I 

¥ = C - C - 182 + 0112') ---~082 = C - C - R - C82(>B 

cs, os, 

Upon ooa,enioa to 11eatral or aoidio oonditioDI 11d application of 
beat, water 11 NIIDted and •tbylene diudde croalliab are fonted 
(3,4,,). 

0 0 
I B neutral R R 

2 CB2 = C - C - I - CJl2')B t CB2 = C - C - I 
aciclfc I I 

cs, cs, ~82 

b) Acid 

CR2 = C - C - D 
I I 
ca, o 

0 + 0 
u B I H 

2 CR- = C - C - "2 + CH20 --+ C~ = C - C - I 
~ J • 

cs, en, ~II:! 
082 = C - C - IB 

I. I 
c'1 o 
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Under alkaline oODditiou, therefore, l aole ot t0l'llllcle1',de react• 
vitb l •l• ot Jlltbaorrla:l4• to tOl'II a lllt1"lol deri'fati'fe. Under 
aoidio oonditiou, 1 aole of tOl'llal4e1',de reaotl vitb 2 mole• ot 
Mtbaor,lud.de to tON aetl'fl•n• b11 •tbaor,la14e. ~e• ot 
acid and aJbl111• lat1oe1 tor t0l'llllcle1',de cOUIIIIIJ)tion are in aptH­
MDt vitb the propoaed aeohani-. 

In further contirllation ot the propoaed orouliating 
MChania, it had been prni0111]1' 1bovn that tillll oalt trca acidic 
latice1 bee,- more bip]1' oroellinbd •• a fUllotion ot latex aging 
at rooa teaperature1, vherea1 allraline latice1 did not. (6) 

Typical •tre11-•train propertie1 in tenlion of the oroa•-
linked elutcaer tillll a• a function ot tOl'llaldebyde concentration 
are •11 r".1ed in Fipe 2. Cune1 A, I and C vere obtained at a 
•train rate ot 0.2 in/ld.n on tilu ftloani1ed vitb O, 1 and 2 11Dle1 
ot forulde1',de per bual 11Dle of aetbaorylaaide, n1peoti'fely. It 
i1 obeened tbat u the concentration ot tOl'llald•I\Jd• 11 increaHd, 
the cune1 are •bitted tovard the •tre11 m1. In the D CS11nu, 
1traiJ1 rate ot 20 in/ld.n, tor f'ilJu ftlcaniled vitb 1/2, O, 1 and 
2 •lee ot fomalde1',de per bual aole ot metbaor,lud.de, the aune1 
are coincident up to an elongation of~. beyond vbicb they 1epar­
ate. Bawner, there 11 no relation between tOl'llllclei.se concentra­
tion and apparent til.JI 1tittne11, probably becauae the rate of •train 
is too rapid to pendt the pol.per cbaina to relax to equilibriua 
atre11-•train Taluee. It 11 ot intereat to note that the tillll 
appear conaiderably etitter vben •uared in teuion at a atrain rate 
ot 20 in/a1n. 

In 1C11e internal body applicatiou, eucb ae femoral beada, 
arteries, etc., it vae of intereet to llaintain the flexibility of 
the balk po)Jaer, bat to enbance the resietance ot the polyaer nr­
tace to attack by body fluids. In effect, it va1 de11red to acbine 
a fila vhoee nrtace vu highly oro•elinked and hardened vhile Min­
taining the balk of the filll lightly oroeelinked, 1ott and rabbery. 
To accGIIJ)lieh tbi1, the tilu vbich p'Ye atreee-etrain properties 
repreeented by the D oune1 vere post dipped in a 1olution ot formal­
del\fde in methanol tor 15 llillllte1. Tbe til.111 vere air dried tor 
15 llimrte1, nan dried at ,ooC tor 30 llimtee, and apin heated at 
100cc tor 1 boar. 

The effect• on etre11-atrain cune1 ot 1111ple1 so treated 
are illutrated in oune1 E tbraagb B. In all iutances the oune1 
are •bitted tavard1 the •trees axis, indicating an O'ferall 1tif'ten­
ing of the elaatCll8r. Tho•e 8811J)le1 initially more lightly cro11-
linked ( containing lover tormaldebJde concentrations) were JIOl'9 

greatly affected by the poet treatment. 
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Since in all internal applicatiou the •terial voald re­
quire ateaa autooloing tor 8teril11ing parpo111, it va1 of interest 
to determine the etre11-ltrain propertie1 of the elaltaaer uaiag a 
steam cure. Tbe reaul.t1 indicate that tbe st- cure ac,re etteot­
i4teq cured the elaatoaer, Nllll.ting in a etitter •terial. Tbe11 
rellll.t1-, be due to the ~hilio nature ot the tila, vbiab 
1Vel11 in atem, thereby Jlaking aore reaction 1it11 oailable tor 
the oroulinking reaction with formalcle~•• 

Further imeatiption rnealed that a wide rqe ot til»­
foraing ccapo1itiona, TU7ing frcll 1ott elaltaaer1 to relatbely 
•tiff material.a, u, be prepared by TU'Jing tbe concentration• of 
terpolpaer iDgNclient1 Ull/ar by ~U'Jilll tbe aonc•ntntion ot tbe 
Yinylic tiller a1 vell •• by TU'Jing tbe concentration of the oro11-
llnking agent. 

Typical rel\il.ta are 111111arised in tbe tollowi111 table•: 

(For Table• I and II 1ee nat page.) 

It ii obeened in Table I that u the concentration of 
butyl a017late in the terpolyaer i1 increaaed traa 62.5 pt1 to 
90 pt1, the tenaile atre11 at 300j elongation ( teuile llOdul.111) 
deer-ad, the ultimate elongation increued, and the ultill&te 
tenaile atrength and bardne11 decreaaed. The nexural IIOdul.111 at 
•U'Jing t•peratures also decreased with increasing butyl acrylate 
concentration. 

The data in Table II indicate the increaae in rigidity 
obtainable by increa1ing the concentration ot Tinyllc tiller,. 

In addition to the Yariation in aecbanical propertiea 
obtainable by tbe1e M&lll, the latex-di1peraed terpo]1Mra-., be 
fabricated into toaed •tl'llcturea and a nav range of propertiu ia 
obtainable. A typical foaa (Fig. 1, Engineering colUIID) vaa pre­
pared by adding to the stirred latex contained in a beaker the 
citric acid, ... 111. ~de and 1odia polyaC17late. Thia 11:lx­
ture va1 then vbipped vitb a aecbanical beater, tirlt at high apeed 
to cause the foa to riae threefold, and then at a •lover apeed 
(about half of former) to coneolldate air cella into a unitom dia­
tribution. The sodium fluo1ilicate vaa then added and whipping of 
the toa continued at !IOderate apeeda for 30 1econda. Whipping va1 
stopped and the tOUl 10 prepared cOlll.d be poured into flat 11C>ld1 
tor the preparation ot fo•ed 1beet1 or could be 1i11ed to coat tube• 
as desired. Using carefully controlled conditiona, pore 11111 of 
0.153 ± 0.049 m vere obtained. 
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Lll>IARD, IIEUl>I, and IEIS>I 

APPU01t1w 
Na--, nrgioal repair applicatin1 for tbNe •terlall 

t hm.111 a vide ranp ot 111ebanical properti11 were ngeltecl. Thea• 
include •ICUlar proathe•• nch a1 artitioial artm11 ad patob 
gratta, oap1 tor replaoeaeat ot cl11eaaed oartilap on teaonl blade, 
traobeae, heart 'tal'te1, bile duot1, and non-adblrent IID'lioal bacl-
1111 for woan41 ad bani. Of tbeN, tbe ftlCnll.ar proatbe111 (Pig. 1) 
vld.oh ha'te 'been naluated •It nteui'te]y bf 1mpou, ud the oar­
tUaginou replaoaeat11holm bf the teaonl oap1 in Pipre l are 
IDIIJ)le1 ot oaapolite atraotare1 utilising aoi:it, rabberJ cCIIJ)Olitiou 
ad mre ripd ocapon tiou, re1pecti'te]y. The preparation ot theN 
tvo proathe111 i1 deaoribed to illuatrate the tabrioation prooedare1 
dneloped. 

kt;W,qial, Jr\m. A typical artitioial arter, i1 a oca­
poait, atraot11N oauiating of a crillped dacron tube vld.oh i1 ooated 
vith the latex toaa. The ooating apparatu i1 lholm in Pipre 4. 
The apparatu couilt1 ot • po]yproprlene oontaiaer vhole botta ha• 
been replaced vith a pieoe ot 511111 po~1',l1ae tila tbrqh vhiob 
bole• ha'te 'been Ill.de to ac(c• cldate tbe gm.de elaeat ot the appli­
cator. The po~1',lene true (c) i1 tubular in 1bape vith large 
aperture, to pend.t ea17 imanon bf the toa. Into the encl• ot tld.1 
tubular truae i1 in•erted an elant couiating of a pi.de (d) vbioh 
1tabili1e1 the ••-bly against lateral .,._at, a guard (e) vhicb 
pre,ent1 the applicator trca •lipping back through the bole• ot the 
thin polyetl\,lene film., and a ccapre11or elmaent (t) vbicb ii a poly­
et)wlene ring vho11 parpo1e ia to bring the foa into better contact 
vith the fabric by lightly ironing the latter. The applicator ele­
•nt i1 concentric vith tbe circnaterence ot the llalldrel, vbiob pro­
rid11 an ammlar apace tbroagh vbicb the fOIII bu to pa11. Tld.1 
el-nt regal.ate• the tbiobe11 ot tbe toa depoait. 

The fabric utilised bu been knitted dacron nutlon rang­
ing trca 140 elem.er to 4D denier and in 'tariou threacl coat, tram 
'r/ coant1 per inch to 2, caaata per inch. The t1J)I ot fabric tor the 
arterial graft va1 •eleoted for UN bf ita oataaical location. Tbe 
hea'tier fabric• vere ued where the blood pr11111r11 vere higheat. 
The optillla threacl coant atill r-ine to be detend.ned. 

In a typical coating experiaent, the orillped dacron tube• 
were first •oaked in a dilute (6j 101141) terpo~ latex tor 1 hoar. 
They vere NIIIDYed and permitted to o,en drJ at ,oOc tor a .rw 111.nute,, 
and then stored in a lmld.dity cabinet at lOOJ relati'te bmd.dit7. 

The ~pated tube• vere placed a,er gla11 MDdrell, 
stretched~ to~ ner their original length, and held in tb11 
politioa by tape. The polypropJlene container va1 tilled with the 
cmpounded toa11 and the illpregnated tube• van clravn throagb the 
roam in the coating apparatu1 to their tall length, 1lov~ but con­
tiDU0111ly., ~ng about 20 aecondl tor the vhole operation. The 
tube• vere then dried tor 2 h011r1 at 60oC in a circulating-air o,en. 
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After drying tbe · tube•, ta, vere placed in a c,ylinder 
oontainilll oold water and the o,linder va11-rNCI 111 a bot vater 
bath at 1000c tor ,c> Id.mt••· Thi tubel vere reanecl u4 allovecl to 
oool to ro011 tllllJ)fftture. After r_,,1111 tbl tape trail OM end o{ 
tbe ooatecl daoron tube, the orillp vu re-eltabl11hed bf oaretallJ' 
puhing the loo•• end toward the taped end. Great oare ¥al tun 
duriq th11 step to prnent undue OCIIPNlliOD. Tbe tape VU re­
applied to prnent tbe tube traa 11ipplag and tbe ullllbly va1 apin 
placed 111 bot water ( 90°-lOOoC) tor ,C, ai111te1 to beat-Ht tbe tOIII 
to the nevly or1apecl lhape. The tape va1 raoted ad tbe ooatecl 
clacron tube puhed off the glue aandrel into a water bath. Vater-
1oluble oOIIJ)OWldi.1111Dgredient1 vere eluted bJ placing the tube in 
a olrculating vater bath tor 24 hoare. Pllrtber cure vu aocOIIIJ)lllbed 
1'J heating tbe tube in dilute ( 5J) MU••• tcnal111 tor 1 hoar fol­
lowed by ate• ftl.canlzation at 2,0'T tor 1 boar. 

Qu:tiJ•dmee BteJ,na pt tar rmra1 w. Start1111 v1th 
a dog'• origiaal taoral bead to obtain tbe pneral 1hape, a one­
piece nepti'fe •l~ va1 tomec! traa 1iliaoae rubber. A po1iti'fe 
dipping ton vae 111'blequently •d• 1111111 &pay re1in. 

The tolloving clipping procedure vae 11eed: 

DacrOD tabrio va1 abaped a,er tbe •PGIJ aoclel ot the 
taoral bead and 1ecared vith ltring at tbe taoral neck. Falria 
wrinkles vere reao,ed vberner they appeared on the nrtaae in order 
to pra,ide the aootbest aartace poasible. 

Tbe eJ>CD-1 aold, vitb tabria attached, Val dipped into 
latex to aaturate the oloth. The a1eably vu then 1-erled in con­
centrated ooqulant (~ caloi111 nitrate in denatured alcohol), fol­
lowed by dipping in latex tor 3 ld.mte1. The coqalated til.11 vu 
leached in~ vater tor 1 hoar and then driecl tor lfteral boar• in 
an o,en at 60 C matil clear tila reaalted. The CCIIJ)Olite va1 poet 
treated tar 1 hoar in dilute boiling tonaalin 1olution, then auto­
ala'fed at 9pprarillately 2,S°r tor 3() ll11111te1 and tinalq dried in an 
OYen at 60 c. 

The 0011po1ite vae alloved to cool to roca taperature and 
then etripped tre11 the ton. Apprarillate tbiclme11 ot the cCIIJ)Oeite 
Vall•. 

The latex 17etm vae a~•ecl ot 1¢71 acrylate, •t1"1 
metbao1'7late and •tbac1'7laide (80/17.5/2.5), caapcnmcled vith 
'J7 part1 ot polyet~l •ethacrylate and 2 aolee ot tOl'llaldeb.,de per 
baaal •l• ot Mthacryludde. 
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SUIIWl! 

Biologic~ Ncepti•• terpolyaerl baled upon acr,lic and 
•thacr,lic ac14 Nter1 and lllthaorylalllde vere prepared and their 
propertie1 de10ribed. By lllkina ftriatiou in terpolper cCIIIJ)Oli­
tioDI, tOl'llald•~• concentration and nn.,lic tiller loadina, it vu 
po111ble to obtain qualltatbe]J' 1111:llar aterial1 vitb a v14e ranp 
ot aeobaDical propertie1. A •thod tor preparina the •terial1 in 
1ponge fora va1 dneloped. 

The application ot the •terial1 to the preparation of 
Taaoular prostbeaee and to a teaorai bead cap i1 deacribed. 
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MATERIALS FOR BIOMECHANICAL USE 

£A'f.BX 
MA.N{IFA Cl'{IR.B 

PllllUIUTIOII iJIQRUIUTS 

lzl D£ INEUlllU 155 ;!:. 

SHiOIUS£ •sr (tr ~111)2.5 ,ts. 
msm• cmi1u uu ,11. 

hlJI hr1t1t1 II. ,11. 
l1Uyl 

ltUIEU: l11herylah 7.S ,ts. 
lathcryla Ide z.s ,ts. 

,orum ,m LFm .u 111s. 
SHIii TIIHILFATE .14 ,ts. 

FIii iCII It llS. 1H 

TEl$Ul 

ASCULAR PROSTHESES 

SURGERY 

ARiERY AORTA 
RE.ACTOR 

I 

PATCH CRAFT 

COMMON 
/£/ACS 

Fig. l 

42 

ENGINEERI 

PROSfHGSI, 
FABRICAJ'ION 

wu c u,o, me ,urs 
IIICICDlflH$ 

ACITLAT( UIID( LUU lit 
OHi SOLIDS) 
IOU 'lllS ( m (u .... ,, 

POllETHYLMCTUCIJUH J7 
(l7 SOLIDS) 

FOi All(U £ ()7 UllU) Im 

fOAI COUOHIINC INC!:EDIUTS 

ACITLH£·Ulll£ lAHl Ul.1 

HMONIII O IOIIDC I 3cc 

SODIIII rDLTAClflATC 
SOLITIU I he 

1•11 CITIIC ACII l lu4 ltltlh r 
Mee ad 1tlrr14 ltlt ,1 ,5 
SUTO [IS[ ·sx· Iller 
J.9 CC 

WNlrrED TO rou HUITT 
D(Sll(D, rm • " PDIH 
HHSILICAH I.IISPllSII (SH ) 
2,.suro1usc ·n· 1. 2S1 . 

ArHIITIS fll CHTIIIC UI U 
UCIOI 1111H IU llUI 



• 

Ul>ldD, IIIIS>I, ad IELS>I 

STRESS STRAIN CURVES 

FOR CROSS LINKED TERPOLYMER ELASTOMER 
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FEMORAL HIP 
PROSTHESIS 

AN ACR YLATE -DACRON COMPOS! fE ~-----
STRUCT URE DE SI GNED TO REPLACE 
DISE ASED CARTILAGINOUS COVERING 
OF THE FEMORAL HEAD . 

Fig. 3 

44 

• Ii I ER 

.,, 

I 



1 

• 

f 

LllbllD, mISll, ad IILS>I 

APPARATUS FOR COATING CRIMPED 
DACRON TUBING WITH LATEX FOAM 
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A NOVEL CARBOHYDRATE REACTION 

LOUIS LONG, Jr., DEREK H. BALL, and A. K. MITRA 
QUARTERMASTER RESEARCH le ENGINEERING COMMAND 

NA TICK, MASSACHUSETTS 

A study of the possibility of making polymers from sugar, 
the everyday table variety, was begun in 1955. There were several 
attractive reasons for doing so. Sugar, chemically known as 
sucrose, has the largest production of any pure organic chemical. 
It is obtained by refining cane sugar to a purity of 99. 96 per cent. 
It is also one of the cheai:,est materials we have, selling at a few 
cents per pound in the wholesale market. Not only is there an 
annual overproduction of sugar, but there exists a potential over­
production of at least twice the present ·annual tonnage. 

Economically, therefore, sugar is an attractive· raw 
material, because of its almost limitless availability and its stable, 
low price. The supplies of coal and petroleum, which now form the 
basis of most synthetic organic chemicals, will some day be 
depleted, and we shall be forced to depend upon atomic energy and 
the renewable sources of organic compounds produced directly by 
vegetation. 

Because of its favorable position economically, it seemed 
to offer excellent possibilities for use as a raw material for 
polymers. These might be used as plastics in the form of sheets, 
rods· and other shapes, or as adhesives to bind together wood, meta.Js 
or, particularly, glass. It was suggested that a plastic wrapper, or 
foam material, made of a sucrose polymer might be edible, thereby 
diminishing the weight of materiel that a soldier would have to 
carry in the field. 

As a result of the work described subsequently and related 
experiments, two patents have been applied for on behalf of the 
United States Government-- one for polymeric materials made from 
sugar and the other for adhesives similarly prepared. Thus, in 
part, our original purpose has been achieved. 
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To form a polymer from sucrose, it was planned to make 
an elongated molecule with two reactive ends from which polymeric 
materials could be made by condensation with other bifunctional 
molecules, similar to the compounds used to form nylon. 

The structure of the sucrose molecule has been demon­
strated unequivocally by X-ray diffraction ( 1). Its synthesis was 
accomplished byR.U. Lemieux in 1953 (2). As shown in the first 
slide, it has three primary hydroxyl groups and five secondary ones. 
From the work of previous investigators ( 3), it has been known for 
some years that primary hydroxyls are more readily tosylated and 
mesylated than secondary ones ( 4). It was expected, therefore, 
that a tri-tosyl or tri-mesyl monomer would be readily obtained. 
( Slide Two) Since it was also known that the one prime position of 
sucrose was less reactive than the 6 and 61 positions, it was clear 
that such a molecule would resemble the desired model of an 
elongated compound with two reactive ends ( 5, 6). 

Based on these premises, experimental work was begun, 
with the result that amorphous materials were obtained which gave 
empirical analyses corresponding to tetramesyl and tetratosyl 
sucrose derivatives. This research was supported by the Sugar 
Research Foundation of New York, initially, and, later, by the 
National Science Foundation and the National Academv of Sciences. 
( Slide Three) The fourth mesyl or tosyl group was considered to 
be on the two-carbon atom by analogy to a considerable volume of 
supporting evidence in the literature ( 3). To prove the structure 
of these tetra-substituted sucrose derivatives, the following reac­
tions were suggested as offering a feasible ·nethod. ( Slide Four) 
After methylation and de-mesylation or de-tosylation, it was 
planned to hydrolyze the tetramethyl compound so obtained and to 
isolate and identify 3, 4-di-0-methyl-D-glucose and 3, 4-di-0-
methyl-D-fructose. The proof of the presence of these compounds 
in the hydrolyzate in good yield would afford unambiguous evidence 
for the structure of the tetra-substituted sucrose derivatives. 

Since 3, 4-di-0-methyl-glucose would be needed for the 
proof of the posW.J:.1-s J{ !iubsbtutton of the mesyl groups in 
tetramesyl-sucrose, its synthesis was attempted. As the previous­
ly known synthesis of it by Bell and Greville ( 7) required nine stq,s 
with a very low over-all yield, other methods of preparation were 
investigated. In one of these ( Slide Five) the mesylation of methyl 
a.-D-glucopyranoside was examined. Helferich and GnUchtel ( 8) 
and, more recently, Cramer..!!..!!• ( 9), treated methyl a-D­
glucopyranoside with one molar equivalent of mesyl chloride at 
-20°. No crystalline material was isolated from the reaction 
product but, after acetylation, crystalline methyl Z, 3, 4-tri-O­
acetyl-6-0-mesyl•a.-D-glucoside was obtained in good yield ( C:m.rrer 
et al. ( 9) reported 67o/o). The reaction conditions described by 
these authors were followed and the mesylation product was exam­
ined by paper chromatography. The chromatograms indicated 
that, in addition to a mono-esterified derivative, considerable 
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amounts of methyl o.-D-glucopyranoside and of di- and tri-esterified 
derivatives were present. The relative amounts of these constitu­
ents were not appreciably affected by lowering the reaction tempera• 
ture to -40°. The molar ratio of mesyl chloride to glucoside was 
increased and when 2. 2 or more, no st;Lrting material or mono­
substituted products were observed. The product ·appeared to be 
mainly a di-q-mesyl glucoside together with smaller amounts of 
higher substituted glucosides. 

From the reaction of methyl o.-D-glucopyranoside with 
2. 2 moles of mesyl chloride, a crystalline methyl di-O-mesyl-a.-D­
glucoside was isolated in 51 ~ yield. At this point, Dr. Mitra re­
turned to India, and the work was continued by Dr. D. H. Ball, 
supported by a grant from the Office of the Surgeon General. A new 
crystal line compound had been synthesized, but its structure had 
not been proved. By analogy with previous work ( 10, 11), the mesyl 
groups were thought to be at Cz and C6 of the glucopyranoside and 
this was confirmed by methylation followed by alkaline saponifica­
tion and acid hydrolysis to 3, 4-di-O-methyl-D-glucose. Methyla­
tion of the methyl di-O-mesyl-o.-D-glucos1de by the procedure of 
Kuhn ( 12) afforded crystalline methyl 2, 6-di-O-mesyl-3, 4-di-O­
methyl-o.-D-glucoside in 911' yield. Although many attempts to 
remove the mesyl groups by_ the use of sodium amalgam reduction 
according to the method of Freudenberg were made, this reaction 
could not be accomplished. However, treatment of it with boiling 
aqueous sodium hydroxide removed the mesyl groups and gave, 
after distillation, methyl 3, 4-di-O-methyl-o.-D-glucoside, a new 
compound, in 64¾ yield. Acid hydrolysis of the latter yielded 
3, 4-di-O-methyl-D-glucose which was further characterized as 
the crystalline anilide. The overall yield of 3, 4-di-O-methyl-o.-D­
glucose from methyl o.-D- glucopyranoside was approximately ZS¾; 
a considerable improvement on previous syntheses ( 7, 13). 

Acetylation and benzoylation of methyl Z, 6-di-O-mesyl-ci­
D- glucoside gave products which failed to crystallize, but, with fum-
ing nitric acid in acetic anhydride, the crystalline di-nitrate was 
formed. 

Although the synthesis of 3, 4-di-O-methyl-o.-D-Jlucose ha:l 
been accomplished most successfully, we were not satisfied to dis-
continue these experiments. We had observed certain anomalies in 
the course of the saponification of the mesyl groups and wished to 
find out what was happening. As a result of this scientific curiosity, 
a novel carbohydrate reaction was discovered which we hope to 
investigate further in the future. ( Slide Six) 

When aqueous methanol was used as the solvent in the 
saponification of methyl 2, 6-di-O-mesyl- 3, 4-di-O-methyl-o.-D­
glucoside, the sulfur-free product contained two components. After 
acid hydrolysis, -two spots were obtained on paper chromatograms, 
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the slower moving corresponding to 3, 4-di-0-methyl-D-glucose. 
The faster moving component had the mobility expected for a tri-0-
methyl hexose. When methyl 2, 6-di-0-:-mesyl-3, 4-di-0-methyl•Q• 
D-glucoside was treated with sodium methoxide in anhydrous 
methanol, methyl 3, 4-di-0-methyl-a-D-glucoside was not formed 
and the sulfur-free product after distillation analyzed for a methyl 
tri-0-methyl hexoside. This compound crystallized when cooled to 
o0 and acid hydrolysis afforded 3, 4, 6-tri-0-methyl-D-glucose, 
proving that the methyl tri-0-methyl hexoside is methyl 3, 4, 6-tri-
0-methyl-Q-D-glucoside. Treatment of this glucoside with mesyl 
chloride in pyridine gave methyl 2-0-mesyl-3, 4, 6-tri-0-methyl-a­
D-glucopyranoside. 

The direct nucleop ic displacement of a primary me syl­
oxy group by methoxide ion does not appear to have been observed 
previously in the carbohydrate field, although displacements have 
been effected by a wide variety of anions ( 14). Taylor and Kent ( 15) 
found that when 1, Z:3, 4-di-O-isopropylidene-6-0-mesyl-a-D­
galactose was treated with potassium fluoride in methanol at 150°, 
the products contained methoxyl groups as well as the anticipated 
fluorine and when 1, 6-anhydro-3, 4-0-isopropylidene-Z-O-mesyl-~­
D-galactose was treated with these reagents, the axial C2-mesyloxy 
group was displaced, with inver siori, by methoxide. The product 
did not contain fluorine and was characterized as 1, 6-anhydro- 3, 4-
0-isopropylidene-2-0-methyl-~-D-talose ( 16). 

The comparatively mild conditions under which we observed 
displacement at C6 may indicate that the sulfonyl group at C2 exerts 
an effect and it is hoped that future work will clarify this point. 

In preliminary tests against the Dunning leukemia tumor, 
carried out under the auspices of the National Institutes of Health, 
methyl Z, 6- di-0-mesyl-ci-D-glucoside showed activity, and 
additional quantities are currently being 'examined. This compound 
is also a key substance in the synthesis of a potential radiation 
protective material. 
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wnms AND ADl>SPHERIC 
TURBULENCE AT VERY HIGH ALTmJDES 

I 

MARVIN J. LOWENTHAL 
U.S. ARMr SIGNAL RESEARCH AND DEVELOPMDT LABORA'roRY 

FORT ?«>?H>UTH, NEW JERSEY 

Prior to 1955, knowledge of the wind field va1 limited to 
the lowest 20 km of the atmosphere. Inf'omation was obtained tran 
sounding balloons whose bursting altitudes were generally below 25 Jan. 
Occasional ascents to 30 km were achieved, mainly in daylight hours, 
a.nd under light wind conditions. '!he IGY period (1957-58) provided 
the necessary impetus tor improvement. With new balloons, developed 
by the u. s. Army Signal Corps, routine flights to 30 km became pos­
sible, so that daily 10 mb maps (approx 31 km) are now constructed on 
a hemispheric basis. 

Expanded requirements necessitated by the ever increasing 
use of missiles and rockets, clearly showed that balloon-borne sound• 
ing equipnent must be teplaced by rocket-sondes. Once more the u. s. 
Army Signal Corps led in the establishment of a meteorological. rocket 
network to measure winds up to 60-70 lan. Starting in the tall of 
1959 with three stations, the network has gradually expanded to its 
current eight stat~ons. Winds are determined tran radar tracking of 
chaff, parachutes, or plastic balloons, ejected frail small meteoro­
logical. rockets. 

At first glance it would appear that this method could be 
used tor all altitudes, but this is not the case. Above 70 km, tht 
parachute, plastic balloon, and even the lightest chaff fall with 
tremendous speeds. Their sensitivity, therefore, is so low that no 
accurate wind measurements can be made. Thus, 70.75 km is alJllost the 
limit of their usefulness. Even with this limitation, use of rocket 
measured winds has enabled us to depict the mean wind flow at 1 mb or 
0.5 mb1 (50-(>o km) more than doubling the former altitudes reached by 
balloon flights. 

For wind measurements above 70 lan1 several methods have 
been tried with varying degrees of success. Among these are radio 
echoes fran meteor trails, (80-110 km), Rocket Grenade Experiments 
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(30-90 km), ejection of alkali vapor at tvil.1ght (80-200 km) and OD• 
board inatrumentation OD large rockets. MaD1 of these teclm1ques are 
ccmplex and require extensive 1Dltrumentat1on. A mch simpler •thod 
v1 thmt an &1.1 weather capability, 11 the measurement of vind1 uaing 
Rocket Bxbeu1t Trail.a. 

'!he comenaation trail of high altitude aircraft 11· a fa­
miliar sight and the deformatiOIUI ot the trail due to the v1nd 11 
equally aa well known. It photographe ot the trail are taken at 
short intel'ftls, the magnitudes of the vinda and v1D4 lheara can eas­
ily be caaputed. S1m1J arly, if pictures ot the exhaust trail of a 
rocket can be taken, a knowledge of the v1D4s and their behaviors at 
altitudes of 100 or even 200 km can be ga1nec1, the altitudes being 
dependent on the height of the rocket at burnout. '!he information 
contained here was obta1Ded trail stereoscopic photographs ot three 
exhaust trails of tJie aecond-1tage rocket of Project Shotput, a IA8A 
proJect at Wallops Ialand, V1rg1D:1a. ihe rockets were fired u teats 
tor the ejection of the 100 toot plastic b&l.loon, that ultimately be­
came the lcho Satellite. A two stage rocket vu used tor the tests, 
the second stage igm. tion occuring about (,() km, w1 th burnout between 
100 am 120 km. 1he teats were carried out at tvil.1gbt atter IUD88t 
had occurred at the surface, but the upper levels of the atmosphere 
were still illuminated. '1h11 period of the dq pem:lta observers to 
see the ejection of the balloon and its iDtlation without interfer­
ence trcm the nomal dqlight glare. ibis ia also the beat time to 
photograph the exhaust trail, since the maximum contrast between 
trail and background is obtained. In the absence of clouds or visi­
bill ty restrictions the trail can be observed aeveral hundred kilo­
meters up and down the eastern seaboard. 

In order to dete:mine both horizontal cCIIIJ)Ollents of the 
wind (N-8 & E-W), stereoscopic photographs were made. One camera was 
located at the USASRDL, Bellilar1 1. J., the other at Brookhaven Labo­
ratories, Long Ialaad. Pictures were made ner, 15 seconds at Brook• 
haven am every 30 seconds at Belmar. Evaluation was pertormed by 
the u. s. A:nly1 Engineering R&D Laboratory, Ft. Belvoir, Virginia. 

1hree different trails were analyzed (1) 27 February 1960 
(2) 1 April 19(,(), and (3) 31 May 1960. There will be discussed in 
detail. 

1. Analysis of exhaust trail on ~ February: 

At 1825 1ST OD ~ February 1960 the tirat of the pho­
tographs wu made. Figure l ahav1 the exhaust trail a tev eeconda 
after i ta tomation. Already lligbt deto:nu.tion of the original 
straight line path baa taken place in the lower portion, and a dis­
continuity appears near the top. 11le denai ty of the trail above the 
discontiDui ty is much leas dense, as it the rocket engine had been 
cut ott, and the last drops of fllel were being expended. It is by 
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no •ana sure that this 11 the correct explanation, 11Dce DNquent 
events 1Dd1cate a d11cont1Du1ty in w1n4 structure at this level. It 
ma, well be that the changed appearance 11 due to the enviroment. 

Figure 2, taken two minutes later, shove the· tremendOWI · 
wind shears acting on the trail. 'lhe camera faced almo1t due IOUth 
hence aa diaplacement to th• right of the or1g1na]. po11t1on vu 
caused by an east w1n4 (blowing t.raa But to West); to the lett, by 
a vest vind. i'ae quantitative evaluation of the win41 at the variou• 
level.a are listed in Table I belov: 

Point -r 
B 
C 
D 
I 
F 
G 
H 
I 
J 
K 
L 

mLII 
Wallop 1s Island, Va. Winda on ~ Feb 196() l.825 BST 

Altitude(km) 
64 
71 
74.5 
76 
79 
83 
96 

101 
104 
105 
109 
ll6 

W1lld ~ 91 Wind Direction( degrees) 
300 

69 280 
93 255 
13 155 
29 225 
36 210 

198 245 
136 245 

21 360 
39 205 

106 140 
Too Faint for lvaluation 

The wind protlle obtained trail Table I shows a region of 
strong vinds at 96 km frm the southwest ( 245°) of nearly 200 meters 
per second. Only 13 kms higher, there exists a region of s~~ng 
easterly vinds with speeds greater than 100 meters per eecobd. ~e 
region between 96 & 109 lan 11 characterized by luge w1n4 shears. In 
particular, at 104 km, the shear vu greater than 70 mtera/sec/km. 
rus means that a vector viDd change of 70 mters/sec occurred with 
a change of 1 km 1n altitude. 

· Another s1Dgu].ar.tty wu visible 1n the lover portion of the 
trail. A Jet existed near 75 km (point C) w1 th ·wind .-s of 93 mps. 
Shears in this region are &1.so of the order of 70 m/aec/km over 
narrow zones. 

2. Winds on 1 April 1960: 

Figure 3 ahovs the photograph taken a tew s,conda atter 
formation and Figure 4, 2 minutes after the formation at,approx. 1858 
EST. A pattern of east w1nd zones sandwiched between vesterliee wu 
again obaened. A tabular list of values appears in Table II. 
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TABLE II 
Wallops Island, Va. Winds on 1 April 1960 

Point 
,:--

B 
C 
c1 
D 
E 
F 
G 
H 
I 
J 
K 
L 

Altitude(km) 
69.5 
73.5 
76 
76.5 
83 
90 
94 
98 
99 

103 
107 
112 
ll5 

W1114 9;ec1 nq,1 

47 
24 
51 
11 
80 
80 
44 
84 
27 

140 
124 
250 

Wind Direction(degree1) 
45 

305 
5 

285 
45 

120 · 
230 
210 
290 

55 
300 
310 
300 

The wind profile between 69.5 km and 83 km on this day was 
much more ccnplex than that or the 27th of February. Here alternate 
regions of easterly and westerly winds existed in contrast to the pre­
daa1nant westerly tlov earlier. Above 90 Jans the April winds are 
generally trom the west - easterlies appearing only between 1001ml and 
106 1ml. It is noteworthy that the mex1nnun shear occurred near 100 lan, 
with shears greater than 85m/sec/m - almost exactly in the maximum 
shear region of the February shot. Another point of similarity is the 
sharp needle-like wind singularity at 76.5 km (c1). This canpares 
vi th point C in Figure 2 • 

~e most important tacts gathered frail the two analyses is 
the lmovleage that the strong winter vest winds trail 65 to 90 km have 
broken down. The early spring trail indicates an indifferent circu­
lation pattern, a transitional period between the winter pattern and 
the summer - which will be illustrated in the next exhaust trail 
analysis. 

3. Winds on 31 May 1960: 

Poor visibility on the 31st of May precluded stereo­
scopic pictures. A faint trail was obtained on a ballistic camera at 
Belmar, but the quality of the picture was too poor for quantitative 
analysis. At Ft. Belvoir, Va. pictures were obtained. unfortunately 
the presence of clouds made canplete analysis impossible. The por­
tion of the trail tran 90 km to 104 m was evaluated, with the results 
shown in Table III. Because of the Jll&n1 difficulties, the accuracy 
of this analysis is DD1ch less than the others. Winds are probably 
accurate only to plus or minus 10 mps. Altitudes are believed accu­
rate to 0.51ml although the entire trail may be displaced sane 2-5 
kms up or down. 
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TABLE III 

Wallops Island, Va. Winds on 31 May 1961 (1952 1ST) 

Altitude(km) 
90 
94.5 
96.5 
97.5 
98.5 

100 
102.5 

Wind D1rect1~(4t§l'!!S) 
16 
58 
71 
85 
56 

142 
30 

It should be noted that &1.l the winds are blowing trail the 
East - a canplete reversal of direction frail the winter. Again a 
singularity appeared near the 100 km level where the v1nd swinsa 
rapidly tran 56° (DB) to 142° (SSE) then back to 3()0 (m). Another 
similarity can be noted in all three profiles. A distinct minimum in 
the wind field occurs near 103 km, Just above the region of maximum 
shear. 

Are these data CCJII.P&table with those of other experimenters? 
While few results are available, there is agreement. Manring, et 
alii, (1) dete:rmined vinds trail the ejection of alkali vapors during 
twilight. '!hey obtained _wind values between TI and llO km on 12 Oc­
tober 1955 and 11 April 1956. At 105 km, they obtained strong wes­
terly winds ('Z'(6°, l.80 mps) with large Wind shears (110 mps/km at 
108 lan) Ainsworth, et &1.11 (2) obtained winds fran on-board rocket 
instrumentation. Winds near ll8 km, of 250 mps were deduced, with 
the JD8.Y1DDDD wind shear of 90 m/sec/km at 112.5 km. Another aodi\DD 
vapor ejection made in the Sahara Desert on 10 March 1959 under the 
direction of Prof. J. Blamont (3) discovered shears of at least 110 
m/ sec/km at llO Ian. It would appear~ then, that a region ot maximlzm 
shear exists in the vlciDity of 100 Ian at JD8D1 localities and is, 
apparently, a permanent part of the atmospheric c1rculation at high 
altitudes. 

Additional. information may be obtained frail study of the 
trails such as vertical, motions and diftllsion rates, which are be­
yond the scope of this paper. Turbulence, however, CIZl be interred 
trail a close examination. The canposition of the trail (Fig 2) is 
not constant throughout its length. Fran points F to J small whorls 

• may be observed. It is evident that turbulent eddies exist through­
out the region between 85 km and 105 km, whose diameters a.re roughly 
1 km. 1he needle like spikes mentioned earlier are in real.1 ty large 
circular eddies, again approximately 1 km in size, evidence of ex­
treme turbulence in that region • 

. '1hese observations a.re qualitative only• for quantitative 
measurements of the variability of the v.lnds, we mat resort to other · 
means. While no repet:L ti ve rocket trail experiments have been made, 
meteorological rocket firings, separated by short time intervals are 
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ava:l.lable. 'lheae are of course., at mch lower altitudes, but they 
do represent the only data available OD v1n4 variationa 1D the •10-
aphere, and v1ll be COD1idered br1efl1. 

OD Dine different dqa during July and August 1960 tvo or 
more Loki II rockets were fired at cape Cenawral at varioua inter­
val.a tran 17 to 75 m:l.Dute1. OD seven of these dqa., two rockets were 
tired; one day, three rockets; and once, 4 rockets. Bylon chatt vu 
ejected tram the rocket and tracked with radar. The v1Ddl ve:re can­
piled t.raD the orlg1MJ radar traces. Due to the fiDite th1clme11 of 
the trace, v1n4 directions are valid only to tbe nearest 5°. 1he un­
certainties ot matching time checks to the radal~ track 11mita speed 
accuracies to the nearest whole meter per second. Within these lim:i.· 
tat1ons, wind variability ma:, be exem1ne4. 

It all tirings contained data trail all levels, there would 
be a maximum number of 12 sets ot Vind ditterences at each 5000-foot 
level tran 80,000 feet to 2101000 feet. However, this vu not the 
case. For example, six v1nds are ava:l.lable at 210,000 feet; and of 
these, only two are consecutive, giving only one difference to use 
for variability. 'lhis, of course, is inl\lf'ticient tor any anal.yais. 
To increase the reliability of the results, grouping the data is the 
next step. 1he data for three consecutive levels are lumped together, 
the results being plotted at the midpoint. '!he results, as shown 1D 
Fig 5, are meaningful.. '!here are few wild swings to the curve, and 
a recognizable trend has emerged. Additional smoothing (20,000 foot 
layers) helps little, showing that the point of c'1m1n18h1Dg returns 
has been reached tran the standpoint of efficiency. 

Frail the curve, the variability is dependent on height, the 
mean ditterence in wind speed increasing tran 2 mps at 90,000 feet to 
8 mps at 210,000 feet. These values are scaewbat higher than would 
be expected frail studies of variability at lower levels, and the 
strong dependency on height has not been observed before. The phe­
ncmenon needs further investigation to discover the causes, sane of 
which can be enunciated at this time. 

It is in order to inquire whether the increasing variabili­
ty lfith height is connected with increasing wind speeds. A plot of 
average v:lnd speed against height 11 shown in Fig 6. It is plainly 
seen that the maximum wind is found at 50 lan, tar;ering ott sharply 
above that level. Clearly, the increased variability at the highest 
levels is not due to increased wind speeds, although the decreased 
slope of the curve witll height suggests that variability is partially 
dependent OD wind speed. 

Another thought that comes to mind is the increased error 
in radar track1ng of the chaff at the higher altitudes. This can be 
dispensed with in rather short order. The cloud of chatt OD ejection 
is quite small; and the radar set, after acquisition, should be 
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capable of g1 v1Dg the position Vi th good accuracy. As the chaff 
falls, it spreads into a cloud that may cover an area greater th$n a 
square mile. i11e. radar set tracks the cloud, but does not neceaaar­
ily track the same point in the cloud. Hence, aane of the variabil• 
i ty at lower levels may be attributed to tracking errors. 

Tidal ettects is another source ot variability of winds 
that becanes sizable at the upper levels. It would be a factor if 
periods ot several hours were conaidered, but is not sizable 1n the 
short periods beiDg considered here. 

1be next question that arises is: Does the Wind direction 
var:, 1n the same manner? Fig. 7 ahovs the change 1n w1Dd direction 
tor 151000 and 201000 toot layers. 1be S1D00thing process is, ot 
course, evident as the th1clmesa of the zone is increased. The cur'le 
is somewhat different traD that of v.l.nd speed. There 11 little 
difference 1D direction var1ab111ty tran 25 km to al.moat 50 km, with 
large changes thereafter. Fis• 8 shows the winds during the period 
studied. From 25 km to 50 km there exists a deep persistent layer of 
easterly winds With a slight southerly ccnponel\t. We may hypothesize 
that Cape Canaveral lies on the western edge of the general low­
pressure area centered nearer the equator. W1 th increasing height 
above 50 km, the center ot the lov moves northeaatvar4s. A alight 
change 1n altitude chaDges the direction trail aoutbeaat to aouth or 
even southwest. Above 6o km, the low center is detinitel.y north of 
the station, With westerly or even northwesterly winds. A slight 
error in altitude Will give rise to a great direction difference that 
would not obtain at lover elevationa. It is believed that the large 
direction differences at the highest elevations are attributable, 1n 
part, to thia uncertainty. 
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ConclusiODB: 

l. a. Measurements of winds by rocket 'trails have shown 
that a monaoonal circulation ~sts 1n the 60-100 km region. Wester­
ly winds 1n winter are replaced by e~terl.y winds in the IUlllll8r with 
the transitional period around the vernal equinox. 

b. A region of maximum shear occurs near the 100 km 
level w1 th shears in exceaa ot 70 mters/ sec/a. i!111 exists in DIBD1 
localities and during different aeuons. 

c. A region ot m1n1nun wind, exists Just above the 
level of JDB.Y1DDJJD shear. 

2. On the basis of data tran meteorologieal rockets fired 
at Cape Canaveral., the following conclusions J11Q' be drawn: 

a. Variability of the w1n4s inc~• trcD 25 to 6o km.· 
The mean wind speed differences range fran appr0f1-te1Y 2 mps at 
25 km to 8 mps at 65 km. 1 

I 

b. For the sumer period studied, the mean wind showed 
a maximum near the 50 km level. 

c. A deep easterly flow exists over Cape Canaveral up 
to 50 km, with little change of direction and small meridional can­
ponents. 

d, Winds veer sharply above 50 km, becaning westerly 
above 6o km. Direction variability is large above 6o km because of 
this veering of the wind with height. 
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A BASIS POI THI IDNG IAHGB PLANNING 
or AIMY USWlCH 

G. H. McCWIG 
USIARCH PLANNING DIVISION 

ARMY USlilCH omc1 
WASHINGTON, D. C. 

I. PURPOSE. 

'l'he investigation upon which this Paper is based was under­
taken in order to determine in what ways, and to what extent, the 
overall planning of Army research can be a meaningful and useful 
activity; to produce a rationale or guide for research planning; and 
to indicate how such planning may be oriented toward the long-range 
interests of the Army. This Paper is intended to present a dis­
cussion of some results of this investigatio~ to date, principally 
on the nature of research planning in general and on the possibility 
of relating it to operational goals. 

II. WORD MIANINGS. 

Dictionary definitions of the words "plan", "program" and 
"schedule" are not helpful, even for a qualitative inquiry. Por the 
purposes of this discussion, the follow~ng meanings will be adopted: 

!L6!: A guide to decisions on actions which are to pro­
duce desired results in the future. A Plan will 
include guidance for the allocation of resources 
to needs. 

PROGRAM: A specific allocation of resources to.needs, 
such as a research program for a particular 
Piscal Year. A Program is derived from an 
R&D Plan by the application of particular input 
data and the exercise of judgment in evaluating 
criteria and carrying out the decision process. 
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SCHEDULE: A specific allocation of resources toward meet­
ing a particular requirement over a period of 
time, such as a schedule of expenditures for a 
research project from year to year. 

III. .!£Ql!. 

Within the area of Army Research, several kinds of planning 
can occur, depending on what is being planned. Thia discussion will 
be limited to planning the scientific and technical content of 
research programs. It will not be concerned with fiscal planning 
aimed at obtaining the money resources needed to implement a pro­
posed research program, or with financial management planning aimed 
at the orderly co1111itment and expenditure of money on research 
projects, so as to best conserve and utilize these resources within 
the applicable laws and regulations. All planning considerations 
not requiring scientific assessment of program content will be con­
sidered here as potential limitations or boundary conditions affect­
ing the freedom of action of the scientific planner. Only basic and 
applied research are being considered, exclusive of supporting 
research for specific development contracts. 

IV. PLANNING AS A PROCESS. 

Since the determination of the scientific content of a 
research program is" obviously a "process" of some sort, we might 
approach research planning by considering the plan for a process in 
general: 

A. Assessment of resources. 

B. Fornrulation of needs. 

C. Comparison of resources with needs, using a language 
expressing the basic goals of the organization for which the plan 
is being devised, so that its problems (needs) can be matched to 
potential solutions selected from the set of resources. 

D. If resources are insufficient, the Plan should provide 
guidance for improving resources or the methods of applying them, 
or for decreasing or simplifying needs, so as to obtain a balance. 

E. If resources are still insufficient, then theories of 
value and cost must be applied so that a "best" allocation of avail­
able resources to the most important needs can be made. 

F. Any final inability to meet minimum needs will be 
reported to a higher organizational level, where more resources may 
be available for allocation or where more alternatives may be open 
in reducing or modifying needs. 
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Even though this outline seems much too definitive to apply to 
research, scientific administrators must be using some such form of 
decision process, and it may be worthwhile to make comparisons • 

V. THI PLANNING or USBAICH. 

A. Resources. 

At the input to the research process, resources are in 
the form of information, in the scientific literature and in the 
minds of research scientists. Output is also information, but higher 
in quality or quantity, better organized, or more useful. Eventually, 
this information becomes a part of the "state-of-the-art". Diffusing 
from person to person and into the permanent records of science, it 
forms the basis for new or improved technologies which enable the 
Army to improve its abilities. The assessment of research resources, 
therefore, does not seem to be a conceptual difficulty, although it 
faces the major problem of how to classify, abstract, store, re­
trieve and utilize scientific information, as well as the problem of 
how to efficiently utilize the capabilities of creative scientists 
through existing bureaucratic organizations. 

B. Needs. 

The formulation of needs or goals against which to 
consider or assess the relative value of proposed research efforts 
is a more difficult problem. Army research is undertaken with the 
intent of increasing the Army's capabilities, but existing state­
ments of operational and equipment objectives seem inappropriate as 
goals for research planning. Some research guidance can be obtained 
by analyzing the existing requirements for new weapons systems to see 
where additional applied research may be needed, but little guidance 
can be expected from this source on how to assess the military im­
plications of the more basic kinds of research which will lead to 
weapons system concepts of the future. 

C. Comparison of Resources and Needs. 

At present, there is a strong and increasing inter­
action between the rapid evolution of methods of warfare and the 
exponential advances of science and technology. This suggests a 
dual approach to Army research planning, in which each significant 
scientific advance would be related to all the basic Army operational 
capabilities which it might improve and each needed operational 
capability would be related to all the resources of science, both 
present and predicted. However, there is considerable difficulty 
in making these associations directly between the language of 
science and that of officially-approved statements of Army oper­
ational requirements. The latter need . to be reasonably specific in 
order to form the basis for specific actions, while fundamental 
scientific discoveries often have broad military implications. It 
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may be desirable for Army research planners and technological fore­
casters to key their activities to an informal language in which 
a more fund~ntal list of Army operational cMpabilities can be com­
piled. It may be possible to construct such a list to represent all 
the basic operational needs of an Army, regardless of changes in 
warfare methods, world conditions or the status of science. 

D. Army Operational Capabilities. 

In determining what kind of entities might make up 
such a list, several characteristics seem to be important: 

1. Long Useful Life. 

a. Avoidance of military operational terms which 
imply specific tactical or organizational concepts, since these may 
change rapidly • 

b. Clarity and definitiveness sufficient to 
resist the establishment of artificial similarities between distinct 
operational functions. 

2. Operational Purity. 

Terms descriptive of pure function or operation, 
with no words such as "radio comnunication" or "vehicular mobility", 
which imply a particular technological method of accomplishing the 
function. 

3. Logical Completeness. 

Entire outline to include all the basic operational 
needs of an Army. List to be reasonably expandible, in whole or in 
part, to attain greater detail, without illogical overlapping. 

4. Semantic Effectiveness. 

Universality of interpretation or impact of the 
words used on the people who can be expected to use them, regardless 
of organizational level. 

5. Heirarchical Logic. 

All logical alternative methods of attaining a 
particular operational capability to be equally obvious at each point 
of the outline. 

6. Simplicity. 

List to comprise no more than 3 or 4 heirarchical 
levels, and to use a minimum of coined words or coDD110n terms having 
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special meanings. 

I. Use of Operational Capabilities List. 

An adequate list of this kind could be used to classify 
both (1) the existing statements of Army requirements and (2) tech• 
nological forecasts and proposed research programs, thus bringing 
the Army's research needs and potential resources together for con­
sideration. If a considerable scientific potential were to appear in 
support of an operational capability for which there was no formally­
stated need, the planner could investigate to see if an unrecognized 
requirement existed; or, if a stated need seemed to have no potential 
scientific solution, a special search could be made for one, or for 
some alternative. 

F. Example of Operational Capabilities List 

One of several ways of constructing such an Army 
Operational Capabilities List is illustrated in Fig. I. This is 
based on the assumption of 3 major capabilities needed by an Army: 
Force-producing elements, the information and comunications needed 
to use them intelligently, and the .ability to control environment 
and maintain support for continued operations. The element of Force 
consists of capabilities for physical destruction, the ability to 
apply threats based on Force, and the ability to neutralize enemy 
force elements by essentially non-violent means. The factor of 
Responsiveness represents the ability to obtain and utilize infor­
mation, to make combat decisions accordingly and to conmunicate com­
bat information needed in Army operations. The Endurance factor is 
involved with providing the conditions for human effectiveness in 
combat, with the utilization of passive defense, and with the pro­
vision of general support needed for continuing operations: power 
sources, military construction, logistics, general purpose infor­
mation systems and the like. 

Other approaches to building such a capabilities list 
are possible, a number of these have been tried, and more ideas 
along this line from Army scientists interested in research planning 
will be welcome. The principal requirements are to make the set of 
categories complete and easily separable, so that all Army oper­
ational capabilities will find a logical plac·e in the list; to use 
words which are purely operational or functional in nature; and to 
keep the list reasonably short and simple, so it will be easy to use. 

G. Values, Costs and Cr~teria. 

1. Of the recent publications on military logistics 
and development planning, one of the most useful is Charles Hitch's 
book "The Economics of Defense in the Nuclear Age11 (l) His dis­
cussions of the criterion problem and of incommensurables and un­
certainty point out the dangers of an oversimplified approach to the 
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••timation of value, and coats. In planning research, these concepts 
are more subjective than for development, but they should be con• 
aidered regardless of the uncertainty. Useful criteria of value 
might include: 

a. Degree to which the research is related to an 
operational requirement, its probable effectiveneas in helping to 
meet the requirement, and the relative importance of the require­
ment with respect to others. 

b, Proven ability of the inveatigator, relative 
importance of the work within its scientific area. 

c. Nature of the work, whether it represents a 
minor extension of a well-known field or a pioneering effort in a 
new and relatively unknown area. 

d. Breadth of appllcability: whether results are 
lik~ly to affect one discipline only or to have broad implications 
in many scientific fields. 

2. Por research, scales of cost can probably be merged 
with those of value, with the cost of a research effort represented 
by the(negative) value of giving up an alternative use for the re­
sources involved. It may be useful to first divide the field 
intuitively into three parts: 

a. High pay-off or promise, low cost. 

b. High promise, high cost, or low promise, low 
coat. 

c. lDw promise, high cost. 

Items in category a, can then be included, those in category c. 
excluded, and the decision process applied only to group b. If there 
ia a budget ceiling and if the values of individual items affect 
each other, it may be necessary to reconsider the value of the 
selected items as a group, after the allocation has been made. The 
absolute as well as the relative values and costs may be significant 
and require consideration as upper or lower limits to the decision 
process. Probable =•te or acceleration of progress may be a factor 
in new or exploratory areas. 

H. Organizations, People and Motives. 

Research characteristically involves a greater ratio 
of individual effort to team effort than development. Research 
scientists, as a group, tend to be individualistic, personally 
creative and deeply ego-involved in their work, and their effective­
ness is likely to be adversely affected by the frustrations 
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encountered in a bureaucratic environment, Since the effectiveness 
of research is sensitive to organizational factors, the research 
planner will need to seriou1ly consider the possibility of improving 
organization for research in order to upgrade the value of research 
resources, The que1tion ia worth a more extended discussion than 
can be given here, and References (3) (4) and (5) are recoaended, 
There have been two main trend• in Organization Theory, a traditional 
approach ba3ed on organization as a method of controlling and direct­
ing behavior, and the more modern view of organization as a method 
of effectively coupling the abilities of individuals to the achieve­
ment of organizational goals. The latter se•• better adapted to 
research management, but the bureaucratic structure which became 
firmly established during the early days of the first Industrial 
Revolution, the rise of specialization and of mass production, still 
presents a major difficulty between the creative scientist and the 
scientific administrator. Perhaps the best answer ia in a dual 
system: the scientists as individuals or small-group workers to pro­
vide the creative personal contributions and the scientific admini­
strators as a coordinated group to provide the conditions necessary 
for creative work and to arrange to utilize the scientific output 
for the Army's benefit. 

VI. CONCWSIONS, 

A. The overall planning of Army research can be a meaning­
ful and useful procedure, and normal planning methods can be adapted 
to the purpose. 

B. Por use in research planning, a permanent list of Army 
operational capabilities can probably be constructed, which will 
provide a more direct and fruitful link between the resources of 
science and the long-range interests of the Army. 

C. Technological forecasting and research planning are 
new and important disciplines requiring the development of a 
specialized professional competence within the Army. 
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EFRCT r, ~IDE (SULPAMrtmft) AND PZRICILLII IN 
TOPICAL TH!RAPf r, ~. PERPftIIQINS-CCJfTlMIRATED EXPIRill:NTAL WOUNDS• 

JANICE 1. ?CNDELSCB, MlJCJl, .C 
U. s. ARM! CHEMICAL RISEARCR & DEVILOMNT WS. 

ARM! CHEMICAL CUTER, MlRYLllD 

I. Vfl'RCJ>tg;TICIJ 

In allitary aur1e17 thl principle baa ariaen that 1111111• 
wounds iDYolving large aott ti11ue •••• (especially macle) require 
1urge17. Thia applies particularly to wounds ot the buttocks, thigh, 
and calf (Figure 1). Theae wounds can be tatal, nen though no "Yital• 
structure baa been d-pd (10). 

Tbe operation conai1t1 ot openinc the akin and taac!a ialdiate-
17 and nllO'ling all 1111101• tiaaue that appear, non-Tiable (Pigure 2). 
The resulting wound 11 then lett open tor •••ral dqa and then usually 
require, another operation to close it. The chiet reason tor the ex­
tensive surgery ia to prevent the development ot infection. Thia 
refers particularly to the anaerobic intectiona, e1peciall7 pagan­
grene. TbeN organiaa crow beat where the OXJl•n supply 11 dia1niah­
ed, and produce their toxic 1111111te1tation1 particularly in the preHnce 
ot dirt, debris, and dead 11111cle tiaaue (1, 2, 21). Thi longer tbt 
delay between wounding and aurgery, the higher the incidence ot pa 
gangrene (10). The exact •cbaniam wberebJ the development ot 1as 
gangrene in an extrellity results 1n the death ot the patient is not 
known; it is quite certain, hovever, that the infected wound ii the 
source or the toxicity (3, 12, 13, 14, 16, 17, 23, 24). 

Present llilitary techniques •Y result in leaa prompt surgical 
care than vas poaaible in World War II and the Korean contlict. The 
use ot radioactive aterials •Y require injured people to rtJ1Bin under 
cover tor 24 hours or longer. The emphasis on use ot small independent 
airborne units, auch as special forces, who my be situated behind 
enemy lines, renders prompt adequate surgery unfeasible 1n any instances. 
The results or adequate surgery •1 temporarily incapacitate the 
patient more than the adsaile wound itself. Saturation ot medical 
facilities 1n a •as casualty situation also might result in delayed 
or inadequate surgery. 

• Experimental animals used in this study were haD4led in accordance 
with the principle or laboratory animal care as promulgated by the 
National Society tor Medical Research (reference AR 70-18 20 Nov 61). 
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Theretore, studies have been done in our laboratory to aee it 
there ia a simple vay ot prolonging the period or time during vhich 
surgery vill be ettectlve, and preventing deaths from pa gangrene 
when prompt adequate surgery cannot be done. 

Because or the conditions under which they would be employed, 
it was necessary to consider treat•nt •thoda requiring a llin1aua ot 
skill and equipant. We therefore considered topic~l therapy. Thia 
had been attempted during World War II and at the end ot the war bad 
been abandoned as ot little value. Sultonamidea and, toward the end 
ot the war, relatively sall doses ot penicillin were used. When the 
reports evaluating their value are carefully reviewed, one notices 
that data concerning several types or sultonamides, applied largely by 
dumping powder or crystals into the wounds, were otten included to­
gether (4, 18). One or the most frequently used topical sultonamides 
was the relatively inertective aultanilaaide (15). Many or the sul­
tona.mides caked in the wounds, acting as foreign bodies, and inter­
fering with drainage. In sOJII instances no attempt to evaluate the 
extent or underlying damage was done, and the sultonamide essentially 
•rely placed on the surface or an entrance wound (7, 20). However, 
several studies indicated beneficial results trom topical therapy (4, 
6, 7, 8, 11). All or the sulfonamides in common use were inhibited by 
p-amino benaoic acid which is round in infected wounds, so the drugs 
soon lost their ettectiveness (22). 

During World War II, the Germans used another sulfonamide, which 
they called Martanil, tor the prevention or wound infection, Some or 
their reports indicated that it was effective against the organisms ot 
gas gangrene. Unlike the other sulfonamides, Martanil is not inhibited 
by PABA (9, 22). By the time Martanil bec&JD8 available to the American 
and British medical services, penicillin was just emerging as a new 
"wonder durg" and relatively little attention was given to Martanil. 
Some laboratory tests were done, with contlicting results. 

For about eight years in our laboratory, studies have been done 
using a standardized massive wound or the anaesthetized goat (5, 12, 13, 
14, 16, 17, 19, 23). This wound, produced by a high explosive charge, 
siJllulates by actual test that due to a large high velocity missile. 
There is an open coauninuted fracture ot the femur, extensive muscle 
damage, and the femoral artery is severed (Figure 3). When untreated, 
all or these goats spontaneously develop a fatal infection with gas 
gangrene organisms (Q. perfringens predominantly) (12, ·13, 14). Ampu­
tation is required to save their lives. It has been tound possible to 
delay the time or amputation by 24 hours if the goat is treated with 
large doses ot penicillin, parenterally or topical~7. However, penicil­
lin alone will not permit recovery or the animal (5, 16, 17, 19). 

Antibiotics are not a panacea. MIDY' or the• result in the 
development or antibiotic resistant bacteria; s0.111 produce severe al­
lergic reactions. It nothing better is available, their use is ot 
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course justifiable. Por these reasons, it seemed worthwhile to re­
consider the use of chemotherapeutic agents in addition to the anti­
biotics. Therefore larfanil was included in these studies. In the 
United States its trade name is Sulfamylon; its generic name mafenide. 
Chemically it is 4-(aminomethyl) benzenesulfonamide hydrochloride. 

II. PROOBDURB 

A total of 149 goats was used in this study. Six treatment 
groups were compared. These were: 

1. Untreated controls 
2. Penicillin spray 
3. 51 mafenidef 
4. 201 mafenide 
5. 51 mafenide + penicillin 
6. 201 mafenide + penicillin 

Bach treatment was tested in three to five subgroups of six goats 
each, with simultaneous controls of six goats each. This was to per­
mit evaluation of minor potential variables, and because some of these 
were part of other studies not being reported at this time. As will 
be discussed, with one exception the subgroups proved statistically 
similar and the results could be combined into one treatment group 
each, There were five groups of untreated controls, each containing 
six goats. There were five groups of six goats each treated with 
penicillin spray, 2 million units (1.2 gm) in 50 ml sterile distilled 
water per treatment. The treatment was applied immediately after 
wounding and twice daily thereafter as long as the animal survived.* 
All treatment was done by spraying the treatment solution in a De­
Villbis atomizer using nitrogen under ten pounds of pressure as a 
propellant for uniform force and rate. Three groups of six animals 
each were treated with 51 mafenide spray applied in the same way as 
the penicillin. Five groups of six goats each were treated with 201 
mafenide spray. With one exception, the treatment was applied as in 
the preceeding groups. The exception was that six animals were treat­
ed after a five hour delay instead of iaediately following wounding, 
the subsequent treatment being as in the other groups. 

Both of the other two large treatment groups had three com­
ponents of six goats each. In one of these, 5% mafenide was mixed 
with 2 million units of penicillin per treatment, and in the other 
201 mafenide and 2 million units of penicillin was applied per treat­
ment. 

III. BBSULTS 

The variables among the subgroups receiving each treat-

t Ma.fenide in the form of Sulf amylon (R) was supplied for these 
studies by Winthrop Laboratories, New York 

* Treatment was usually omitted over weekends 
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ment included such factors as the number ot times the animals were 
disturbed tor laboratory tests, type ot di~t, and the time atter 
wounding tbat they were removed troa the treatment-observation carts 
and placed in the goat pen. HCJ11ever, statistical an~sis revealed 
that, with one exception, there were no signiticant ditterences in 
results among the subgroups and they could tberetore be combined into 
the major treatment groups tor analysis. The results ot the sub­
groups are shCJIID in Figure 5. For brevity and ease ot C0111J)&rison the 
combined results are illustrated in Figure 6. The exception to the 
validity ot combining the subgroups is the 5~ atenide group, which 
contained three subgroups. The first group ot an1mal.s .consiste~ ot 
12 goats with a median survival t:llle ot about 133 houri. Balt ot 
these _goats. lived over 400 hours. The other groups ot anials treat­
ed with 5~ matenide both bad median survival times ot about 70 hours, 
with no anillal living over 400 hours. In the latter two groups the 
mean and median survival times were at least tvice that ot the un­
treated controls, approaching results obtained with penicillin spray 
in the same studies. It is not yet knc7t,n whether the tormer or the 
latter two groups are JDOre representative ot the 5~ matenide ettect. 
In Figure 6 this is illustrated by the vide spread ot survival ti.lies 
in the 5~ matenide group. The six longest survivors were all llelllbers 
ot the first group studied. 

The most dramatic ettect vas seen with the use ot 2~ 
matenide plus penicillin. The tirst ot these anillals to die outlived 
all or the controls and all ot the goats treated with penicillin 
alone. None ot these animals died before 150 hours after wounding, 
and 15 ot the total ot 18 11 ved over 200 hours. This is remarkablP. 
because in allot the previous related studies done 1n tn1s laboratory, 
the only goats ( except those treated surgical~) which survived over 
100 hours were three or tour antibiotic treated animals who accident­
ally acquired superimposed maggot infestation (5, 12, 13, 14, 16, 17, 
19, 23). F,ach ot the groups ot goats treated with matenide alone or 
in combination immediately after wounding and twice dai~ tbereatter 
bad at least one anilllal living more than 900 hours atter injury, there 
being a total or 10 goats living at least this long. In contrast, 
although in this study the untreated controls tended to live longer 
than in most ot the previous~ reported studies tram this laboratory, 
no~e lived over 51 hours, the mean and median survival times ot the 
combined group being about 34 hours. 

Suppression of bacterial growth, as evaluated by quantita­
tive cultures tor £. perfringens and Staph. aureus, appeared to be 
almost complete in the wounds treated with the matenide-penicillin 
ccnbination, and, in some ot the subgroups, in wounds treated vith 
matenide alone. As baa been determined betore, penicillin used alone 
suppresses bacterial growth initially, but by 16-48 hours, positive 
cultures may be found. The survival time of these animals has been 
previously found to bear a •tbeutical relationship to the dosage ot 
£· pertringens to which they are exposed. Staph. aureu~ is measured 
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merely for comparison. There are also other organisms present in 
these wounds, but they do not contribute quantitatively to the sur­
vival time of the animals. Cultures reported as "o" represent less 
than 1000 organisms per ml of wound exudate. It is not inferred that 
these wounds are actually steril!~ ~o of the very late survivors, 
whose wounds had almost healed, had apparently superficial staphylo­
coccal wound infections until the wound healed. The depths of the 
wounds in the long surviving animals cannot be adequately sampled, 
because the wound forms a massive dry crust which is not otherwise 
disturbed until it separates spontaneously. Further studies involving 
sacrifice of long-term survivors are being done at present to permit 
evaluation of the extent, if any, of non-lethal bacterial growth in 
the tissues deep to the wound surface. These are not completed at 
this time. 

There were three types of wound responses. The wounds of 
untreated animals remained moist and the muscle soft and dull pink in 
color (Figure 4). If the goat lived long enough, by about 30 hours 
the muscle tissue became slimy and grey and a foul brownish fluid 
began to be present in the wound. The wounds of the penicillin treat­
ed animals also remained moist. By about 36 hours after wounding, the 
muscle tissue looked pinker and cleaner and firmer than that seen in 
the untreated controls. Eventually, however, the brownish wound exu­
date developed and the muscle tissue became yellowish-grey in appear­
ance (Figure 7). In contrast, the wounds treated with mafenide alone 
or mafenide with penicillin appeared very different. By about 36 to 
72 hours after wounding, the entire wound area was dry and greyish­
black (Figure 8). By about 45-65 days after wounding the entire wound 
separated off as a massive crust, leaving healthy granulation tissue 
beneath (Figure 9). In some instances the crust separated gradually, 
with the same end result. These animals were not restrained or 
splinted in any way after being placed in the goat pen. It was found 
that transfer to the goat pen about 25 hours after wounding was the 
optimum time for long survival, this being one of the variables test­
ed in the subgroups. Goats, like other ruminants, develop serious 
effects from immobilization and for proper nutrition have to be1 able 

' \ 
to assume both the standing and the recumbent positions. Therefore 
the severely fractured femur received no therapy. However, in s~me 
instances, although the orthopedic results were far from optimum 
(Figure 10), the bony continuity was restored (Figure 11), and a 
weight-bearing functional extremity resulted (Figure 12). In others 
of the "recovered" animals, as would be expected, non-union of the 
fracture resulted, although the soft tissue wound healed. In two of 
the animals, the residual blood supply of the injured extremity was 
so poor that the limb developed "dry gangrene" (without evidence of 
infection) and spontaneously separated, after which the soft tissue 
wound healed uneventfully. The long term survivors are lively and 
apparently healthy. In those with survival of the leg, there is 
usually at least stiffness of the hip joint and some shortening of 
the injured extremity, but all of the goats eat well and run about 
freely. 
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IV, DISCUSSI(lf 

The complete recovery of SOile of the animals with no surgi­
cal therapy whatsoever was entirely unexpected, It appears that the 
medication prevented the multiplication of£. perfrinpns in the 
wounds, and prevents the absorption of toxic substances from the 
wound which are associated with£. perfrinpns infection, It is 
probable that the presence of actively growing~. perfrinpns is 
essential for the uniformly fatal course of the untreated wound. 

The present study does not evaluate the treatment of an 
established gas gangrene infection, The group of six goats with 
initial treatment five hours after wounding had mean and median 
survival times only slightly better than the untreated controls, but 
the results of treatment of this small a group may not be conclusive, 
Further testing is in progress to evaluate the efficacy of delayed 
treatment more adequately, This study does show, however, that the 
inediate and repeated use of topical mafenide as the sole therapy 
can permit recovery from an otherwise fatal massive wound, and that 
this parallels prevention of the development of recoverable£. 
perfrinpns in the wounds, 

V, SUIIIIUY AND C<lfCLUSIClfS 

Topical mafenide as the sole therapy can permit recovery 
from an otherwise fatal experimental massive open wound, The effi­
cacy of treatment parallels the prevention of development of re­
coverable£. perfringens in the wound, this organism otherwise being 
always present in the wound by 9 hours after wounding. Topical 
penicillin alone prolongs survival time but does not permit recovery. 
The addition of penicillin to mafenide appears to increase the effi­
cacy of the treatment. The applicability of these results to human 
wounds remains to be studied. 
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FIGURE 6. COMBINED SURVIVAL TIMES COMPARED 

FIGURE 7. PENICILLIN TREATED 
WOUND (72 HOURS ) 
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FIGURE 8. MAFENIDE TREATED 
WOUND (72 HOURS) 
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FIGURE 9 , MAFENIDE TREATED 
WOUND - 65 DAYS 

SP 20 
133 DAYS 

FIGURE ll. X-RAY OF SAME GOAT 

SP 20 

25 DAYS 

F GURE 10, X-RAY 25 DAYS AFTER 
INJURY 

I AS FIG. 10 AT 133 DAYS 
FIGURE 12. AMBULATORY GOAT, 

WOUND HEALING 
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WER PROGRESS AlfD APPLICATIOIS 

HARRISON J. MERRILL 
U. S • ARMY SIGHAL RESEARCH AID DEVELOPMElfl' LABORATORY 

FORr MO?t-10t1l'H, NEW JmSEI 

'lhe USER is a recent developnent resulting tran studies 
and research in cllanges in the energy state ot atans. The word is 
coined tran the initial letters which describe the phenanenon, 
"Light Amplification by Stimulated Emission ot Radiation." 'lhe 
energy emitted tran the LASER displays very unusual coherence 
characteristics never before encountered in optical phenanena. It 
has becane an interesting phenomenon which has resulted in the pub­
lication of a considerable amount of scientific as well as popular 
literature. 

The LASER is an outgrowth of basic research which produced 
a very low noise radio amplifier called the MASER. Extension ot the 
MASER into the optical region was considered and postulated by 
Schwalow and Townes at C~lumbia University in an announcement pub­
lished in December 1958. This work at Columbia was initiated by 
the Signal Corps on a goverment contract and was later supported 
as a tri-service contract by the Aral¥, Navy and Air Force. 

By March 1961, exploratory research in the use of a LASER 
had progressed to the point where it was considered desirable that it 
be applied for military use • Projections in which the growth of the 
developnent of the IASER were forecast resulted in the tiDding that 
the LASER had considerable potential tor range measurement in 
connection with surveillance equipnent; and it was decided that a 
program be instituted to accomplish this. 

In addition to the range measurement, there are a number 
of other potential applications, such as: in canmunications; trans­
mission of power; illumination and guidance and control. However, 
these applications require developnents which cannot be forecast, 
thus requiring further research. In the civilian eco~, the LASER 
may be api-, ... iad to replace eye surgery in order to correct detached 
retinas; in micro welding; drilling and machining and as a unique 
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light source for other scientific investigations. Although there 
have been IDcl.ey materials described which are suitable tor LASER 
applications, the 11se ot the ruby has unique characteristics which, 
up to the present time, make it outstanding as a source. 

IASER OPERATION 

Essentially, the LASER output is derived fran a cylindrical 
cavity which is terminated at one end by a highly reflective surface 
and at the other end by a ·partially transmitting surface. The cavity 
may be either partially or canpletely tilled by on active material 
which must have the characteristic that it fluoresces when excited. 
The active material may be a suitable crystal, such as aluminum 
oxide (ruby) doped with chranium, calcium tungstate, doped with 
neoeymium, or calcium t'luor-ide doped with uraniwn; a solid solution, 
such as glass doped with neodj'mium; or a gas, such as a neon-helium 
mixture. The action of the LASER, will be discussed specifically 
using the ruby as the active structure although other materials 
could have been used. The ruby is illustrated in Fig. l and is 
ordinarily about t" by 2" long. This ruby is not the gem type for 
it has less chranium (• .05) doped in the crystal. Instead of the 
deep red we ordinarily associate with the rub~ it is a light pink. 

To get IASER action, we place the pink ruby in the cavity 
and illuminate it with a short and very intense pulse ot light from 
a gaseous discharge tube. This tube is similar to electronic flash 
uni ts canmonl.y used by photographers • The energy transitions are 
shown in the lower left of Fig. l. '!be horizontal lines represent 
energy levels within the ruby structure. '!he base line indicates 
the ground energy level, llo• 1be transition between the next higher 
energy level, n1, and Do corresponds to the characteristic fluores­
cent red color of' the ruby and the top line,~, indicates that 
corresponding to the chranium impurity absorption. Actually the 
line structure is divided into double levels, which are not shown 
in order to simplify this discussion. The energy states normally 
pred.aninate at the ground level but, when the flash pumps light 
into the ruby, the energy states are excited by absorption of the 
photons by the chranium and are raised to the ~ level. As the 
energy cannot stay in this level, it drops back into the n1 level 
which is metastable. The equivalent pbonon energy of the ~ - n1 
transitions are absorbed as heat. The trandtion from the 
metastable state, n1, to the ground level commonly takes place 
spontaneously. The net result of our pumping the ruby populates the 
metastable state;/ .this energy normally decays as it emits a fluores­
cent red light • . ' 

The principle of the IASER is embodied in the discovery 
that the energy transition from n1 to the ground state can be 
stimulated by a powerful optical electranagnetic oscillation induced 
in the ruby. This wave motion increases the rate of the metastable 
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transition to the extent thnt the radic.tion, which normc.l.1.y lasts 
more thn.n one millisecond, now 1s released in less than one micro­
second. This corresponds to a. power ~ain of some 1,000 times. In 
cE-..rly IASERS the crystal was formed into a cavity structure by 
grinding the ends of the ruby cylinder flat and pi-Jrllllel. 'lba end:; 
were silvered so that very little of the fluorescent liJht could 
escape but, insteci..d was reflected back and forth within the ruby in 
the ma.nner of a Fabry and Perot intert'eraneter. As the fluorescence 
increased and as the wave stimulated energy transitions built up, 
the optical standing wave within the ruby reached a power level of as 
much as 200 kilowe.tts. To get light out of the prime.tive LASER, one 
end is given o partial silver coating which reflects 95% of the 
optical energy and transmits 5%• The rele .se of the energy results 
in a series of pulses of light. This is shown to the right of Fi~. 
1, where ·the upper curve indicntes the paver of the pumpillb light and 
of the IASER as a function of time. You will notice that shortly 
after the pumping light has been on, that a series of puhes are 
emitted £ran the ruby. The initial IASER built at the .5igna.l Corps 
Laboratory had e. series of pulses vith penk powers ot only oOO vatts. 
Finally, the lower right of the figure illustrates the output fran a 
LASER which, by delayed stimulation, emits r. single pulse of J 
megawatts power. 

From the original Schawlow and Townes paper, the condition 
in which oscillations occur ce.n be stated approximatezy as 

l. 

N1 - N0 ~ K(l - ~) AT2 

where a is the reflectivity of the ends, A is the area of the 
silvered ends and Tis the temperature assuming a Boltzmann distribu­
tion of states. As we see from the equation the performance of the 
LASER is dependent upon the reflectivity of the ends, the area and the 
square root of the temperature. The Pulse shapirui: illustrated in the 
figure has been achieved by changing the reflectivity during opera­
tion. To do this, one end of the ruby is cleaned of its silver coa-~­
ing and a rotating silver mirror placed at that end. When the mirror 
is not parallel to the end, a is small so that l - a approaches land 
the condition for oscillation approa.ches a limiting value. When the 
mirror rotates parallel to the end, oscillations can take place at a 
very small difference in states, for l - a approaches zero. This 
then leads to the condition that the ruby is pwnping during -the time 
when u great number of n1 energy states are needed for oscilla.tion. 
As the pumping continues and the oscillation condition is approached 
the oscillation condition is drastically reduced by the rotatillts 
mirror as it swings pe.r~llel to the ruby face. The enerey is 
11 durupeci" from the metastable stat~ to give a peak pulse as shown in 
Fig. 2. The output energy as o. function of time is also showri in 
Fig. 4. This discovery has milde the construction of a range finder 
feasible. 
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II\SER CHARACTERISTICS 

'!be characteristics ot the II\SER which make it a unique 
source e.re: first, that the ligli-t is coherent and monochranatic; 
this is useful because all opticul detectors are very wide band and 
detect muey wavelengths &t the same time • As you know, it is much 
easier to detect a light at night due to the dark background. Be­
cause the LASER is monochranatic, we can make the daytime background 
nearly black by placing a very narrow pass optical interference 
filter in the optical system. This almost eliminates the illuminated 
bD.ckground and improves the detectivity. Second, the light emitted 
by the f.ASER is confined to a narrow berun, so -narrow that at one 
mile, all the light emitted by the LASER falls within a circle less 
than 2 ¼ feet in diameter. '!bird, as mentioned before, the light is 
transmitted with very high peak power, which improves the signal to 
noise ratio. 

A unique property associated with LASER output is connected 
with its coherence. The production of light, as we have known it, 
has always been associated with non-time coherent statistical 
processes, i.e. thermal excitation, fluorescence or phosphorescence 
and ioniza.tion. An electrano~etic standing wave in the LASER 
cavity enhances radiant emission which is induced in phase, and the 
radiation fran the structure is coherent. Coherence may include two 
aspects: spatial coherence and temporal coherence. The degree of 
sp.:tial coherence may be specified with respect to the degree of 
correlation of the LASER wave front. Spatial coherence exists it 
knowing the phase of one segment of a w~vf, the phase of all other 
segments can be described. Space coherence affects the optical 
properties of tbe wave and, when a wave is spatially coherent, it 
ca.n be described canpletely by geanetric and physical optics. It 
is achieved by a point source of light which c~n be made to exhibit 
the well known diffraction and interference phenanenon of optics. 
The LASER exhibits maey of the properties of a point source. 

One part of the face of the IASER output interferes with 
another, and the beam acts as a near plane wave with a very narrow 
beam. We have achieved beams in the Laboratory fran the face of a 
½" ruby crystal which have a beam width of about 0,9 milliradians. 
If we compute the beam from an ideal source by the equation of the 
diameter of the first disc produced in Fraunhofer diffraction, 
0 = l,22~/D, we find the ideal beam spread would be 0,01 milliradians. 
From this we see that the ruby is not very coherent. This is because 
the ruby has many imperfections and oscillates at different times in 
different modes which tend to disperse the wave. 

Time coherence exists if knowing the phase of a wave at 
one time one ce.n predict the phase of a wave at another time. Again 
this cbherence is affected by the temperature and by the instantane­
ous dimensions of the ruby. The coherence is a function of the 
spectral line width. 
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The relation ot the rate ot delivering energy equal to the 
power has special signiticance depending upon the use ot the LASER 
output. For detection purposes, it is important that we have very 
high peak power, but tor moat purposes it is 1-Portant that a higb 
average power be obtained. 'lbese relations can be illustrated by 
reterring to the 3 megawatt peak power pulse which has a duration ot 
about 10· 7 seconds. The energy of this pulse is only 0. 3 Joule. It 
this is pulsed at the rate of six times in a minute the average power 
is only 30 millintts. An illustration ot the output ot a particular 
LASER is shown in Fig. 4 where the upper curve shows the output in 
the stationary state and the lower with a rotating lllirror. 

'l'he efficiency of conversion is very low in all IASERS and 
especially in the ruby LASER. 'Die pumping light, in the first place, 
must be coupled optic~ to the ruby. A reflector mirror is placed 
around the system in order to contain the energy in the cavity. 'Dlere 
are optical losses at the reflecting walls and in reflections tran 
the ruby surtace. It may be possible to restrict these losses to 25~. 
The next serious loss is a spectral absorption loss. High energy 
sources of pmnping light approach the q1al1ty ot blackbodJ radiation, 
which bas a broad wavelength spectrum, but the only useful portion is 
that wavelength band corresponding to the~ - Do transition of the 
chrcmium absorption lines at 56oaA and 41CM. 'l'his is only about 10 
per cent ot the Xenon pump light. In the third place the energy 
corresponting to the phonon transition tran the~ state to the n1 
metastable level ot the ruby is absorbed in the su-ucture and is lost 
as heat. This loss corresponds to about 3~ of the remainder ot the 
light. 'Dlus ve may expect an ultimate etficiency ot sane 5~ ot 
conversion. A IASER pumped by a helical P'l' 524 lamp at 1800 Joules 
electrical input yields 3 ·Joules with a stationary mirror and .3 
Joule with a rotating mirror and operated in the single pulse mode. 
These then operate with etticiencies ot o.~ and o.~ at roan 
temperature. It is interesting to note that the best U.ghtveight 
capacitor that we have found has a weight of .018 lb per Joule. In 
order to get a IASER output of only 100 Joules at.~ etticiency we 
would need 900 lbs of capacitor; to get 105 Joules output would 
require 450 tons it we used the same type ot pmp light and 
capacitors. 

We can also consider efficiency tran a conversion view­
point. '!hat _is,in an optical system, our goal is to convert a light 
source into useful beam energy densities. In our example, ve can 
consider the ratio ot the energy per unit solid angle emitted by the 
USER divided by the energy per unit solid angle emittep. by our pump 
light. This gives us a conversion efficiency ot 3 X l<r". It we make 
this same conversion by the use ot the same lamp at the tocus ot a 
60" searchlight mirror we get a conversion etticiency ot 600. 

Fran simple gecnetrical considerations, the diameter ot an 
image, i, formed with a beam having an angular diameter a and 
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focused by a lens ot focal length, f, is at • 1. It E, tbe energy 
per am2, is introduced into the lens through an aperture A then the 
energy density at the image becanes Ei -= 4EA/d-f2, As the energy 
density ot the sun is .14 Joule/am2/sec, the energy density ot the 
sun's image fo~d on the retina would be about 120 Joules/cm2/sec. 
Eccles and Flynn have been reported to find that sunlight ot the 
order of 50 Joules/cm2/sec can cause ret1Dal lesions. l'rom this, 
it would appear that the eye cannot stand aa_y more than a third of a 
second blink at the sun. In the case ot the WEB the energy densitj· 
of the beam deposited at the condensing lens is E • 4 E0/dR2 where 
E0 is the total energy emitted tran the LASER and R is the distance 
from the IASER to the condensing lens. Then the energy per square 
centimeter delivered at the image is 

~1,,,!: ·..:,he very maximum amount ot energy the eye can stand without 
e. Then it is ccmputed that the example LASER beam (. 3 Joule, 

1 milliradian beam) will cause damage to the eye to distances as 
great as 300 meters, At this distance a tiey lesion would be pro­
duced as indicated in experiments with rabbits. 

MATERIAIB 

As indicated before, there has been a considerable number 
of different materials which could be used for IASERS and in 
addition there are a very great number which could potentially be 
used. Some of the outstanding materials are listed in Table 1. 
These can be roughly classed as crystals, glasses and liquid 
solutions and gaseous LASERS. The ruby bas been described pre­
daninantly throughout this paper because it has been most camnonl.y 
used and has certain advantages leading to this preference. The 
output is in the visible region and it is possible to obtain the 
highest optical output of any other material. The ruby is also 
rugged and available in satisfactory shapes. Other crystals such as 
calcium fluoride and calcium tungstate have a canplex output in the 
infrared and may require cooling. There is a problem in detecting 
the infrared with an ad.equate signal to noise and time response; 
indium antimonid.e has been used tor this purpose • The gas IASER 
represented by the helium-neon mixture has advantages fran a 
laboratory viewpoint as the energy states are not associated with 
the crystal lattice. It is possible to obtain a very pure spectrum 
an,d beam limited by diffraction; it is also easy to cool the gas 
IASER by providing a circulating gas. The disadvantage is that the 
concentration of atoms is very low and it is not expected that it 
will be possible to get a high power output. 
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TABIE 1 

S00 MATERIAIB CCIIIOILY tBED Ill LASIRS 

Active 
Elaent 

He: Ne 

USE OF THE IASER 

Dominant, 
Wavelength 
&llitted 

0.69 µ 

0.69 µ 

2.56 µ 

1.056 µ 

.88,1.06, 
1.34 µ 
1.15 ~ 
(many other lines ) 

Reference 

(2) 

(3) 

(4) 

(5) 

(6} 

Energy 
&llitted 

20+ Joules 
uncooled, lo+ 
megawatts peak, 
uncooled 

cw 4 milliwatts 
(potential 
1 watt) 

cw l milliwatt 
ac 1 milliwatt 
cooled 

gas maser 
l milliwatt 

.As indicated earlier, the developnent of hiJh peak power 
output has made the WER attractive as a ranging device. The 
Qround Forces have always had a requirement for an accurate ground 
to ground range tinder as they have had no range finder which was 
satisfactory when used vi th modern weapons. The optical range 
tinders have been unsatisfactory because they depend mostly on a 
very small angle. Errors in this angle affect the range in pro­
portion to the distance so that a practical range finder becanes too 
inaccurate for modern weapons. Small radar range finders have wide 
beams so that the range determination against a target is obscured 
by ground clutter. 'lbe LASER incorporates the advantages of the 
radar pulse method of determiniDg range combined with a very small 
beam which can be s igbted optically to clear unwanted targets. 'lhe 
operation of a WER radar is illustrated in the diagram in Fig. 3 • 
In the upper section the LASER transmitter emits a signal pulse. 
The pulse is detected by a solar cell which starts a time counter. 
The WER beam traveling with the velocity of light is reflected 
tran the target. The reflected light is detected by the receiver. 
The signal passes through an interference filter which cuts out 
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suusto.ntia.lly other lie;ht such e.s that reflected by the sun from the 
target and meteorological aerosols. The photo cell detects the 
signal and stops the counter. The transmitted time as shown by the 
cowiter is calibrated with the 11.~~ht velocity so that the r ~ading 
is directly in meters. 

Potentially. the..: :)~.,.~ . ·. ··., .... ,(~ ~·or the LASER is in connection 
with communications. .. 1::0h '·~ r ~lr~ li ·jht beam has a frequency of four 
orders of magnitude 0r -·, t(.;r ·e,han a centimeter radio wave. It is 
interesting to think of the possibilities of the b~nd width of an 
electromagnetic \.:ave having l! frequency or 2 X 1014 cycles per 
second. So far, this is not usable because there has been no 
detection means developed for these frequencies. If a. satisfactory 
continuous we.ve LASER were available, we would have to settle for 
band width frequencies much smaller produced by conventional 
modulation. It is possible to modulate at microwave frequencies by 
optical rotation. Satisfactory canmunica.tions depend on obtaining 
high c.w. power. Another 1:>erious limiting factor in conmunication is 
the attenuation of the signals by atmospheric conditions. It is 
possible to overcane this by transmitting the energy in a "Light 
Pipe • " This "Light Pipe" ce.n be used to carry the LASER beam vi th 
very small attenuation over k .rge distances without relay amplifiers. 

The use or LASER tor illumination is only practicul under 
special conditions. As indicated earlier in the pa.per, one of the 
basic ndvantages ot' the LASER is in connection with its ability to 
form ?1.':l..rrov beams. For uses requiring a wide beam, it may be well 
to use more conventional light sources. However, in cases where 
point by point illumination, or illumination over very great 
distances, is required, the LASER may be attractive. 

As the beam can be made very narrow, it is possible to 
intercept most of' the beam with a practical receiver and collect 
substantially all the transmitted energy. The difficulty of trans­
mitting power by the IASER is that it is an inefficient converter 
and as the wattage or energy is increased, the LASER, as ve know it 
today, becanes very large, requires considerable power and wastes 
a large amount of heat. 

The LASER beam may be concentrated by a lens into a very 
small area. With our example LASER, it is possible to obtain 30,000 
joules per square centimeter on an area 1/10 millimeter i~ diameter 
at the focus of a 5 cm focal length lens. The reaction of t,his 
energy with materials can be very drastic as shown in Fig. 5. 
However, by controlling the output, it is possible to fonn a small 
hole in metals or to melt a very small area. This can be used to 
form holes in metal smaller than can be drilled, to etch away 
unwanted metals in micro-forming and to weld thin pieces of metal 
toiether. When properly controlled the LASER does not destroy the 
characteristics of the metal and can weld dissimilar metals. 
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The IAS~ promises to be an important tool tor scientific 
investigations. It can be used in the laboratory where coherent 
li~t is r0quired t'or the experiments in the measurement of optical 
and a:~anic transitions • 

The LASER has also been studied for use in surgery with 
the eye. Experiments show that the LAS~ beam can be used as ~­
!'IASER retiOR coa;;rulator." Expe;riments hE!.ve been performed o.t 
Presbyterian Hospitn.l, New York,7 to form scar tissue for the 
retachment of partie.lly or fully detached retinas to the supporti~ 
tissue. It can also be for purposes of destroying veins which 
furnish the blood supply to ~n eye tumor or to damaged tissues. 

This paper has outlined sane of the very high spots in 
the developnent of the optical IASER, The IASER has unique 
characteristics which make it of prime interest to scientific 
investigators. The application is still in its infRncy and the 
most valuable employment of the LASER still depends on intensive 
rese~.rch in the Laboratory. Some of the most useful employment 
depends upon new discoveries a.nd employment o" ~nerru- sources whi.-'h 
have not been developed. The !Ji.SER is~ real phenanenon which has an 
interesting application ut the present time una which I am sure will 
overcane maey of the problems that exist todhy. 
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MILF,S, HOFFMAN and MEROLA 

REPLACING THPC IN THE APO-THPC FLAME-RESISTANT 
FINISH FOR Tm'ILE.S 

T. D. mES, F. A. ll>FFMAN, and A. MlmOLA 
QUARTERMASTER RESEARCH & EmINEERING OOMMAND 

NATICK, MASS. 

INTRODUCTION 

Tris-1-aziridinyl phosphine oxide (CH2CH2N)3PO (1) in com­
bination with tetralds hydroJcymethyl phosphonium chloride (7) is a 
flame retardant tor cotton textiles. It appears that phosphorus com­
pounds other than THPC can be used in combination with APO to impart 
name resistance. 

In studying the curing conditions tor APO, a technique has 
been developed tor the rapid screening or catal7sts. A CClllparison 
or the infrared spectrum or APO before and after curing (Figure 1) 
shows. that the absorption at 12.J microns disappears upon curing. 

To illustrate this, Figure 2 lists the absorption spectrum 
or a sample or APO llhich has been partial.17 polymerized by air aging 
tor three weeks as well as the spectra ot the monomer, a conmercial 
product (3), and that or a sample that has been completely poly­
merized at reduced pressure. Also shown for each sample is an esti­
mation or the imine ring content by reaction with Na2S203, which has 
been reported (8) as a semiquantitative method tor the estimation or 
imine ring content according to the following reaction: 

RNCH2CH2 4 Na2S2C>3 ~ H20 _P!J_i.1~7 

RNHCH2CH2S203Na 4 NaOH 

The results listed in Figure 2 suggest that the change in 
absorption at 12.3 microns is due to the opening or the imine ring. 

The polymerization or a ring compound usually proceeds by a.n 
interchange reaction, induced either catalytically or by the presence 
of small amounts or end-group-producing substances. For example, 
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wter accel1rat11 the poljmerisation of E-caprolactllll by hydrolyail 
of some of the compound followed by an interchange reaction. 

CO(CH2}5 NH ~ H2o ___ , 

HOCO(CH2)sNH2 ~ lactam --.) 

HOCO(CH2)5NHCO(CH2)5NH2 

Ethylene oxide polymerization may be initiated by alcohols, amines, 
and mercaptana capable or generating a hydroxyl group through reaction 
with the monomer (4). In the presence or strongly acidic or baste 
catalysts, successive addition or ethylene oxide 11olecules proceeds 
rapidly in the following manner: 

Polymerization or cyclic compounds may also occur by ionic mechanisms 
under the infiuence ot strong acids end in the absence or water and 
alcohol. Thus, in the presence ot a strong acid or electron acceptor, 
ethylene oxide may polymerize violently. 

From this it would be expected that compounds capable or 
attacking the nitrogen or APO would initiate poly:nerization such as 
a) alkylating agents capable or forming quatern:i.ry nitrogen compounds, 
b) acids, c) oxidizing agents, d) amines, e) inorganic salts, and 
r) Lewis acids. Compounds representing these various types were 
included in the screening. 

EXPiliDfgNTAL 

'nle compounds being screened as catalysts were applied in 
combination with APO to a viscose film which was dried at 2120F for 
five minutes and then cured at 285oF tor five minutes. Infrared 
spectra of the treated films were obtained. (Disappearance of the 
absorption at 12.3 microns was used as the criterion for curing.) The 
following compounds were not catalysts for the polymerization or APO 
under the above conditions: boron trifluoride, diethylene triamine, 
ethylene diamine, hydrogen peroxide, methyl iodide, Monsanto catalyst 
AC, 2-amino-5-nitrobenzene sulfonic acid, phenol, auccinic acid, boron 
trifluoride-triethanolamine complex. Table I lists the compounds 
wtdch were found to be effective catalysts for APO under these 
conditions. 

TRIS-1-AZIRIDINYL PHOSPHINE OXIUE -----A commercial product 
(3), an ethanol solution or APO, was used. Results or elemental 
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analyai1 after NIIOT&l ot ethanol are•• tollon: Calculated% 
C 41.6, Pound 40.4; % H 6.99, Pound 6.97; % N (D11111) 24.36, Pound 
21.9J ~ P 17.9, Pound 16.1. 

Infrared spectra mea1uN1111nt1 were •de ldtb a Baird apectro­
photolllter. 'ftle umpl.e •• either around into a I Br pellet (S,6) or 
run betveen two I Br pellets, 0.2 • Ulick and 1.31 aa in di-ter. 
A pell.et holder (2) •• conatncted to bold the t., IC Br pellets to­
gether. 

PREPARATION OF FILMS---Unpla1tici1ed cellophane tilll •• 
1-eraed in a 20% aqueous aolution ot tria-l• liridinyl phosphine 
oxide containing tl'CAll one to 1S% ot tbe catal.yat being studied. 
C',atal.19t concentration •s baaed on the resin solidi ccmtent ot the 
solution. Small 11mplea ot the cellulose film were allowed to stand 
in the solution tor 30 llinutea at ro011 t•perature to insure complete 
eaturation. At the end ot this period the7 were removed and blotted 
dr;y to r•ove the excess aolution. Drying •• accomplished b7 hang­
ing the treated t1lJu in a circulat.ing air oven tor tin minutea at 
21.2°,. Curing waa done in the .... manner at 2SS0P tor tive minutea. 
Iaediatel7 after the l&lllp].ea were cured, the spectra ot the tilu 
were obtained on a Baird apectrophotcaeter using an untreated tilm 
in the reference beam, (See Figure 1). 

LABORATORY-SCALE APPLICATION- -The screening technique 
w.a followed tirat b7 laboratory and then bJ plant applications to a 
cotton fabric. Ot the catalyata listed in Table I, di11110nium phos­
phate has several advantages. It is among those that are ettective 
in amall amounts, it also has advantages ot low cost and ease ot 
handling, In addition, it is a flame retardant itself. Por these 
reason,, dianmonium phosphate waa chosen tor these trials. 

The first trials, made on a laboratorr padder (Butterworth 
three-roll pad), consisted ot varying the bath concentration ot APO 
and the diamonium phospw.te. Pad liquor- was made up to contain S%, 
lO!C and 15% APO. The catalyet concentrations tor each ot these 
baths ranged trom 2i to 15%; 0.3% Triton X-100 wae uaed as a wetting 
agent. An 8,5-oz cotton sateen, nine inches wide, •a giYen two 
dips, two nips, dried at 212'>F tor tive minutes and cured at 300°F 
tor tive minutes. 

Included in the trials was a bath containing 50% APO without 
any catalyst. The sateen fabric padded through this bath was dried 
tor 15 minutes at 2l.2°F and cured for five minutes at 300oF. This 
fabric after curing was not flame resistant. 
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Flame-resistance tests for the fabrics padded thro,;.~:t• t_. ht:: 
v.;:.rio"l.i.S C()nCE-ntrations of AFC and OAP are shown in Table II. These 
results show that the diammonium phosphate is a catalyst ror the 
curing of APC on the fabric as well as in the screening technique. 
Baths containing less than 15» APO did not £ix sufficient resin on 
the fabric for flame resistance durable to laundering. v;ith a bath 
containing 15% APO, the catalyRt was effective fronl the 2i% level to 
the 15% OAP as shown by the durability or the flame resistance to 
laundering, 

Of interest is whether the dianuaoniwn phosphate, in addition 
to being a catalyst for APO, contributes to ~he flame resistance or 
the treated fabric, i.e., whether any or the phosphorus frorn the 
diammonium phosphGte is retained in the treated fabric. Since both 
APO and diammonium phosphate contain phosphorus, a sample or di­
a:.unonium phosphate containing radioactive phosphorus (pJ2) was 
prepared, 

An 8,5 oz, cotton sateen fabric was immersed in a bath con­
taining 5% diamrnonium phosphate, the phosphorus component or which 
was radioactive (p.32). The fabric was squeezed, oven dried at loo<'C 
and cured for five minutes at 140°c. Using a beta-particle counter, 
it was found that only 6,9% of the radioactive dianmonium phosphate 
was retained after four cold W:lter rinses. 

The same type of cotton fabric was then immersed in a bath 
containing 5% radioactive diammonium phosphate and 18% APO. The 
fabric was oven dried at lOOoC and cured for five minutes at 1400c. 
After four cold water rinses the fabric was found by the beta­
particle counter to contain 43,6% or the original radioactive 
diaanoniwn phosphate. After boiling for one-half hour in soap and 
soda ash (0.2% soap and 0.1% soda ash), the fabric was found by the 
same technique to have retained 36.6% of the original radioactive 
diammonium phosphate. These results are summarized in Figure J. 

PILOT-PLANT APPLICATION----rilot-plant applications were 
made on QM equipment which consisted of a Gessner two-bowl padder, 
a pin tenter inclosed with a flue-type drying oven and a curing oven. 
Fin:shing procedures were not continuous and the fabric was batched 
up after each operation. Since the equipment had only one squeeze 
pressure, the wet pickup could not be varied. Higher wet pickups 
in the range of 70% were obtained on coating-type equipment. having 
adjustable squeeze rolls. F'ifty yards of Cloth, Sateen, 8,5 oz., 
(~!IL-C-12095) was padded through a bath containing 5% diammoniwn 
phosphate and 18.2% APO in the following bath formulation: 

4,25 lbs diamonium phosphate 
21.25 !mine IP (based on 73% solids) 

0.4 Triton X-100 
59.1 water 

Total 85 lbs (10 gal) 
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The .wet· pickup wa.1 75%. The tabric wa, dried at 250°F tor two 
minutes and cured at JOOoF tor ti ve minutes. Table m list, the pel'­
tormance test results tor this fabric. 

With the equipaent that gave a lower wet pickup, i.e., SS~, 
the tinish was applied in a two-pa11 proc111. The first JaH was 
through a bath containing 15% APO and 10% DAP. Atter drying and cur­
ing, the fabric was pa111ed through a bath containing 8.75% APO and 
7% DAP. The fabric wa, again dried at 2S()OF tor two minutes and 
cured at J()()OF tor tive minutes. Table· IV lists the pertomance test 
results tor this fabric. There is also evidence that the bath 
stability or DAPO is greater than APO-THPC, Samplee taken from an 
APO-THPC bath at room temperature polymerize into a solid on stand­
ing overnight, Samples or DAPO bath have stood tor at least two 
weeks without visual evidence ot polymerization. 

CONCLUSIONS 

The general problem ot what t)'J)8s ot chemical compounds can 
be combined with tris-1-aziridinyl phosphine oxide (APO) to produce 
durable name retardants tor cellulosic fabrics has been eJCp].ored. 
APO by itselt is not polymerized into a durable name retardant 
within the time and temperature limits set b7 conventional textile 
processing equipaent. Baaed upon the changes in the infrared 
spectnun or APO during polymerization a.method tor the rapid screen­
ing or candidate catalysts was developed. or the wide variety or 
chemicals screened, compounds that are acidic under curing conditions 
were round to be the moat ettective catalysts. 

One or these catalysts, dianmonium phosphate, combined wl.th 
APO was examined in laboratory and pilot-plant applications. A 
radioactive tracer study showed that approximately one-halt ot the 
diammonium phosphate is retained in the fabric after washing a.nd 
thus contributes to the name resistance as well as serving as a 
catalyst. The combination has several advantages over APO-THPC. 
One is a reduction in chemical cost. Another is that there is no 
release or formaldehyde f'umee in the p,.d bath, drying oven or curing 
oven, This makes DAPO a more acceptable formulation trom a plant 
application standpoint, particularly where ventilation is limited. 
Another advantage is greater bath stabilit7, Thus the combination 
or diammonium phosphate and APO provides a new durable name re­
tardant tor cotton, 
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TABLE I 
Catalysts for the polymerization of trfs-1-azlrldlnyl phosphine 

oxide showing the lowest effedlve concentration (9') 
I 4 S I I JO JS 

X 
X 

X 

TABLE Ill 

X 
X 
X 
X 

X 
X 

X 

X 

Strength and flame resistance of Cloth, Cotton, SatHn, 8.5-oz, 
DAPO trHted (18.29' AP0-5% OAP bath) 

2',ar ,mqtll ftclme t,,c, 
(v,zl) Ar AG CL 

Untreated lU XU 

Treated ln1Ual uxu 0 1.2 u 
wundered-one eyde uxu 0 u u 

three eydu uxu 0 u u 
lix eydet uxu 0 u u 
nJne :f.det uxu 0 u u 
12 ey et uxu 0 u u 
15 eyelet uxu 0 u 1.0 

113 

• 

~, 

u, 



• 

MOLILLA 

EVAWAUOR OF HYPERSONIC PIOBI 
MATERIALS IN A WATII-STABILIZID 
ILICTIIC ARC AT TEMPIRATUUS TO 
32000C (57950,) FOi 60 SECONDS 

D. J. HOLIW 
nCAnNNY ARSllW. 
DOVEi, NEW JDSIY 

INTIODUcnON1 

The probe configuration evaluated wa1 that which va1 pro­
poaed for po11ible uae on a theoretical Mach 8.5 mi11ile. Tbe 
pre11ure 1en1ing probe 1yat• aaat have the capability of ... ,uring 
total and 1tatic pre11ure for velocity determination. Proa the known 
velocity, the maxiaua allowable aov•ent of the aerodynamic control 
1urfacea are determined 10 that the maneuvering "G" U11it1 of the 
mi11ile are not exceeded. The probe al10 perfonaa certain warhead 
function,. 

Numerous experimental prob•• were 1ubjected to wind tunnel 
and 1imulated flight te1t1 in order to deteraine the moat 1uitable 
aerodynaaic deaign for tbi1 probe. In thi1 de1ign aerodynaaic but­
ing must also be considered 1ince the maxllDUID Mach number will be 
8.S. When 1uch Mach number• are involved, it i1 customary to ••cer­
tain the trajectory that yield• the greate1t aerodynamic mi11ile beat 
input and then design the 1yst• to meet the heat requirement, of 
thi1 trajectory. Such a trajectory 11 called the "Thermodynamic 
Design Trajectory". 

From thi1 deaian trajectory, which results in maximum heat­
ina, heat fluxes expected at the forward portion of the probe, to be 
teated were determined (1). These flux calculation, were based on 
the a11umption of a cold wall. Since it wa1 known that the flow 
field of the electric arc was subsonic, the flow away from the 1tag­
nation point would not be 1imilar to that which exi1t1 when 1uper-
1onic flow is present on the probe during flight. However, the flow 
at the stagnation point in the arc subsonic flow field was 1imilar to 
the flow field preaent on the probe during flight. From theae a1-
1umption1 and calculation, a heat flux vs time testing program on the 
probe models was proposed, as follow11 

initial input. 65 BTU/ft2-sec 
maximum input - 450 BTU/ft2.aec to be reached in 25 1econd1 
final input - 225 BTU/ft2.aec at the end of 60 1econd1 
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If a probe uterial or a uterial vitb a protective coatiaa 
could vitb1taad the uxUIUII 11rvlc• but input, without ablatiaa, 
oaidilina, burain1 or aoftentaa, the probe &IOINtrlc conflauratlon 
would be Miatained throuahout the trajector, and the probe would 
then perfona it1 function• 11tl1factor11,. In order to a11ur1 Min­
tenance of the aeo•trlc confipratlon, cnlJ uterial• bavina hiah 
therul conductivit1••• but capacltl11 and • echanical 1trenath1 at 
low and elevated t111peratur11 1bould be con1tdered. In the fiaal 
11lecttoa of the beat •terial, availabllitJ, fabricabilltJ and coat 
of the 111terlal 1hould al10 be con1id1red. Thl1 inv11tlptton ••• 
conducted to evaluate variou1 Mterlal1 and coatlna• to find a 1utt­
abl1 combination to fulfill the above r1quir .. nt1. 

Since a vat1r-1tabilia1d electric arc can 1iaulat1 the but 
flux•• till• that are obtained from the ••laum trajector,, thi1 ap­
paratu1 va1 u11d for detemintna the IIOlt 1uitabl1 probe Mterial. 

SYMBOLSt 

No 
90lf+10Zr02 
Ti 
Al-Cr-Si 
NoSt2 
ZrB2 
Si C 
WC 
Co 
Cb-Ta-Zr 

aolJbdenua 
90T. tun11ten + lOT. airconia 
titanium 
aluminum-chromtum-ailicon 
• olybdenua diailicide 
zirconium diboride 
silicon carbide 
tun11ten carbide 
cobalt 
col1111bt1111-tantalum-11rconlua 

APPARATUS AND IXPEllIMEtffAL PROCEDUUt 

HF.AT TESTSt 

A vater-1tabili11d electric arc va1 used in the evaluation 
of the Mterial1 for re1i1tance to high t111perature ga1 flow. The 
arc operate• in the vortex formed by a rapidly nirling body of 
water. Extr•ely hiah temperature, up to 25,0000F and high heat in­
put• (2500 BTU/ft2-1ec) are developed due to the incru1ed current 
density ariaing from the restricted cro11 1ectional aru of the vor­
tex and the cooling of the outer arc regions, which force, most of 
the current to flow in the center (2). The arc is struck in a vortex 
of water between a\" dia graphite disk with a 3/16" dia hole in the 
center a, the cathode. The cathode 11 mounted in a wat•r-cooled 
horizontal metal plate at ground potential, while the anode ii verti­
cally held by a collet directly below the cathode cavity. Figure 1 
shows a 1chemat1c diagram of this apparatus. A lucite "swirl cham­
ber" surrounds the anode. During operation water ii introduced tan­
gentially into the chamber at 36 psi and form• the vortex in which 
the arc burn,. 

The power 1upply for the arc consi1ts of four welding gen­
erators connected in series. For stable operation about one half of 
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·tbe power i1 di11tpat1d bJ a balla1t r11i1tor connected in 11ri11 
witb the arc. Con1t1nt arc volt111 i1 Mintained bJ controllina a 
bJdraulic Mcbaai• wbtcb f11C11 tbe lower 1l1ctrod1 at tb1 proper 
rate bJ aun1 of a volta1111n1iq device connected acro11 tb1 arc. 
Under th111 condition,, a power di11ip1tion of 33D r11ult1 at tb1 
arc. A wat1r-cool1d parabolic cathode 001111 va1 developed for teat• 
iq tbe prob•• in order to provide optimull reproducibilitJ in the arc 
1nviro1111nt. 

The mod1l1 were aounted on an 1dju1tabl11upport and po1i• 
tioned ao that vben awng into tb1 arc, the hut flux on tb1 aodel 
1imulated approxiaat1l1 tb1 hut flux expected vitbin a 11cond or 10 
of ••ro tiae (• 111111 at r11t). Figure 2 1hov1 tbe vater-1t1bill11d 
electric arc apparatua before operation or prior to n1nging tbe 
aodel into the Jet. The power va1 then turned on and the arc flow 
field vaa 11t to the••• voltage and amperage that vaa uaed to d1-
t1111in1 the 1tudy t111peratur1 that would occur on the probe tip v1 
di1tanc1 froa the no11l1 exit. Th••• calibration, were prevloualJ 
•d• by u11111 a black body (graphite) probe. When 1tabl1 arc opera­
tion vaa attained, the probe aodel vaa po1ition1d in the flow field. 
It wa, then aoved axially toward• the arc no11l1 10 that the hut 
flux va till• 11llulated the thermodynuaic deaign trajector, and 10 
that the ••illllll hut flux input (450 BTU/ft2.aec) on the model oc­
curred at 25 1econd1. Figure 3 1hov1 the electric arc in operation 
with a model under teat. 

High 1peed color motion picture• were made of the entire 
teat run to 1hov the heat input effects on the model,. 

PROBE MODBLSa 

The •teriala ,elected for evaluation on the model, were 
baaed on current availability and fabricability and were also baaed 
on the re1ult1 of a previou1 inve1tigation of available high tempera­
ture material, (3). The Mterial1 and coating• selected for evalua­
tion are 1hovn in Table 1. All • odel1 were fabricated to the probe 
configuration, (Figure, 2, 4 and 5) at Picatinny Arsenal. The model, 
had a concave nose-cylinder geometric ahape with a pres1ure cavity at 
the no••• Tho11 to be coated were sent to private concern, for •P• 
plication of the varioua oxidation-re1i1tant coating,. Identical 
coating• were 1110 applied to flat specimens 10 that the character­
istics of the coating• on the models prior to the heat te1t1 could be 
determined. All of the coated and uncoated models and the coated 
flat specimen, were ground to a RMS-32 -surface finish. 

Some of the coatings, listed below, were proprietary; there­
fore, very little va1 known about their compo1ition1. 

W-2 - Chromalloy Corp vapor-deposited coating on molybdenum 
believed to con1i1t mostly of chromium along with some 
aluminum and silicon. 

DUIAIC-MG - Chromizing Corp coating believed to be similar to 
the W-2 coating. 
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LH•S. Linde Co flame-1prayed, modified molybdenum di1ili­
cide coating on molybdenum with addition, of chromium 
carbide and aluminum. 

Gradated Zirconia. Linde Co flme-1pray1d, multi-layer 
coating on molybdenum con1i1ting of a aetal-ricb+ 
1irconia undercoat and 1irconia-rich-+metal overcoat. 

Am. Lava• American Lava Corp coating on graphite believed 
to con1i1t of tung1ten and 1ilicon carbide. 

SURFACE TEMPERATURE DETERMINATIONS1 

A calibrated optical pyrometer wa1 used to determine the 
highest surface temperature that was attained by each model during 
the electric arc heat teat. The time (1econd1) when this maxinaam 
temperature wa1 reached vaa recorded. 

Caution must be exercised in interpreting the optical pyro­
meter observations (4). The pyrometer mea1ure1 a luminescence tem­
perature, Ts, which 11 related to the true temperature, T, by the 
equation, a1 follov11 

1 • 1 • ),log1 (l, 
T Ts c2 

where ('\11 the spectral •111ivity at wave length, \_(microns) and 
C2 is the constant in the Wien equation for distribution of energy in 
the spectrum and haa a value of 1.438 cm degrees. It was decided 
that correcting the optical pyrometer readings for emissivity dif­
ferences va1 unnecessary since the 1ame beat input flow _field was re­
peated for each heat test and therefore, subjected the probes to the 
maximum heating trajectory. Alao, little or no data were available 
on the emissivities of the various coatings and base materials used. 

METALLURGICAL EXAMINAnONS 1 

Visual examinations were made on the models before and after 
subjecting thfJII to the arc heat tests in order to determine the ex­
tent of damage, if any, to the surfaces. The naked eye and standard 
low power (below l0X) optical magnifiers were ·used for these inspec­
tions. Still photographs were taken before and after heat testing 
the models. 

Microscopic examinations were conducted on the flat speci­
mens to deteru,ine the metallurgical characteristics of the coating 
before the arc tests. Microscopic exan,inations were also conducted 
on all the models after the heat tests to determine the effects of 
the heat inputs. These examinations were made at magnifications up 
to 1000 times on polished specimens cut from the flat sheets and at 
the nose portions of the probes. Standard metallographic procedures 
and microscopes were used. Photomicrographs showing the heat effects 
on the coatings and base materials were taken. 
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RESULTS ANU DISCUSSIONa 

WATEI-STABILIZED ELECTRIC ARC TESTSa 

D11cription1 of the variou1 material, and coatings used on 
the probe model, and the heat effect• on th• are shown tn Table 1. 
The•• effect, were determined by viewing color motion picture• of the 
model• taken during the electric arc t11t1. Al10 included in the 
table are the maximum 1urface teperature1 attained by the model,,•• 
determined with a calibrated optical pyrometer, and the time (1ec­
ond1) to reach the1e temperatur••• 

TABLE 1. Optical Pyrometer and Motion Picture Ob11rvation of 
Probes During Electric Arc Heat Tests 

Probe Material 
Mo with 90W+l0Zr02 
flame-sprayed coat­
ing, .015" thick 

Ho with Al-Cr-Si 
flame-sprayed coat­
ing, .010" thick 

Mo with gradated 
Zirconia flame­
sprayed coating, 
• 015" thick 

Mo with flame­
sprayed ZrB2 coat­
ing, .010" thick 

t!o + .5 Ti with 
vapor-deposited 
coating, .0014" 
thick 

Mo with MoSi2 
vapor-deposited 
coating, .0014" 
thick 

•lax 
Ob1erved 
Temp (OC) 

2030 

1790 

2180 

2325 

1970 

2155 

Time to 
Reach 

Max 

11 '9 

T,mp (sec) 
35 

35 

40 

40 

35 

35 

Color Motion Picture 
Obaervat1on1 

Excellent preserva­
tion of probe tip 
contour throughout 
teat 

Excellent preserva­
tion of probe tip 
contour throughout 
teat 

Flaking started im• 
mediately but pro­
tection was very 
good 

Coating flaked at 15 
sec. Slight erosion 
and oxidation ap­
parent at 35 sec. 

Excellent preserva­
tion of probe tip 
contour throughout 
teat 

Coating {ailed at 20 
sec. Erosion and ox­
idation apparent 
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TABLE 1. (Continued) 

Time to 
Max leach 

ObHrved Max Color l:Ot ion Picture 
Probe Material T!!!e ~oc2 Tem2 (aec2 Ob11rvation1 
l:o with DURAl<-MG 2120 5.5 Coating failure at 
vapor-deposited coat• 34 sec. Leading edge 
ing, .0014" thick exposed at 40 sec. 

Mo with DURAK-tG 2160 3.5 Coating failure at 
vapor-deposited 20 HCe IOD\I ~ 
coating, .0014" oxidation ap~arent 
thick 

t:O with Al-Si 2160 35 Coating failure at 
flame-sprayed, ox- 28 1ec. with oxida- • 
idized coating, .01011 tion of Mo apparent 
thick 

?lo with w.2 vapor- 1880 37 Full liH probe. 
deposited coating, Excellent preserva-
.0014" thick tion of probe tip 

contour throughout 
test 

Mo with W-2 vapor- 2180 40 Coating failure at 
deposited coating, 22 sec. Catastrophic 
.0014" thick oxidation of Ho ap-

parent at 27 1ec. 

llc with LH-5 2110 32 Rapid flaking of 
flame-sprayed coat- coating at 22 sec. 
ing, .015" thick Catastrophic oxida-

tion of Mo evident 

Graphite with SiC 1840 38 Excellent preserva-
vapor-deposited tion of probe tip 
co~t ing, .010" thick contour throughout 

test 

Graphite with Am. 2075 35 Slight oxidation and 
Lava coating, .005" erosion apparent at 
thick sec. 

• Graphite with 2260 35 Coating failure on 
90W+l0Zr02 flame- rim at 25 sec. 
sprayed coating, Slight erosion ap-
.015" thick parent 
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TABLE 1. (Continued) 

Probe ••terial 
Uncoated tungaten 

Uncoated, self­
bonded silicon car­
bide 

Uncoated graphite 

Uncoated ZrB2 

Uncoated molybdenum 

Uncoated WC with Co 
binder 

Uncoated, porous 
MgO with resin 
binder 

Uncoated Cb-Ta-Zr 
Alloy 

Hax 
Obaerved 
T•p (OC) 

1945 

'2180 

2115 

3200+ 

2135 

2200 

2160 

2305 

Time to 
Reach 

Max 
Temp (11c) 

25 

35 

30 

20 

30 

30 

26 

30 

Color ~k>tion Picture 
Obaervation1 

Excellent preserva­
tion of contour 
throughout test. 
Slight oxidation va­
pon apparent 

Very slight erosion 
and oxidation at 22 
sec. 

Moderate erosions 
apparent throughout 
test. !x,del frac­
tured at threads 
when swng out of 
arc 

Hoderate erosion 
throughout test. 
Observed temp beyond 
range of pyrometer 

Catastrophic oxida­
tion apparent at 25 
sec. 

Melting and bubbling 
out of binder appar­
ent at 24 sec. 

Cracking and erosion 
at 21 sec. Ablation 
apparent throughout 
test 

Melting evident at 
14 sec. Vf.otent 
spattering of molten 
metal at 23 sec, 
when test terminated 

The above results show that one model with a W-2 coating 
and another with a MoSi2 coating withstood the heat inputs well; 
whereas, other probes having identical coatings exhibited poor heat 
resistance. These discrepancies in performance were attributed to 
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difference, in quality or worlalanabip of the coating,. Other coat­
iq1 that failed, ,tripped or flaked-off within 35 1econd1 a1 a re-
1ult of brittlen••• or poor eroaion and thenal 1bock re1i1tance. 
Tbe Min cau1e1 for poor hut re1i1tance1 of the uncoated •d•l• ••r• 
• eltina, ero1lon and oxidation. 

Altboup 1ubJected to the UM heat input,, the •xilul 
1urface taperature1 at the tip1 of the model, varied con1lderably. 
Th••• variance, were due to the different •i11tvitte1, decaapo11tion 
rate,, den1itie1, thel"llll conductlvttie1 and hut capacitie1 of the 
variou1 •t•rial1 and coattna•• An uncoated 1irconiua dlboride 
(Zr!,) •d•l attained the hiahe1t 1urface taperature, above 3200°C 
(579!0,), tn the lu1t amount of tiM (20 1ec) due to lover tber• al 
conductivity and le11 heat capacity COllpared vtth most of the othet 
• aterial1. 

MITALWIGICAL EXAMINAn~s I 

Hut effect• on th• electric arc-teated prob••• which were 
determined by vt1ual or ucroacoptc exa• inattona at ugntftcationa up 
to 10 tia11, are 1hovn in Ftaure1 4 ands. The re1ult1 froa th••• 
1xaaination1 and 1ub1equent atcro1copic examinations at aagnifica­
ttona up to 1000 tille1 corroborated the r11ult1 pr1vtou1ly dtaclo1ed 
by ob1ervation1 of the color aotton pictures taken during the electric 
arc hut t11t1. Thea• r11ult1 are 1hown below. 

COATED MOLYBDENUM PROBESa 

Out of twelve oxidation-r11i1tant coating• teated on 
molybdenum, the fir1t probe 110del, Figure 4, which had a 90\ tung1ten 
+ 1ft 1irconia coating exhibited the lu1t damage. Sub11quent aicro­
acopic examination di1clo11d that, except for••• alight oxidation 
and ero1ion, thi1 coating had virtually r ... ined intact with no ap­
parent d-ae to the ba11 aetal, a1 1hovn on the photomicrograph• in 
Figure 6. The heat effect• on the 1tructure of this 11111 coating on 
graphite i1 shown in Figure 7. The next, four aolybdenum prob•• 
(Fig 4) containing aluainua-chromiua-1ilicon, gradated airconia, zir­
conium and molybdenum di1ilicid1 coatings exhibited about the••• 
degree of damage. Th••• probe• were 1lightly eroded and some oxida­
tion products in powder fora had red1po1ited at the rear. Even 
though the gradated zirconia coating on the molybdenum was cracked 
and had flaked-off somewhat at the leading edge radiu1, this model 
had 1till uintained its basic configuration. Sub1equent·micro1copic 
exaainatton revealed that the metal-rich undercoat reaained intact 
and evidently wa1 able to protect the bas• metal from catastrophic 
oxidation. 

Al previously mentioned, one molybdenum probe with a molyb­
denum di1ilicide (MoSt2) coating and another full-1i1e probe with a 
w.2 coating perforaed well. On the other hand, another probe model 
with an identical HoSi2 coating exhibited a considerable amount of 
scaling at the nose tip and pre11ure cavity. The other model with an 
identical W-2 coating as the full-1111 probe 1hoved vi1ible evidence, 
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of 1c1ltna and cata1trophic oxidation. Tb111 d11cr1panci11 v1r1 evi­
dently due to dlff1r1nc11 in tb1 quality or vorlaun1bip of the coat­
tna•• Accordlna to the findin11 of other, (5), th• capability of a 
coating 11 d1p1nd1nt on it1 quality. Tb1 coatlna• vhlcb p1rfon11d 
poorly were found to be bl11t1r1d and contained nuaerou1 lllcrocrack1 
prior to being 1ubj1ct1d to the but t11t1. Tb111 d1f1ct1 v1r1 found 
by IXllllntna flat 1pecla1n1 bavtn1 th••• identical co1ttn1•• No 
• lcroacoplc 1xa11inatlon ••• •d• on the full-1i11 probe with the w.2 
coatlna which p1rfor• ed well. Tbl1 probe v11 coated at a later date 
than the probe • od1l which p1rfo111ed poorly and therefor,, probably 
did not contain any lllcrocr1ck1 or other d1tri111nt1l d1f1ct1. Thia 
improv•ent ••• IIOlt likely due to optiai11tlon in the quality or 
vorlallanali"ip of the w.2 coatlna (5 ). HoH2 and w.2 coating• are v1por­
-d1po1it1d coatin11 that contain certain aaounta of 1ilicon. Other 
molybdenua prob11 with v1por-d1po1it1d and/or 1ilicon-b11ring coat~ 
tn11, 1uch a, llflAl-MC, aluatnua-ailicon (AL-Si) and LM-5 coattna• 
1110 exhibited vi1ibl1 evid1nce1 of 1caling at the no11 tipa and 
pre11ur1 c1viti11. No llicrocrack1 v1r1 vi1ibl1 upon • icroacopic 
ea11ination of flat 1p1ci111n1 havtna th11e identical coatin1•• Since 
it v11 illpo11tbl1 to 1X111in1 all area, of the coating, • tcro1copi­
cally, • icrocrack1 could 1till have ben pr11ent in the coating• be­
fore the heat teat,. Tb1nul crack• could develop during the hut 
t11t1 which would cau11 1ub1equ1nt acaling and oxidation of the u­
po11d 1urfac1 of the b111 • ital. In addition to the 1c1lin1, the 
model vith the LM-5 had oxidised cata1trophically. Thia va1 attri­
buted to the poor mechanical bond between the coating and the b11e 
• etal, a1 ahown in Figure 8. 

COATED GBAPHITI PROBIS1 

Metallurgical examination of three graphite probe1 with 
oxidation-re1i1tant coatings di1clo1ed that the probe with the self. 
bonded, silicon carbide (SiC) coating exhibited the least damage 
(alight ero1ion), a1 1hovn in Figure S. Thia model, however, frac­
tured vhen accidently dropped during transportation. Micro1copic ex­
amination revealed that this probe w11 virtually unaffected by the 
heat teat. Due to the extr•e difference• in the hardne11e1 between 
the coating and the graphite, it v11 not po11ible to prepare suitable 
photomicrograph1. The other two mod1l1 containing the 9Gi tung1ten + 
l<>i zirconia (Pig 7) and the Am Lava coating• exhibited about the 
1ame degree of erosion and oxidation damage. Al previou1ly mentioned, 
the graphite probe with the 90W + lOZr02 coating broke at the thread• 
when swung out of the arc. Thia 1u1ceptibility to fracturing at auch 
low 1tre11 value, indicates that graphite, by it1elf, ia too brittle 
at low t111perature1 to be a auitable, baaic probe material. 

UNCOATED PIOBES1 

Out of eight uncoated uteriala arc-teated, tung1ten ex­
hibited the least damage (Fig 5). Thia probe oxidi1ed1 however, the 
oxidation wa1 .Yery unifom and the nose tip receded (ablated) 
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1lightly •. Self-bonded 1ilicon carbide oxidised and eroded 1lightly, 
Uncoated graphite had moderately oxidised and eroded. Uncoated 1ir­
doni1111 diboride (Zr92) wa1 moderately oxidised and eroded and con­
tained thermal cracks. A1 expected, uncoated molybdenum ud oxidised 
cata1trophically and the noae had receded about 0.17 inch. Severe 
deformation and degradation of the nose tip and pre11ure cavity were 
evident upon examination of the tungsten carbid- (WC) containing the 
cobalt binder•• a reault of melting of the binder. Numeroua thermal 
cracks were located throughout the uncoated probe model ude of por­
ous magne1ia (MaO) with a phenolic reain binder. Charring and defor­
mation of the no•• was also evident. About 0.2 inch of the no•• of 
the uncoated columbium-tantalum-airconiua (Cb-Ta-Zr) probe bad reced­
ed or melted away. The pre11ure cavity was almost completely filled 
with re-melted and solidified metal. 

CONCWSIONSt 

1. Molybdenum when adequately protected againat oxidation 
was found to be superior to the other material• evaluated for uae on 
the probe. 

2. Al an uncoated probe material, tungaten ia alightly 
1uperior to silicon carbide and ailicon carbide ia slightly auperior 
to graphite. 

3. The 9Gi V + 10'1 Zr<>'l, flame-sprayed coating was the 
best coating tested for use on a molybdenum probe. 

4. Self-bonded, silicon carbide coating was found to be 
the beat of all the coatings teated for protecting a graphite probe. 

s. The maxiaam surface temperature, on the •d•l• varied 
considerably from 17900C (3255°F) to above 3200°C (579S°F) because of 
difference, in the physical and thermodynamic properties of the var­
ious materials. 

6. Further ballistic and mechanical tests should be con­
ducted on the probe to establish definite specification requirements 
for the room and elevated temperature mechanical properties. 

7. The effects of a alight amount of ablation, deforma­
tion, erosion or deposit on the nose tip of the probe on the effi­
ciency of the probe should be investigated. 
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9(M+l0Zr02 
Coating 

Durak-MO 
Coating 

Al-Cr-Si 
Coat i ng 

Durak-MG 
Coating 

(. 

Gradated 
Zr 02 Coatin 

• 

Al-Si 
Coating 

•• 
ZrB2 
Coating 

W-2 
Coating 

M0Si2 
Coatin 

W-2 
Coating 

f.~0Si2 
Coati ng 

IY.-5 
Coating 

Figure 1\ Photographs of molybdenum arc-tested probes with various 
protective coatings. 
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r ph i te w/ Graphite w/ 
i C Coa in ·.Lava 

Uncoated 
Gr3phite 

Coat ing 

Uncoated 
ZrB2 

raphi e w/ 
90v;+ 10Zr02 
Coa ing 

Uncoated 
r:,oly den urn 

ncor1ted ·:c 
w/Co Rinder 

ncoa ~d 
un '75 en 

Uncoa ted 
Cb-Ta-Zr 
Alloy 

Uncoa Pd 
Si 

1ncoa ed 
Poro11 s i.' '70 
wlfinder 

Figure 5. Photographs of arc-tested ~raphite pro . es wi h various coatin ~s 
( upper left ) and photo~raphs of various arc- test ed, uncoated 
probes ( upper ri ~ht and bottom). 
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fl ure 7 - Structure o f Cenn t (907. II+ 107. Zr02) coa tin on Graphite. 

) 

Before arc test, Note 
lllCchanical bond bet:"1een coating 
( l ) and base metal (4) and 
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Figure 8 • Mic r oBtructure of LM-5 coa t i ng on mo l ybdenum 
Etchant • NeOH + K3Fe (CN) 5 
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DETERMINATION OP THE CRITICAL TORQUE INDUCING 
BUCKLING IN A ?WISTED SPHERICAL SHELL 

SUBJECT TO INTERNAL OR BmRNAL ,ussua 

C. C. IOi and M. A, SAD<XiSKY 
WATERVLIET ARSENAL 

WATERVLIET, NEW YORK 

PROBLEM: The problem is illustrated by Figs. 2, 3 and 4. A 
spherical shell is twi1ted by two equilibrating torques applied by 
mean• of flanges at the poles of the sphere. The problem consists in 
determining the critical val~e (buckling value) of the torques and in 
analyzing the shape of the buckling impression (furrow) appearing 
near the flanges aa buckling deformation. Internal pre11ure p uy 
be present in the shell. 

TOTAL BUCKLING VS. LOCAL BUCKLING: In case of a straight rod 
buckling under compression we have an example of total buckling. 
Every inch of the rod is deformed into a curved shape. There i1 no 
region of conspicuous concentration of deformation as against a region 
of relative absence of deformation. Every part, big or 1mall, of the 
rod is engaged in deformation. In this sense, we call it a case of 
total buckling. 

In case of spherical shells we may observe an entirely 
different picture: that of local buckling. By applying a negligibly 
small effort, a very thin spherical brass shell can be pushed in 
locally forming a combination of 2 spherical caps: a big cap of the 
undisturbed original sphere and a small cap in buckled position (Fig.l). 

THE EXPERIMENT: LOCAL CHARACTER OP BUCKLING IN TORSION: Experi­
ments made at the Watervliet Arsenal Laboratories have shown that the 
buckling of a spheri.cal shell in torsion begins as local bu(;kling con­
centrated close by the torque-transmitting flange of the torque pro­
ducing machine. The shape of the buckled area is oblong-elliptic, 
stretching in an oblique direction from the edge of the flange. The 
buckled area resembles a fold or rather a furrow. Fig. 2 shows in a 
drawing the initial stage of buckling. Figs. 3 and 4 are photographs 
of · more advanced stages in which the furrow is conspicuous enough 
to be seen and recognized in a photographic'reproduction. 
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OUTLIHI OF BUCKLING ANALYSIS BY THI IHIIGY MITHOD: Buckling 
equation• are e11entially ener&Y balance equation,. 'ftley atate that 
the strain energy accumulated prior to the onaet of buckling ha• 
reached a level aufficient to do the work nece11ary to produce the 
buckled ahape. The extemal force, and momenta pitch in and help in 
the performance of that work. The buckling equation of our probl• 
will con1i1t of an accurate balance of ,train energy available for 
release through buckling and the work done by the external effort, 
on one aide, and the energy required for infuaion in the critical area 
to make it buckle, on the other aide. 

Each item •ntioned · above can be computed analytically. The 
strain energy of a shell con1i1t1 of 2 parta: V1, the ,train energy 
due to the stretching of the middle aurface, and V 2, the atrain 
energy due to bending of the middle surface. flle general principle• 
for the computation of V 1 and V 2 have been eatabliahed by A.E.H. 
Love and introduced to engineering analy1i1 bys. P. Ti• oahenko. We 
will uae Mthods of classical differential geometry on that occaaion. 
The experi•nt shown in Fig. 8 will lead u1 to a reasonable a11uaption 
conceming the character of the local buckling proce11. Prom there on, 
we will arrive at the results by purely mathematical proce11e1, making 
no further a11u• ption1 to 1uit the situation. 

DIFFERENTIAL GE<HTRY OF THI BUCKIZD SPHERICAL SHILL: We will uae 
polar (spherical) coordinates ·r , 0 , <p defined by 

in which 

X • r j5 cos cf> 

~ . r p sin<p 

z.rp 

• p • cos e . p • s,n e 
Let a be the radius of the middle surface of the shell. A point 
Pon the middle surface has polar coordinates 

a.e.t. 
Let the polar components of the diaplace•nt vector of P be 
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in which 

are di•nlionle11 functions of e and cb . We will denote their 
derivative, with re1pect to 8 and ct, 1y 1ub1cript1, such as in 

00( = o( 
o e 8 

' 

'DIE BASIC STRESS FIELD: The 1tre11 field in the twieted shell 
at the critical value of the torque T prior to buckling 11 called 
the basic stre1s field. Its knowledge i1 important becau1e in buck­
ling a part of ita 1train energy 11 released for the formation of the 
buckled shape. The determination of the ba1ic field, ••ing the 
determination of all displacement, and 1tre11e1 in a spherical shell 
of radiu1 a and thickne11 b under the action of the torque To ia 
a problem of 3-di•nsional mathematical theory of ela1ticity. The 
solution, in polar coordinates r , 8 , ct, reads: 

We note that the only polar stress component that does not 
vanish is the shearing stress to+• 
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THI BUCKLING B~ATION: The buckling equation ii an energy· balance 
stating that the 1train eneray of the buckling deformation c01111 from 
two 1ourcea: from work done by external forcea and from an influx 
of ,train energy of the baaic 1tre11 field. It can be found by syatem­
atically applying the mathematical theory of 1urfaces and apace curves 
(differential geometry)to the occasion and it reads in the case when 
there ia no internal pre11ure in the shell as follows: 

2~L II T1 [co{e-fHol+- YP) P + 

+(Jp-f,)(pp+ T++o(p)-19 (o(+fe)p~dA= 

=~ ff lt(,+\7)('2.ri+c< + ot~p +- ~·· )2. + 4at ~ l' ee p p 2. 

~ [I 
+ (1-\1)(f-~66+7'")+4(1-v)(f,-f )JdA+ 

+ Eh ff l/2~+B + f~~Y+)2.-
2(1-v1J J., l_:: I 9 P 

_ 2 c,-v) (o< + r.) (c1+ PP; 1+) + 

+ 1-\7(~ + P( 1P)
1 

dA 
2 & p 
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CHARACTERISTIC ASSUMPTIONS: The problem of 1olving the buckling 
equatiOI) conaistl of determining 3 function, ot(e, • ) , p(e,cp) • 

Y ( e, cp) compatible with boundary conditions which will • ini• i&e the 
value of the torque T0 • In1pecting the 1tructure of variou1 inte• 
grals appearing we see that the bending energy (term with the coeffi• 
cient D) depend• on r:/. alone. Thi• point• to a prominence of the 
function o{{&,t) aa compared with p(e,•) and f {8J~) • We now 
make our first characteristic a11umption: we a11ume 

p(e,~)= o , t(e,4>)=0 . 

We drop from the bending energy integral all terms in Ol/18 and cl+ . 
This is the second characteristic assumption • 

GEOMETRY OF THE BUCKLING FURROI ON A SPHERICAL SHELL: The basic 
guidance for judgment ia given by the photographs Piga. 3 and 4 show­
ing experiMnts made at the Watervliet Araenal Laboratorie1 with 
spherical shells buckling in torsion. Buckling begins aa a localized 
effect concentrated close by the torque-transmitting flange of the 
torsion test machine. The shape of the buckled area is oblong-ellip­
tic, stretching in an oblique direction from the edge of the flange. 
The buckled shape resembles a fold or rather a furrow. At the begin­
ning, one single furrow appears. Photographic reproductions of that 
initial stage were unsatisfactory and have not been included in the 
present report. At a later atage of buckling, one or two more 
furrows of identical appearance would show up. The depth of the 
furrows at that stage was sufficient to produce illumination effects 
giving good photographic reproductions. The photographs included here 
show a stage at which 2 furrows have been formed. The theoretical 
analysis refers to the initial atage of the formation of the first 
furrow. 

The buckling equation gives 

= 8. 5 83 E ha. r2. 
(1-v) ..jT+v a. 

in which r is the radius of the flange bonded to the shell. For 
the minor semiaxis of the elliptic furrow we have 

b _ l.35~ £r:-r:-h 
-~~ van 

V l+\7 
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THI COMPLBn BUCKLING DIAGRAM IN PIBSBNCI or INTERNAL ,ussuu p: 
Let To be the buckling torque in ab1ence of pre11ure, and p0 the exter• 
nal buckling pre11ure in ab1ence of a torque. The value of Po re1ult• 
ant from the pre1ent computation i1 

({6+3fi) Eh~ 
Po= 3(i-v){fw' · a.2. 

The complete buckling diagr• i1 shown in Pig. s. It 
extends over the ranges of dimen1ionle11 variable• 

-I ~.1_ <oo 
Po 

> 

the diagram is a straight line given by 

in the range 

-I ~L ~ -j~ 
Po - 3 

the diagram is part of the ellipse 

T -
To 

2. 

I _L 
Pc2. 

According to this result, it is possible to make a membrane 
shell torque resistant by inflating it with internal pressure. The 
rectilinear part of the diagram in Fig. 5 becomes 

p~o 
for the membrane shell. 
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CONCLUSIONS: Baaed on exact Mthod1 of differential geometry and 
on accepted engineering approximation, in applying tboae •thoda to 
ahell theory. it ha1 been po11ible to 1ucce11fully deal with a 
pressurized 1pherical 1hell buckling under action of twisting torque,. 
The. critical relation between the value, of the torque and pre11ure 
under who1e 1imultaneou1 action buckling take, place ha• been obtained. 
Inflation of the shell by internal pressure increases the re1i1tance 
against tor1ional buckling. 
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Figure 1. Local buckling of a spherical shell by formation of a 
reflected cap. 

Figure 2. Buckling of a spherical shell under twisting torques. 
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Figure 3. Actual test photograph of a spher ical sh~ll in local 
buckling under twisting torques. 
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Figure 4, Actual test photograph of a spherical shell in local 
buckling under twisting torques. 
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MUELLER, TILLER, and SINGER 

PROCESSES OF PHOTON AND EXO-ELECTRON 
EMISSION FROM ALKALI AZIDES 

H, J, MUELLER, H. D. TILLER, and G. D. SINGER 
BASIC RESEARCH GROUP 

USAERDL, FORT BELVOIR, VIRGINIA 

INTRODUCTION 
Inorganic azides are metastable compounds of the type XN 3; they 

decompose with varying ease when subjected to energy interaction (irradia­
tion, heat). Once initiated, in some azides the decomposition becomes self 
sustained and develops into an explosion (PbN6, Cu~

8
), whereas substances 

like KN3, NaN
3

,. BaN6, for instance, do not detonate, at least under normal 
conditions. It 1s this wide range of metastability found among the azides which 
makes their investigation interesting from the military point of view. Parti­
cularly the mechanism of the decomposition and its parameters deserve 
attention in the light of modern solid state physics since it has been rec­
ognized that the classical hot spot model of initiation, which only takes in 
consideration energy interaction with a perfect solid and in the form of heat, 
is over simplified; in fact, structure defects, photons, and free electrons 
also play an important role for the decomposition process and its self sus­
tained propagation through the lattice. Hence, at the present time intensive 
research is going on with the objective to reveal the nature of metastability, 
employing advanced techniques of experimentation such as ESR, IR-spectro­
scopy, mass spectrometry, tracer methods, etc. Part of these efforts is 
the study of photon and electron emission phenomena associated with the 
decomposition of such typical and, from the structural point of view, simple 
metastable compounds like the inorganic azides. To start with we chose the 
azides of potassium and sodium (KN3, NaN ) because there is already 
available a good deal of data concerning the1r crystallographic, electronic, 
and defect structure, which fact facilitates considerably the interpretation 
of new results. 

The occurrence of electron emission from solids under conditions 
which neither permit photoemission nor thermionic emission is known under 
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the name mm-electron emission. 
1
) Many solids emit electrons subsequent 

to irradiation on warming up, during and after plastic deformation, and during 
phase transi!on. vie emission currents are usually very small (to the · · 
order of 10- A/ cm or less) and tht,ir intensity decreases with progressing 
time after the exciting event (irradiation, deformation, etc.). Although there 
are many open questions with respect to the mechanism of the exo-electron 
emission, this phenomenon is fairly well understood in the case of typical 
ionic crystals, for example, NaCl, KCl, CaF2, etc. Here the exo-electron 
emission appears to be oloaely related to luminescence and to processes 
involving color centers. Electrons trapped at suitable lattice defects are 
lifted by lattice vibrations or photon interaction into the conduction band of 
the crystal from where they either may recombine with an electron-deficient 
defect whereby generally luminescence occurs or they may leave the crystal 
lattice entirely as exo-electrons by virtue of a mechanism not yet lmown in 
detail. This model is essentially based on the observation that in pure 
alkali halides temperature dependency of luminescence, exo-electron 
emission, and electric conductivity exhibit parallel course as illustrated 
in Figure 1. It was of basic interest to investigate this correlation also in 
the case of alkali azides which behave in many regards similar to the respec-

U ve alkali halides. 

EXPERIMENT AL 
Samples of pure KN3 or NaN3 either in the form of crystals or as 

a crystalline powder have been investigated by employing the glow curve 
method, i.e., the particular physical quantity (light emission, electron 
emission) was measured as a function of the steadily rising temperature of 
the sample. The glow curves were taken between -196°C and +40(P.C. The 
luminescence was detected by a photomultiplier with a quartz window (RCA 
C-7267) responding between 7000 and 2000 R. The electron emission was 
measured by an open Geiger-MUller counter as described in the literature 
reference cited in the preceding footnote. Irradiation of the sample with 
UV light was performed in vacuo at the temperature of liquid nitrogen. A 
mercury arc was used as light source; the infrared component of the radia­
tion was filtered by a layer of 20 mm water. 

RESULTS AND INTERPRETATION 
The results obtained are shown in Figures 2 and 3. For these 

diagrams a set of typical glow curves l' as beeil selected. 2) The height of the 

1) An up-to-date review of this topic was recently published by one of us 
(H, J, Mueller, "Exo-electron Emission and Related Electron Emissions," 
U. S. Army Engineer Research & Development Laboratories, Research 
Report 1704-RR, 20 December 1961). 
2) The data on the luminescence of NaN3 were obtained by Mr. H. D. Tiller 
while working on his Master's thesis at Clemson College, South Carolina. 
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glow curve maxima fluctuated from sample to sample, obviously depending 
on the degree of imperfection of the specimen. The position of the maxima, 
however, was reproducible with good accuracy (!5°C). 

a. Potassium Azide 

Non-irradiated samples of KN showed neither luminescence 
nor electron emission between -196°C and 2®0c. A broad luminescence 
pe_ak was observed at about 2so0c, a peak of the electron emission occurred 
at 330°c. At aso0 c the samples melted without causing noteworthy emission 
effects. Samples irradiated with UV-light at -196°C gave glow curves rich 
of details. The luminescence glow curve exhibited a group of four well 
resolved maxima in the low temperature range (-165, -130, -80 and -40°C). 
The electron glow curve, however, showed only a small emission maximum 
corresponding to the largest luminescence peak at -130°C. Above o0c both 
luminescence and electron emission passes through several maxima. Note­
worthy is the appearance of corresponding peaks at 210/215°C, both in the 
luminescence and electron glow curve. The 280°-maximum of the lumines-

o cence and the 330 -maximum of the electron emission are obviously identi-
cal with those observed at the same temperatures in the glow curves of 
non-irradiated samples. The spectral characteristics of the emitted 
luminescence light was examined by interposing optical fiiters between sample 
and photomultiplier since the low intensity of the luminescence, which was 
invisible even for the dark-adapted human eye, did not permit the use of a 
spectrometer. It was found that light was essentially emitted in the wave 
length range between 4000 and 6000 l It has to be emphasized that no light 
emission in the near ultraviolet was observed, although the employed photo­
multiplier was sensitive down to the quartz cHt-off. The lar;est exo-electron 
emission abserved was of the order of 5 · 10 electrons/ cm . 

If one compares these results with those of similar experiments 
on alkali halides one notes that the good correspondence between the maxima 
of the luminescence and the exo-electron emission, which is considered to be 
typical for substances with ionic bond, does not exist in the case of KN

3
• 

Moreover, even non-excited fresh KN samples show both luminescence and 
exo-electron emission (at 280 and 3303C), which has never been .observed on 
fresh and non-excited alkali halides. In order to understand the details of the 
ttlo~ curves we shall attempt to correlate the observed emission peaks to 
electron processes known to occur in UV-excited KN3, to which luminescence 
and exo-electron emission are closely related. The picture we have of these 
processes was essentially obtained on the basis of optical and electrical 
measurements (1). 
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On irradiation by UV-light at the temperature of the liquid nitrogen 
the originally colorless KNa becomes violet. This coloration is attributed to 
the formation of F-centers (i.e., one electron located in a negative ion 
vacancy). The irradiation also creates V-centers (an anion stripped of one 
electron trapped at a positive ion vacancy) as well as R and M centers (F­
centers associated with one or more vacancies). Whereas the F-centers 
are reported to be stable at the temperature of dry-ice, the V-centers dis­
appear at fairly low temperatures on warming up of the colored crystal. 
Hence, we believe that the luminescence with peak at -165 and -1ao0 c is 
caused by the annihilation of V-centers. In KN3 this ls possible in two ways, 
at least. Like in alkali halides, the V-center may dissociate thermally in 
vacancies and holes; the latter are able to move even at low temperatures 
through the lattice whereby they may recombine with electrons trapped in 
F-type centers. However, the mobile holes may also associate with each 
other under formation of molecular nitrogen. In both processes the excessive 
energy of the originally excited recombination complex will be dissipated, 
at least partly, in the form of photons and, thus, luminescence can occur. 
Neither of these processes requires electron transitions via the conduction 
band, the occurrence of which is consic · .:· • to be essential for the exo­
electron emission from ion crystals. Hence, it is not surprising that 
practically no electron emission was observed in this temperature range. 
The weak electron emission between -100 and -14o0c is probably caused by 
absorption of luminescence photons in the lattice; the wave length of the 
luminescence light is certainly short enough (4000 - 6009, R) to cause external 
photo effect, the threshold of which we found to be 4500 A for UV-irradiated 
KN3 at room temperature. 

Between -78° and room temperature the violet coloration changes 
to blue. This is attributed to the transition of F-centers into R-type centers 
by simple association of the former with other structure defects. As one 
should expect, exo-electron emission does not occur during this process 
either. In this temperature interval, however, a group of two luminescence 
maxima of lesser intensity are observed (-so0c and -40°C). We propose to 
ascribe at least the maximum at -4o0c if not both, to the formation of R­
eenters. 

Between 70° and 100°c the R-centers disappear due to the dis­
sociation of the F-complexes into vacancies and electrons, and metallic 
potassium forms in the lattice. Applying the theory of glow curves we 
calculated that the process responsible for the electron emission at 100°c 
should have a thermal energy of activation of 0. 8 eV, which is in KN3 
equivalent to an optical energy of 2, 43 eV. This, however, is roughly the 
energy required to promote F-center electrons to the conduction band and 
thus it seems logical to associate both electron emission and luminescence 
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observed in the respective temperature range with the dissociation of r­
eenters. 

The large electron emission peak at 215°c which also corresponds 
to a well resolved maximum in the luminescence glow curve cannot be inter­
preted satisfaetortly on the basis of our present lmowledge of electron pro­
cesses in KN 3• We were informed, however, 3) that in this temperature 
range, in which the crystals exhibit a y~llow color, a new, sharp optical 
adsorption band at approximately 9300 A develops and an ESR signal ls 
observed which seems to be due to the presence of free radicals. Since it 
is obvious that any process in which such electronically excited complexes 
participate will lead to the emission of photons and/or electrons we propose 
to attribute tentatively the photon and electron emission peaks observed at 
210° and 21s0c, respectively to a process involving these hypothetical free 
radicals. 

Both the 280° -luminescence bump and the 330° -electron emission 
peak are different from the previously discussed maxima inasmuch as they 
occur also in the glow curves of the non-irradiated material. This indicates 
that the emission is rather to ascribe to pure thermal causes than to radia­
tion-induced effects. In this temperature range, which is very close to the 
melting point of KN

3
, measurable evolution of gaseous nitrogen indicates the 

occurrence of thermolytical decomposition and the mobility of defects and 
ions in the lattice is highly increased, the latter fact being demonstrated by 
the coagulation of metallic potassium to specks of colloidal size above 200°c. 
Thus we believe that the observed luminescence and electron emission is 
associated with chemical reactions of decomposition species with each other 
or with the surrounding gas atmosphere. This interpretation is supported by 
experi~nts in which the luminescence at elevated temperatures was observed 
while the sample was kept in various gas at~ospheres (He, A, N2, air) as 
well as in vacuum; the luminescence above 200°c was definitely increased by 
the presence of air. 

The fact that the 330°-exo-electron maximum is usually several 
times higher for UV-irradiated samples than for non-irradiated material can 
be interpreted as a result of the photolytical decomposition duriJlg the initial 
UV-irradiation which leads to the formation of nucleii of metallic potassium 
in the crystal. The presence of metallic potassi~m, however, accelerates 
catalytically the thermal decomposition and this fact might account for the 
stronger photon and electron emission above 2so0c in pre-irradiated samples. 

3) Private communication by Mr. G. J. King and co-workers, Basic Research 
Group, USAERDL. 
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For irradiated KN a sharp luminescence peak characterizes the 
break down of the lattice at le melting point. Since only a slight indication 
of this peak is found in the glow curves of non-irradiated samples its appear­
ance is rather due to a chemical process - for example, the reaction between 
colloidal potassium metal, the end product of the radiation induced color 
center processes in KN 3, and residual oxygen - than to trtboluminescence 
associated with the sudden release of thermally induced strains in the 
collapsing lattice. Beyond 350° both measurements of the photon and electron 
emission became unreliable since evaporating potassium azide and potassium 
metal condensed on the window of the photomultiplier as well as in the 
interior of the Geiger-counter. 

b. Sodium Azide 

In NaN 3 the situation was found to be considerably less com­
plex than in KN . Fresh, non-irradiated samples of NaN 3 showed neither 
photonmrexo-e1ectron emission. UV-irradiated NaN3, however, exhibited 
strong luminescence in the low temperature range although no simultaneous 
mco-electron emission was observed. On the basis of optical and ESR 
measurements (1)(2) it is believed that2°n irradiation of NaN3 with UV-light 
at the temperature of liquid nitrogen F + -centers (1. e. , two vacancies plus 
one electron) and, to a lesser extent, F-centers are formed. The latter are 
unstable even at -196°C and they bleach readily on warming up, whereas the 
r!-centers still exist at -ao0c; they disappear, however, on further warming 
to room temperature. By contrast to KN3, no V-centers are formed by UV­
light in NaN

3
• Hence, we attribute the luminescence observed between -196 

and -ao0c to the thermal bleaching of F-centers. The -6o0c peak has to be 
associated with the dissociation of the Ff centers. At these temperatures, 
however, thermal bleaching of both F and r! centers is presumably a 
mobility effect without electron transitions via the conduction band; for 
example, the transfer of the F-center electron to an adjacent metal ion so as 
to give metallic sodium. Thus, it i~ understandable that no exo-electron 
emission occurs simultaneously to the observed luminescence. Above 200°c 
NaN3 starts to decompose rapidly and the increasing emission of electrons 
is believed to be due to this fact. 

0 
The luminescence peak at 100 C and the small peak in the electron 

glow curve at aao0c are not always observed. Their erratic appearance 
suggests that they are due to contaminations on the surface of the NaN 
crystals. There is electron microscopical evidence4> that even fresh liaN3 
reacts easily on short exposure to air, carbonate presumably being the end 
product. 

4) Private communication by Dr. J. Joebstl, Basic Research Group, USAERDL. 
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Jut u 1citace played it1 fir1t part in warfare iD the 
developatnt of the • ateriah of war, 10 tbt •thod1 of operatiou 
re1earcb nre fir1t applied by the • ilitarr to the aolution of 
eqllip11ent proble• a. Over the laat decade, 1cience and it, 
aetboda have • ade an over-ezpanding contribation -- not oaly 
to the developaent of the tool • of war but al10 in their awli­
cation. Todar warfare baa become quite literally a • irtare of 
art and science, with the soldier and tbe acientiat joined in 
comon efforts to solve our probleaa of national defense ... 

Operations reaearch ii general Ir concerned with the 
application of the principles, • ethoda, and toola of science 
to the atady and analysis of the efficiencr and functioning 
of varied and coaplex organizations of men and •chines. If 
one accepts this definition, then we have a COIIIOD starting 
point tor both ihe soldier aad the scientiat. It was duriq 
World War II and the Korean War that operationa reaearch • ade 
its greatest contributiona in the • ilitary field. These 
contributions to ground, nav·al, and air warfare are well known 
and will not be reiterated here. Since then, operations 
research bas not onlr continued in equipments and weapons 
systems, but has encompassed even larger anl • ore co• plex 
problems. 

The approach has been largely •the• atical and analytical, 
based on models and theory. But while the scientist has his 
methodology, his techniques and technical tools, the1e alone 
are not enough. If realistic and practical 1olutions are to 
be found, the scientist 11USt base his theories and build his 
models on significant, accurate, am valid information. In 
ti.lie of peace, the real experiences of actual operations are 
hard to reconstruct. Consultations with experienced • ilitary 
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per1oanel are often Talaable. However, their ezperience 
ineTitablr reflect, tbe pa1t, and, even when projected to the 
lature with i• 11inatioa ad lor11i1ht, ba1 to be pat to tbt 
teat. Onlr thro111b field ezperiaentation can tlle1e concept, 
for tbt lat•• be realized 1111 eTal aated. 

It wu for thil parpoH that the m Ant in 1968 e,tu­
lilbtd tbe C•'bat Dffelop11eat llperi•atation Center (CDP.C) to 
prepare, conduct, and eTalute, with •aiaa objectiTity and 
1cientific control, ezperi•nt• with concept., ar1anization1, 
tactics, doetrinea and proceclare1 for Iatan co• bat. 

To carry oat thia pro1r•, CDEC ii prnided with • il i tary 
and 1cientitic persomael for plaani111, 1upeni1i111, and 
ezecutiq field ezperiaentation, and aaalyziq and reportiaa 
re1alt1. A lar1e area of 10• 210,000 acre,, and troops and 
equipHnt are available for tactical operatiou. Thi• field 
laboratory prnides for the ezecution of experi•Dtal concept, 
br • en and •chine, under reali1tically 1i•11lated co• bat 
colllitiou. The1e ezerci111 produce both quantitativt and 
qualitative data ander condition• that reflect operational 
dep-adationa, haan beboior, f1111ctioniq of • acbim1, 1111117 
•uar11 ud coanter--uare1, and other eleaent1 that influence 
the 111t1• 1 ander evalaation. Inatr1•1tntation and 1illalation 
Mans haTe been developed and the • ethodology of field experi­
aentation ia continually bei111 illproved. 

To date tbe prop-• for field ezperi•ntation baa been 
concerned with evalaatina the tactical application of new 
coacepta of equipaeat1, or1anizatioa1, weapon, 1yat•• and 
1arveillance and target acquilitioa 1y1tea1. CDEC i1 not 
an eqaiJ11eat-teating qency. BowtTtr, we do • euure tbe 
performance of equiiaent in a 1i1111lated war. By ai1111lation, 
concept• for new equiiaent1 are evaluated in tenas of their 
tactical application. Thu, the need for, and capabilitiea 
of, propoaed equip11ent1 • ay be detenained prior to ezpeading 
that and • oney on tbe developaeat of• ite•. 

The advent of the tactical nuclear weapon, to the 
battlefield baa ati• lllated new concept a of organization bued 
on increased dispersion, 1arveilluce, • obil ity, md • ore 
critical co•and and control. Ezperillentation bu been 
conducted on the controllability, • obility, target-acquiaition 
ability, runerability, autainability, and the destructive 
force of new or1anization1. bperillentatioa baa also been 
conducted on the runerability of low flying aircraft to 
p-ound tires including the REDEYE infrared homing • isaile. 
In addition, • any data fro• logistical teat, have been 
collected on the probl•• of 111pply and resupply, • aintenance, 
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aad •dieal tTaeaatiea. Mot •11 lau all ef till• experilleatatien 
produced apecitie eoaeluaiou ud r•c-adati-• ritlala itaelf, 
ltat it bu aho irnided Talid ad realiatie data for 1••ral 
•• in war 1•U11 ud operatiou reaearcla aeti'f'itiea of ltotb 
CDEC ud otller or11111ization1. 

Thia Ta1118hle •ppori tor war l•llll aad otber operatioaa 
reaearcla atadi•• ia aece11pli1hld ill tw wa7a. Pir1t, field 
ezperi•ntat.ion pr0Tide1 Talid ad realiatie data for direct 
input into 1xiati111 war - • odela. SteOlld, it prnidta a 
fin reterence poillt tor the 1 o,ieal denl op11ent 811d r1fine• e11t 
of • odela, both eoapater 1i• alation • odela and terrain board 
• oclela, that are apecUicall1 eo•traettd to expand ud clarifJ 
the q1111tion1 and aol11tion1 produced i• tilt field tDViro ... at. 
Since botb field ezperi•ntation and operation, r,,e.,ch • odela 
baTe different inherent li• itation1, it la to be expected that 
the proper interdependent aae of tbe1e 111ppl-• tarr deTicea at 
CDEC can take u • uch farther in an•eri•c a reaearch qaeation 
than tbe me of either one (or ltoth) indepeadentl7. 

Alt.hoop CDPX: ii relati'f'ely 1011111, hi111 the tB Anlr' 1 
first atte• pt in field ezperi•ntation, it bu and can • ake 
ujor contribation1 to other reaearcb actiTitie1. Ont ez811ple 
ia a tB Anq project with the TJai•erlity of Michigan. Alloq 
the objectives of PROJECT MICHIGAN i1 the develoiaent of tecb­
niqaea and procedures for a11ipin1 • iuiona to • ., iou 
sur•eillance devices and for correlati111 the retarna fr..._ 
the ae de•icea. Thi• has inohed l ah oratory ezperi• enta 
1111111 a till 11 • anned and equipped ear•• i11 ance data proce11iq 
center operating on 1inlated intor•tion. Pield data fro• 
CDEC are used to conatract amt validate tbe 1i• ulation • odela, 
both of tbe buic battlefield 1ituatioa and of the surveillance 
devices retllrlll. Without thia realistic field data no trust 
could be pat in the ai•lation. Pield ezperillentation can alao 
provide knowledge•• to the type and quantit1 of information 
that a ctalftnder requires to accC11pliah hi1 • iasion, u oppoaed 
to a requirement to deTelop a de•ice that seea all a~d Im•• all. 

The Operations Research Office of John Bopkina University, 
the predece11or to the Reaearch Analysis Corporation, (RAC), 
not only baa ued data fro• CDEC experillentation but bu acti•ely 
participated with CDEC in certain field experi• entation. Por 
ex1111ple, in the aircraft vulnerability ezperi• ent, ORO gathered 
data on the first three of the follcnriq objectives of tbe 
experimentation. 

a. To determine the nlnerabilit:, of low-flyinc 
aircraft to ground fires of fcrward area weapons anticipated 
for the 1965 period ( ORO am CDEC) • 
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b. To dete111ine the •fleet• of ••k -.1e on reaction 
tiae b7 groUDd troop• in detecti111 and firia, on aircraft (CllO). 

c. To detenaiae the effect of aircraft 1peed ap to 
Yach .8 on the 'V111Derability of low flying aircraft aabjected 
to forward area ground tire (ORO and CDIX:). 

d. To deteraiae the effect• of 1et1aential peaetratiou 
b7 1everal aircraft on perfor11U1ce of troop, equipped with 
forward area weapon• ( CDEC) • 

e. To determine the eff ect1 on tbe pert oraance of 
forward area troops when required to •ke poaitive identification 
of aircraft as friendly or eneay (CDEC). 

f. To detenaine the effect, that vario111 altitudea 
and directions of fli1bt of drone aircraft over f crward area 
troop di1po1itiom will have on the ability of those troop• 
to acquire and track nch target, (CDEC). 

There is a 11&jor cate1ory of research activity to which 
the data fro• field ezperiJlentation ia of creat potential value­
battle 1ill1llation • odela. Field experi•ntation can prnide 
a basis for deter• ining • odel detail•, par-tera, and input 
data. The following are types of infor• ation available fro• 
field experimentation: 

a. Terrain and other features of eaviro•ent. 

b. Detail I of orpniz ati ona and equi iaent. 

c. Type of actions and tactics •ployed. 

d. Roles of weapons sy1tem11. 

e. Target sighting, frequency and selection prioritiea. 

f. Rates of fire, firing delays and .. anition 
reqaire• ents. 

g. Detailed records of: 

(1) Bit and kill assessments, showing ti• e, 
location and units involved. 

(2) Time units are neutralized or suppressed by 
enemy fire. 

(3) Use of non-organic fire support atomic 
weapons, cm, etc. 
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• (4) Record of all deciliou and ordera b1 
coaamler1. 

(&) Recard1 of eqaipaent and c--ication 
failures. • 

The pr0Ti1ion of thi1 tr,e of infonaation to the reaearcb 
analyst gives hill a thoroap knowled1e of the el-at, that 10 
into the 11st• and allows hi• to apply reali•, eoutrainta 
aml practicality to hi• theoretical malyaia. 

It aaat be aitted, however, that the relationship 
between field ezperi•ntation and operations re1earch ia a 
two-way or 110tual ly interact be one. Operational 1uiq 
and C011puter 1i1111lation can prnide "input•" for field ezperi­
• entation aa well as vice ver1a. By definition of tbe qat• 
to be ex•ined, by delineation of par-tera, and by 1pecitica­
tion of releTant variablea and hypotbe1ea, the focus of tbeae 
theoretical stadie1 can help to sharpen aetaal field experi• enta­
tion. Thi• bu obriou coneeqaeneea in ten, of econoay of 
effort and auillization of results. A aaall ez•ple of this 
two-way tie between field experiaentation and operation• research 
ia proTided by an ez•ination recently • ade at CDEC of the 
adequacy of a cuualty evacuation ayst•. GiTea the experi­
mentation uaumptions and lillitationa and eati• atea of certain 
relevant factors, coaputer ai• ulation of tbe evacuation syst• 
established the casualty loads and conditions under which the 
eyat• should be teated in the field. In tarn, the reaal ta 
of the field experi• ent provided actual di1tribatiou a, inpat1 
in place of estimates, and sened to teat the adeqaacy of the 
aillalation • odel. 

The Aircraft Survivability experi•nt recently conducted 
by CDEC will ill111trate how a field ezperi•nt can provide a 
sound basis for computer sillulation. The ezperillent objective 
was to deteraine the survivability of low-flying aircraft 
opposed by a REDEYE weapon system. More specifically, it wu 
necessary to determine: 

a. The percentage of all flights which will be 
detected. 

b. The percentage of detected flights which will 
be engaged. 

c. The percentage of planes on detected flights 
which will be killed. 

d. The extent to which the weapon syate• can be 
saturated by multiple plane and simultaneous flights. 
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fbe field ezperiaeat iDYolnd tw oppo1i111 ••ttalion-1ize 
force, •••d in_nonal tactical operation,. A RB>l!E 171t• 
operated •• an or1anic part of eaeb 1,attali• and a nuoaable 
tlqbt acbedale of t7Pical • illiona waa tlnn fer each battalion. 
The tn,e1 et field data collected tor each aircraft tlipt 
pattern iaeladed: 

a. Aetaal tli1bt path,. 

b. Actaal weapon location,. 

c. All actaal "in Yin" pattern for each weapon 
(both in tenm of where plane wu and duration of ia-Yiew 
period1). w 

d. Gmmer pertor• •ce characteriatic1 ( e •I., ti• e 
required to • ake the friend-or-foe identification, ti• e of 
lock-on, ti• of fire, etc.) 

Tbeae data were then uaed a, tbe k1i1 for a coaputer 
1i• ulation study of tbe 1y1te• 1ataration proble• and of tbt 
effect of Yary'iq factor, such a1 tbe 1i1Wle-1bot kill probability 
and firiq doctrine. Thai the field ezperi•nt provided real 
input data on tar1et aYailability for the caaputer 1i• ulation. 
Of obvioas nece11ity, howeTtr, these data fro• the field could 
not take "kills" into account; we could not actually shoot 
don planes, especially 1ince soae of thua were NaYy jets~ 
The coapater 1i• ulation, howeYer·, proYided the vehicle for 
ertellliq the field data the reuiniq 1tep to obtain information 
on aircraft 1arYivabilit7. le aee, then, how the inherent 
li• itatio•1 of field ezperi• entation and co• puter ai• ulation 
are co11pleaentary 10 that the intep-ated use of the two tech­
niques provide, inf••tion of ireater quantity and validity than 
could be obtained by the independent u1e of field experimentation 
and 1hmla ti on. 

At tbe other end of the 1pectl'llll, field experi• entation 
c111 be uaed to test the validity of •thaatical and analytic 
1olation1. Detailed experimentation verification of results 
of • odel ai• ul ati on will do much to rea11are the faith of 
those who feel that too much reliance is placed on the 
• athe• atician with his •tbematical • ethods, IIOdela and theory. 
A.t the sat time, field experi•ntation ghea the operations 
reaearcher an opportunity to visualize, experience am. examine 
future systems and thus reduce hia need to rely on the scientific 
crystal ball • 

In aa.aary, this brief 1arvey baa shown that field 
experi•ntation can: 
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a. Prnide •i•lated ltattlefield aeti- fer tbe 
operation, reHareh aei•tiat to ••aene and ual,se in order 
to eomtraet • ore realiatie •tlll•tieal IIOdel1. 

b. ProYide ••lid ad aipitie•t faetora ad data 
tor iapat to •tbe• atical • odela. 

e. Prnide a •au et ohecki• till realitr ud 
praeticalitr of the •tbe• atieal 1olatioa1. 

d. Provide nal•tiona tbat are not obtainable br 
other reaeareh •thod 1. 

e. Be intesrated with a c•rater I i• ulation • odel to 
rield intor• ation •re readilr aad of ,reater •al iditr than 
could be obtained br a1e of either •theaatieal • odel1 or field 
ezperi•atatioa alone . 
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OHMSTEDE 

SOLUTION OF NON-STEADY 
SOIL MOISTURE TRANSFER 

WILLIAM D. OHMSTEDE 
U.S. ARMY ELECTRONIC PROVING GROUND 

Fort Huachuca, Arizona 

The character of non-steady soil moisture transfer has been investi­
gated in conjunction with a basic research program in micrometeorology. 
An important aspect of micrometeorology is the energy budget at the earth/ 
air interface. Major transformations of the modes of energy exchange are 
concentrated at the interface. A reckoning of the exchange processes can 
be made by applying the principle of conservation of energy and thus evalu­
ating the balance that exists between the various modes of energy transport. 
The more important processes to be considered for thermal energy are net 
radiation exchange, soil heat conduction, turbulent heat transfer, and 
evapotranspiration. 

The evaporation of water from the soil and transpiration by plants 
are very important factors to be considered in the energy budget of the 
earth's surface. Up to 80% or more of the net radiation input at the earth's 
surface may be used to evaporate water even in an unsaturated field. A 
quantitative lmowledge of evapotranspiration is an essential requirement 
in micrometeorological models for the surface boundary layer. 

With regard to evaporation from fallow soil, the following charac­
teristics can be enumerated: 

a. Evaporation from a saturated soil is equivalent 
to evaporation from an open water surface and 
is controlled by the meteorological conditions. 

b. Evaporation from unsaturated soil is determined 
almost solely by soil conditions. 
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c. The transition from atmospheric control to soil 
control la quite sharp. 

Since the earth 'a land surface la uaually unaehlftted, It la evident that an 
independent solution of the energy balance equation at the earth' a surface 
requires lmowledge of soil moisture transfer pi-oceaaes. 

A major aspect of soil science has been the claaalflcatlon of the 
soils of the world. However, this claaalflcatlon 18 based on such factors 
as color, texture, and genesis, and is of limited application when con­
sidering soil moisture transfer. Fortunately, in recent years evaluations 
of water retention characteristics of soils have ·become routine. Never­
theless, Im ow ledge of soil moisture transfer characteristics ls restricted 
to only a very few soils. This appalling lack of knowledge has been due 
in part to inadequate experimental tools and to Inadequate physical models 
of the soil moisture transfer processes. Today, these shortcomings have 
been overcome, at least to some extent, and the combination of experi­
mental data and numerical results of a plausible physical model will 
allow the routine determination of the water tranaf er characteristics of 
soils. 

Soil scientists have long assumed that the transmission of water 
through soil was analogous mathematically to heat and electrical fiow. 
The analogy with heat Dow is superficial but convenient mathematically; 
for one-dimensional vertical flow, the principle is expressed as follows: 

q/p =KL- (1/e)bY/clz -gJ £1] 

where q is the upward fiux, e the density of a fiutd, z is the vertical 
coordinate having Increasing magnitude upwards, -g is the acceleration 
of gravity ( directed downward), K is the capillary conductivity, and 'f' 
is the soil moisture tension. 

Knowledge of the characteristics of the capillary conductivity (K) 
is almost entirely restricted to its empirical measurement wherein it is 
assumed that equation [1] holds. The capillary conductivity varies 
immensely as a function of the soil moisture tension. For the purpose of 
this report, it will be assumed that for a given soil the capillary conduc­
tivity is a unique function of soil moisture tension. Figure 1 represents 
the capillary conductivity as a function of soil moisture tension for three 
soils. It will be further assumed that the soil moisture tension is--a unique 
function of soil moisture content for a given soil. Figure 2 is a repre­
sentation of the soil moisture content as a function of ·the soil moisture 
tension for three soils. 

160 

) 



• 

• 

• 

OHMSTEDE 

As ahown 1n figure& 1 and 2 the capillary conductivity and soil 
moisture tension vary over wide ranges u a function of soil moisture. 
For a homogenous soil material equation Cl:] can be transformed Into 
the following more Uleful form: 

Q/e • -Dcl8/m - Kg [~] 

where D :a (K/ p) dY/ cl8 and 8 is the percent moisture of the soil. The 
parameter D has the dimensions of diffusivity and, except for the gravity 
term, equation [2] represents an equation equivalent to diffusion of the 
soil moisture (8). For a first approximation solution of soil moisture 
transfer, it can be assumed that the diffusivity (D) for a given soil ta an 
exponential function of the moisture content. Figure 3 corroborates this 
assumption and the relationship can be represented by.the following 
equation: 

D = D0 exp [p(e - 8JJ [3] 

where D is the diffusivity at moisture content 8, D0 and 8 0 ref er to a 
different diffusivity and moisture content at an arbitrary reference level, 
and fl is a parameter which is characteristic of a given soil materiaL 
For this report it is assumed that for a given soil material the diffusivity 
is a unique function of moisture content as given by equation [3]. 

Equation [2] is extended to the non-steady case by application of 
the continuity equation which results in the following: 

~/clt = ( ~/ tn) (D<l9/~z) + g3K/<}z [4J 

In general, equation [4] cannot be solved analytically and there­
fore it is necessary to resort to some form of numerical analysis to find 
solutions for the various problems of non-steady state soil moisture 
transfer. This paper presents certain solutions of equation [4] which 
have applications in determining soil moisture transfer characteristics. 

Gardner< 1) proposed that soil moisture transfer characteristics 
could be evaluated over a wide range of soil moisture by using the transient 
outflow data from pressure plate or membrane apparatus. The experi­
mental procedure requires that a nearly instantaneous pressure increase be 
applied to a soil sample whose tension was initially in equilibrium with the 
pressure within the pressure plate or membrane apparatus. The outflow 
of water as a function of time .after the pressure step, the total outflow, 
and the pressure step size ar,~ the experimental data required. 
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In the mathematical treatment, we consider a slab of thickne11 L 
and infinite horizontal extent. If we neglect gravity, we can uaume that 
the Initial state la in equilibrium and has a constant tension ft't), percent 
moisture (81), and diffusivity (Dt). The upper boUDdary la uaumed to 
be impermeable. At time t-0, the lower boundary comes in contact with 
a medium of infinite conductivity, infinite capacity, and a tension of lt,. 
Instantaneously, the lower boundary will come to have percent moisture 
90 and diffusivity D0 • We now define a new variable v as follows: 

v = D/D0 - 1 [5] 

Continuing to neglect gravity, application of equations [3] and [5] to 
equation [4] gives the following: 

dv/~ = D0 ( 1 + v) ~ v/az2 [6] 

Furthermore, if we change to a dimensionless depth ( x = z/L) and 
dimensionless time ( T = Do t/L2) equation [6] becomes: 

()v/M' = ( 1 + v) b2v/ax2 [7] 

In this notation, the boundary and initial conditions are as follows: 

T = 0, x >0 
T > 0, x = 0 
T ;o, x = 1 

v=V 
: V = 0 
: av/&c=O [8] 

Eq3tion [7] is nonlinear and cannot be readily solved analytically. Never­
theless, it is possible to approximate the solution in limited conditions by 
analytical expressions. For example, if v < < 1, equation I'l J can be 
approximated by the following linear equation: 

c}v/oT = a2v/'c)x2 [9] 

The solution of [9] under conditions [8] is a classical problem of 
mathematical physics. In our notation the solution is: 

00 

!. = ! I sin [( 2n + 1),rx/2] • exp [-(2n + 1)211'~T/i7 

V ff n=o ( 2n + 1) 
[lOJ 

According to equations ['JJ and [5], the percent moisture (9 - 9 0 ) 

is given by ( 1/{J) 1n ( 1 + v); however, when v <<1, Q - Q0 '::! v/ fJ. Thus, 
integrating equation [10] from the limits of Oto 1 gives a measure of the 
amount of water yet to come out at any time T. 
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(I) 

exp (- (2n + 1)27C2T/f/ 
Y=~ _I (2n+1)2 

n-o [11] 

Equation [11) defines the "normalized yet to come" (Y) for 
equation [9] under oonditiODI [8] • . After a very long time, T > 1, only 
the first term of the aeries 18 aignWcant and cODSeqUently we have the 
following relationship: 

c)InY/clT = - r/4 [12] 

Equation [12] is important because it is applicable to the nonlinear 
solutions of equation [7] at large T as well for v becomes very much leas 
than one and the solution is quasi-linear. 

Equations [9 - 12] were suggested by Gardner (l) for determining 
the soil moisture diffusivity (Do). Thia solution is applicable in reality 
only to the case of infinitesimal step size ( V < < 1). ID practice, this 
condition cannot be adequately satisfied, since only an infinitesimal 
amount of water would be extracted. 

Because of these limitations, it is clear that a set of solutions of 
the nonlinear equation [7] would be very useful for it would allow all 
data from a soil moisture extraction experiment to be utilized to determine 
the diffusivity (D). Consequently, a program of numerical analysis was 
carried out to determine a family of solutions ~f equation [7] under 
conditions [8]. · A grid of points was established across the slab. The 
spatial derivatives at each grid point were ,estimated from finite difference 
formulae, based upon Lagrangian fourth-order polynominals. Having 
approximated the spatial derivatives at tbe grid points by finite difference 
formulae, equation [7] becomes a set of ordinary first-order equations 
whose solutions are the values of v at each grid point as a function of 
dimensionless time (T). The temporal solutions are determined by using 
a suitable integration routine - in this instance, a fourth-order Runge­
Kutta. The normalized yet to come (Y) was evaluated through.out the 
solution by integration of 1n ( 1 + v) over the slab by the use of suitable 
integrals of finite difference formulae determined from the grid point data. 

Figure 4 summarizes the set of numerical solutions of equation 
[7] with conditions [BJ for V = 104, 103, 102, 10, 1, and 0 (linear case). 
The solutions were run until In Y exceeded -7. 5. According to eq11ation 
[12J, all solutions approach a limiting slope of cllnY/<Yr = -,r2/4. 
Consequently, it was convenient to shift each solution along the yet to 
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come axil so that all tails in figure 4 match. The multiplying factor by 
which the solutions are displaced along the ordinate 1a termed the "shift 
parameter. " Figure 5 la a graph of the relationship of the ahift parameter 
to the step size (V). The shift parameters were determined by matching 
the solutions, one on another, at the end of each tail. 

It will be worthwhile at this point to review how figures 4 and 5 may 
be used to evaluate soil moisture transfer characteriatica. A sample of 
soil is plMced in a container whose ends are open but with walls which 
prevent lateral now. The sample is positioned to insure good contact with 
the underlying ceramic plate or membrane of a soil moisture extractor. 
The sample is wetted, the extractor is sealed, and pressure is applied 
to bring about the tension desired for the initial state of the experiment. 
After sufficient time has been allowed for the soil to come to equilibrium 
with the pressure within the extractor, the experiment is initiated by 
rapidly increasing the pressure in the soil moisture extractor by a 
pressure step (~. Data required are the outflow of water from the 
soil moisture extractor as a function of time elapsed after the pressure 
step. Frequent observations are required Just after the start. Data must 
be taken until there is essentially no more outflow. The percent soil 
moisture extracted ( W 00) is obtained by dividing the volume of water ex­
tracted by the volume of the soil sample. The percent accumulative out­
flow ( WT) is obtained in an analogous manner. The normalized yet to 
come ( Y) 1a found as follows: 

Y=(W00 -WT)/Woo [laJ 

The normalized yet to come (Y) is plotted against time following the 
pressure increase on transparent log-log paper like that of figure 4. This 
graph is placed over figure 4 and moved, maintaining parallel axes, until 
the data points fall in logically with the family of curves suggested by 
those plotted in figure 4. By reading off the ordinate for small time of the 
curve suggested by the data points, the shift parameter is obtained. The 
step size (V) is obtained from figure 5 using the shift parameter. The 
parameter {J is found as follows: 

{J = ln(l + V)/Wm [14] 

The soil moisture diffusivity (D0) for the final state is obtained by deter­
mining the real time (tr,) which corresponds with the dimensionless time 
T=l of the solution and using the following equation 

["t5J 
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where L 11 the 1011 IIDlple thiolme11. ComblniDI the reault1 of equations 
[i4J and [' 16 J with equation [' 3 J will characterize the 1011 moisture 
transfer characteriltic1 over the range of the pre1111re step taken. 

The results to this poblt have not couidered two important compli­
cating factors in transient outflow experiments llling membrane extractors. 
The most important of these 1a the problem of membrane impedance. U 
the flow impedance of the membrane is comparable to that of the soil slab, 
a tension differential acroaa the membrane la required to ma1nta1n out-
flow. Consequently the boundary conditions of [ 8 J are Incorrect. The 
reauit la that the outflow ia le11 than it would otherwise be and the magnitude 
of V and D determined by Figures 4 and 5 and equation [ 16 J are under­
estimated. A linear equation 1a available to describe this problem but, 
as bef ere, it is applicable only for infinitesimal step size. Conaequently, 
it wt. s again necessary to obtain numerical solutions to characterize the 
problem. Twelve solutions were obtained for various prescribed 
co1Miition1. The details of the problem are rather complex and cannot 
be presented here; the results are summarized below. 

The results presented 1n figure 4 neglect any effects of gravity on 
the outflow. The mathematical problem which includes the gravity term 
is extremely nonlinear and can only be approached by numerical means. 
Some 18 numerical solutions of the transient outflow problem with gravity 
were obtained for various conditions. The results are summarized below. 

As a consequence of this mathematical investigation of transient 
soil moisture transfer, the following conclusions have been derived: 

a. The linear theory is significantly inaccurate in representing 
transient flow of water in soils for finite perturbations. · For the step­
function transient outflow experiments performed for determination of 
soil moisture transfer characteristics, the numerical aolutiou presented 
in this report allow the use of all data obtained from the experiments to 
be utilized in characterizing the soil moisture diffusivity over the full­
range of the step provided there are not significant membrane impedance 
or gravity effects. 

b. When there are significant membrane impedance effects, the 
character of the nonlinear solutions is very complex. The solutions 
enumerated in this report are too few in number to fully characterize this 
problem except when the ratio of membrane impedance to the soil slab 
impedance at the final state is less than 1/10 and the experimental step 
size is kept small. 
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c. Problems with membrane Impedance 1n transient outflow experi­
ments can be minimized by. increasing the soil slab thickneaa, working at 
higher soil moisture teneiona, and keeping the step size small. 

d. Under moat circumstances gravity effects are negligible or can 
be readily avoided in transient outflow experiments. Thia problem can be 
minfmized by decreasing the soil slab thickness, by working at higher soil 
moisture tensions, and possibly by increasing the step size. 

e. All the numerical solutions of transient soil moisture transfer 
presented in this report are baaed on the assumption that the soil moisture 
diffusivity for a given soil ls a unique exponential function of the percent 
soil moisture. Even if this assumption la not valid, the solutions pre­
sented in this report should remain reasonably accurate for the small step 
sizes. More important, however, is the fact that these numerical solu­
tions can be used to verify or determine the limitations of this useful 
hypothesis. 

f. In general, it is concluded that the results of this report are 
useful and It Is hoped that they will promote a more vigorous pursuit of 
the important problem of determining the soil moisture tranaf er character­
istics of the many soil types of the world. 

REFEREN(;:ES: 

(1)Gardner, W. R. "Calculation of Capillary Conductivity from 
Pressure Plate Outflow Data, " Soil Science Society of America Proceedings, 
Vol 20, pp 317-320 ( 1956) 
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EFFECTS OF 
MUSTARD GASJON T2 BAC'l'ERIOPHAGE AIID DNA* SYNTHESIS 

B. PAPIRMEISTER 
USA CHEMICAL RESEARCH AND DEVEWPMENT IABORATORIES 

ARMY CHEMICAL CENTER, MARYIA!1D 

'!be investigation of mustard gas has covered more than half 
a century and has engaged the efforts of maey investigators in maey 
laboratories. Initially, interest was directed to the vesicant and 
protoplasmic poisoning actions of this compound. But in the past 
15 years, the scope of its interest has been broadened considerai~ 
by the discovery t~t Hand other a.ll<ylating agents are 1:1Utagens, 
and anticarcinogens , 4,5and have biological actions similar to those 
produced by ionizing

5
r~7a5i§ns. In spite of repeated observation 

and extensive review, , , , of these effects, the mechanism of 
cellular toxicity of His still Wlknown. 

While the elucidation of the mechanism of action of His an 
enormous task, it must precede the logical development of a therapy 
for the mustard burn and the reversing of systemic intoxication with 
the agent, problems of continuing concern to the Chemical Corps. 
Although there are certain gross similarities between the vesicant 
action of Hon skin and the radiomimetic behavior of Hon other cells 
and organisms.' mch more must be learned before a valid correlation 
between the two can be made. With the goal of augmenting the limited 
knowledge concerning the radiomimetic actions of H, the authors 
undertook the present investigation of the mechanism of inhibition or 
T2 bacteriophage by H. 

* liUstard gas (Cl-CH2-cH2-S-CH2-cH2-Cl) is also known as sulfur 
mustard and yperite, and it will be denoted in the present report 
by the symbol H. 

DNA--deoxyribonucleic acid. 
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~e present discussion is concerned minly with natters ot 
general importance for elucidatiM the mechanism of the inhibition of 
T2 bacteriophage by H and also inclmee sane observations on the tox­
icity of the agent for DNA synthesis ~ !.!!2 and ~ .!!E:2• ff 

'lhe effects of Hon some properties of the T2 bacteriophage 
system are graphically sunaarized in figure I. To provide a more 
meaningful basis for comparing the sensitivities of Hof the various 
properties, the information in figure I is divided into two cate­
gories: phage particles that were H-treated before in:fection (dashed 
lines) and after infection (solid lines). 1his distinction is 
necessary because extracellular H-treatment produces secondary 
damges that prevent some of the particles from penetrating suscept­
ible hosts and limits the progress of the intracellular events of the 
infective cycle one ray wish to investigate. Al.though some of these 
complications are overcome when particles are exposed to Harter 
adsorption (when mey of the H-sensitive steps associated with pene­
tration are already completed), the interpretation of results obtained 
with phage-bacterium complexes is more difficult because of the con­
comitant exposure of the host cell. Recognizing that exact quanti­
tation is not possible in every instance, the authors feel that certain 
meaningful conclusions nevertheless can be drawn. 

By examining the relative slopes of the inactivation curves 
in figure I, one will note the following features with respect to the 
action of Hon the T2 bacteriophage system: 

1. When singly infecting bacteria, the abilities of 
T2 bacteriophage to reproduce (curves 1 and 3) and to synthesize 
viral DNA (curve 2) are equally inhibited by Hand are the most 
H-sensitive properties found. 

2. ~st of the properties of the virus particle 
directly or indirectly attributable to functions of viral protein are 
inhibited by H to similar extents (curves 4, 5, 6, 7, and 8). An 
exception is the ability of the particle to adsorb on susceptible 
hosts (curve 15). However, these properties are much less sensitive 
than the ability of the virus to reproduce {curve 1). 

ff For experimental details the reader is referred to CRDL Special 
.Publication 2-45, October 1961, "On the Mechanism of Inhibition 
of T2 Bacteriophage by M.istard Ge.s."10 Reprints are available 
from the aut~or on request. 
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3• 'lhe ability of siagcy infected cells to reproduce 
T2 phage is much less sensitive to H when the agent is administered 
9 minutes after infection (curve 9) than when applied at an earlier 
stage (curve 3). 

4. Limited mainly by the action of Hon the cell's 
capacity to support phage develoJ;111ent (curve 12), the abilities of 
multiply infected cells to reproduce T2 bacteriophage (curve 10) and 
to synthesize viral DNA (curve 11) are fair~ resistant to H. 

5. 'lhe sensitivity to H of a genetic marl:er, i.e., 
the ability of an H-inactivated parental particle to contribute the 
marter to progeny in a mixed infection with viable carrier phage, is 
only about 8% of the sensitivity of the particle to reproduce 
(compare curves 13 and 3). 

6. 'Ihe ability of an H-inactivated particle to 
initiate the biosynthesis of an enzyme characteristic of the infected 
cell is only about 5i as sensitive to Has is the ability of the 
particle to reproduce {compare curves 14 and 3). 

'lbe possible meaning of these and some other findings and 
their bearing on the mechanism of action of H will now be discussed. 

The Site of Action of .Hin T2 Bacteriophag~ 

The current findings support the idea that the most 
H-sensitive target in T2 bacteriophage is viral DI-IA and that protein 
functions are also affected. The evidence is the following: • 

1. Particles are rapidly inactivated by low doses of 
Heither when free or when preadsorbed on host cells (figure I, 
curves 1 and 3), indicating a relatively small effect. on protein 
functions. 'Ibis conclusion was reinforced by determining that 
individual properties associated with the viral protein such as kill­
ing ability, injection of DNA, adsorption, etc., are much less 
sensitive to H than the ability of the virus to reproduce {figure I, 
c~es 4, 5, 6, 7, 6, and 15). 

2. At an H dose corresponding to 1 phage-lethal-hit, 
a minimum of 45 molecules of H react with viral DNA and approximately 
30 molecules a.l.kylate viral protein {table I). 

3. H-treated DNA is unstabilized to heating at 74°c, 
a temperature that does not affect nonnal DNA.lo 

4. The capacity of the bacteriwn to support phage 
reproduction and to synthesize viral DNA is not especially sensitive 
to H (figure I, curve 12), showing that the enzymic machinery of the 
host is not seriously impaired by the agent. 
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5. Vegetative phage becomes abruptly resistant to H 
after 6 to 9 minutes or metabolism (figure I, curve 9), resembling 
findings with other agents that are thought to act on viral DUA 
(ultraviolet or X irradiations, decay or incorporated p32, etc.). 

6. Fbage particles that contain H-treated DNA but 
functional protein are noninfective. Such particles are in rnai ways 
similar to particles that have 'ileen e;:posed to H while intact. 

7. H produces damages that are localized in the 
genetic material of T2 and •r4 bacteriopbages. An individual marlrnr 
is about c';~ as sensitive as is the ability of the particle to repro­
duce (figure I, curve 13). 

6. II-inactivated T2 particles can be made to multi­
plicity reactivate with hi&i efficiency, showinp; that a genetic 
reconstitution process can be invol~ed to reconstit~te a viable genome 
from undamaged portions surviving the Ii-treatment. O 

9. H significantly modifies the priming activity of 
DHA in the in vitro DNA synthesizing reaction catalyzed by E.coli 
polymerase (tabieTI). Since DNA synthesis is also inhibited byli in 
vivo (figure I, curve 2), the finding provides independent evidence 
that H acts on a "template" function of DNA. 

'.lbe chemical reaction(s) of' H ,nth DNA that may actually be 
responsible for toxicity of the agent is(are) not clear at the present 
time. Although al.kylations of guanine adenin~ primarJ phosphate I' 

groups, etc., have been reportetl,ll, 1~, 13, 14, 15 Rutman, et al., 10 
suggest that the extent of all'~ylation probably does not bear aey 
quantitative relation to the biological effectiveness of mustards and 
that the type of reaction appears to be more important than the 
extent. This view is supported by the author's finding (table I) that, 
with an H dose sufficient to produce one phage-lethal-hit, there 
occur 40 or more combinations per phage' equivalent of DNA. It is 
probable that only one of these combinations is responsible for 
toxicity and that, consequently, most of the other reactions are 
nonlethal, although some of them my "mutate" the DNA molecules. 

Pol.yfunctional vs. Monofunctional Agents 

Polyfunctional mustards of both the sulfur and nitrogen 
types are several orders of magnitude more toxic to T2 bacteriophage 
than the monofunctional mustards, supporting a cross-linlcing 
mechanism.10 Aside from considerations of dose, the two agent types 
appear to differ also in the mechanism by which they inhibit phage 
reproduction. Polyfunctional agents cause only vecy localized lesions 
in the phage genome and leave the greater portion of the genome 
intact, available for rescue by genetic recombination processes such 
as multiplicity and cross-reactivations.10 On the other hand, some 
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single-armed agents inactivate phage particles largely by inhibiting 
protein function that are essential for infection. A single-armed 
mustard that acts in a different way is I -chloroethyldiethylamine 
(semi-HN). While still retaining its preferential action on viral 
DNA and in this respect resembling the action of a polyfunctional 
agent, 1 t produces lethal da.mageR tn pbages that are, however, not 
multiplicity reacti vatable ( unpubliahed oblervaticm). Thia finding 
suggests that the lethal damges produced oy semi-mi, in contrast to 
those produced by the polyfunctional agents, J1BY not be highly 
localized wlthin the genetic structure and that viral DNA might be 
inactivated only after extensive reactions involving the greater 
portion of the genome. 

Although cross-allcyla.tion of DNA appears to be an important 
first step in inhibiting the reproduction of T2 bacteriophage, a 
different mechanism is prooably responsible for other biological 
actions of the mustards. Single-armed agents are very efficient gs 
mutation producers,!, 2, 17 and also retain vesicant properties.! 
'lbere is limited evidence that some of these effects rray also 
originate from an initial attack of the agent on DNA. ~us one could 
suppose that a single alkylating attacl~ (by a single-armed agent or by 
a half-.z•eacted double-armed agent) may modify a base such as guanine, 
altering its base-pairing characteristics, and in this way producing 
a mutationt5, 17 A single allcylation of a base in DNA probaoly does 
not affect the structural integrity of the macromolecule but merely 
modifies the genetic information, whereas a single cross-link would 
produce a profound change in DNA,Jutting the molecule out of action 
and finally killing the organism. 

Unfortunately, little can be said at p~esent regarding the 
underlying basis for the vesicant action of the mustards and, indeed, 
a great deal more information than is now avail.able is required to 
relate a particular oiological effect of H to a specific reaction of 
H with cellular components. 

Interaction of H-treated DNA with Biologica.J.ly Important Proteins 

An indication that H affects the structural integrity of the 
DNA molecule is the observation tha·c H-damaged DNA loses its ability 
to associate with various types of proteins. ~e evidence that protein 
attachment to DNA is impaired by H was derived from 3 different 
experiments, and a biologically important process was inhibited in 
every case. The results of these experiments were: 

l. When viral protein synthesis was resumed following 
treatment with a moderate dose of Hof phage precursor DNA (formed in 
the absence of protein synthesis), intact particles were not formed.lo 
In similar experiments employing ultraviolet irradiation instead of H, 
Tomizawa19 observed efficient production of finished phages, although 
most of them were noninfective. These results demonstrate that, 
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although UV-irradiated DNA can, H-treated DNA cannot, interact pro­
ductively with viral protein. 

2. When singly infected cells are exposed to B 
9 minutes atter infection, the ability of the virus to reproduce is 
more resistant to H than when the agent is administered at an2f&rlier 
time (compare figure I, curves 9 and 3). Uchida and 9tent20, 
obtained a similar result with pbages that were killed by decay of 
incorporated p32, and they showed that the acquisition of resistance 
at the ninth minute might be due to the association w1 th viral DNA of 
a newly synthesized protein. It is probable that a similar mechanism 
is responsible for protecting viral DNA from being lethally damaged 
by ff when the agent is applied at the ninth minute. However, no 
protection is afforded at the earlier times when the protective 
protein has not yet been synthesized. The question of whether 
ff-inactivated particles are capable of synthesizing the protective 
protein has not been answered, but it should be recalled that such 
particles do initiate the biosynthesis of several enzymes (figure I, 
curve 14). Even if the protective protein were similarly synthesized, 
it might fail to associate with ff-damaged DNA and thus fail to pro­
tect. 

3. 'lbe ability of DNA to prime the in vitro 
synthesis of DNA that is catalyzed by E. coli po}ymeraseTs signifi­
cantly modified by H ( table II, also see reference 10) • When 
H-treated DNA was used as primer, DNA synthesis was inhibited for a 
time but was then renewed at a rate similar to that observed with 
untreated DNA. ibe findings suggest that H-treated DNA has a lower 
affinity for polymerase than does norml DNA. If it should develop 
that the association of DNA and polymerase are also impaired by ff 
in vivo, the mechanism of the temporary inhibition of DNA synthesis 
wouidbe explained. Although the DNA synthesis final~ recovers, 
cells would be killed because of "unbalanced grovth. 112 

Some Genetic Consequences 

A significant proportion of the H-induced lethal damages to 
T2 bacteriophage appear to be located in the genetic structure of the 
pe.rti~le. When particles are exposed to the agent before adsorption, 
only a maximum of 3oi of the lethal damages are sustained by viral 
protein, some of which my prevent the particle from penetrating the 
host bacteriwn (figure I, compare curves 1 and 8). When particles 
are treated after adsorption, only a very small fraction of the lethal 
damages result in inhibition of the cell's capacity to support phage 
development (figure I, compare curves 3 and 12). These results 
suggest that the naj ori ty of the lethal dam&ges to T2 bacteriophage 
probably occur in the viral genome, and the author was able to con­
firm this conclusion by more direct evidence. Results from narker 
rescue experiments show that H inactivates individual genetic markers 
and that the sensitivity of a given marker is about 8'/o of the sensi-
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tivity of the whole genome (figure I, compare curv•3 and 13). 
Because several markers at different sites within the genome are 
about equally affected, H seems to produce genetic damages randomly 
along the chromosoml structure. The highly localized nature of the 
genetic lesions produced by H means that inactive particles contain 
considerable stretches of undamaged genetic material, a notion that 
is compatible with ti8 observed high efficiencies of multiplicity and 
cross reactivations. It should be stressed that such reactivations 
probably are not due to chemical reversal of H damages but rather are 
due to genetic mechanisms that are capable of reconstituting a viable 
genome from undamaged genetic sections derived from several parents. 
A similar mechanism can also reactivate particles that have been 
killed by ultraviolet or X irradiation§, agents that produce their 
lethal damage by different reactions. 2j 

'lbe ability of H to produce mutations was not investigated 
in the present work. However, in a recent report Bautz and Freese17 
indicated that the ethylation by allcylating agents {presumably of the 
7-N position of guanine) of DNA from T4 bacteriophage increased the 
mutation rate. 'lbese investigators suggested that the eventual 
elimination from DNA of a base by secondary hydrolysis of the N­
glycosidic bond might have been responsible for the mutation. They 
further hinted that reactions with primary phosphoryl groups of the 
DNA backbone proably do not have mutagenic consequences for they would 
fracture the molecule by oreaking the sugar phosphate bond that links 
two adjacent nucleotides. Although such a mechanism might oe involved 
when lethal DNA damages are produced by the decay of incorporated p32, 
it bas not been demonstrated to be mutagenic. It is interesting that 
Bautz and F.reese found single-armed alkylating agents to be quite 
potent as mutagens while the author showed that similar monofunction­
al mustards are not nearly as toxic to these same particles as p0ly­
tunctional compounds. It therefore appears t hat all,ylating agents 
can modify the DNA molecule in at least two distinct ways: one type 
of reaction, e.g., a single allcylating attack on guanine, leads to a 
point mutation; and the other type of reaction, e.g., a crossallcylat­
ing attack by a polyfunctional mustard, culminates in a lethal event 
and entirely inactivates the affected gene. 

Some l~tabolic Consequences 

l. The effect of Hon the host cell and its capacity to 
support phage development. 

The most H-sensitive properties of E.coli B bacteria 
are the abilities of cells to reproduce and to synthesize DNA. , 
However, H-treated bacteria fe still able to increase in size, 24 

synthesize RNA and protei~ 2 carry out respiratory metabolism, and 
produce adaptive enzymes. 6 Coupled with the observed inhibition of 
DNA synthesis (which may be only temporary25), the otherwise normal 
metabolism apparently leads to an imbalance, which may ultimately 
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kill the cell by "unbalanced growth. ·•22 The death-by-unbalanced­
growth theory is compatible with the author's recent :finding (unpub­
lished) that significantly larger bacterial survivals can be obtained 
by permitting H-treated !· ~ B to metabolize at a slower rate. It 
is suggested that cells have a limited ability to repair or circum­
vent some (although not all) o:f the lethal H damages. 

Although sterilized by Hand unable to synthesize 
bacterial DNA, E.coli bacteria remain capable hosts for T2 bacterio­
phage, supporting vi1lO reproduction and synthesizing almost nonral 
amounts or viral DNA. 'lbe :findings confirm similar observations by 
Herriott2 and show that the enzymic machinery of the host cell is 
not damaged sufficiently by H to prevent it :from malcing its necessary 
contributions to sustaining the viral infection. Exactly how T2 
bacteriophage is able to overcome the oloclt in the DNA synthetic 
mechanism is not known, but it shoU:d oe recalled that the virus 
supplies a new set of fwlctional genes, which establish new synthei7c 
pathways especially geared to the synthesis of phage-specific DNA. 

2. 'Ihe inhibition by Hof DNA synthesis in vivo and in 
~, and its bearing on the toxic lllechiiirsm. -

'!be inhibition o:f DNA synthesis by H JD8¥ be the 
metabolic bloclt primarily responsible for the cytotoxicity of the 
agent. In bacterial cells, even a temporary interruption of the 
process could lead to the unbalance~ growth situation, culminating in 
the eventual death of the organism. 2 In the T2 bacteriophage system, 
the ability of the virus to reproduce itself when singly infecting a 
susceptible hor,i~ and the capacity of the virus to initiate the 
synthesis of viral DNA are equally sensitive to H (figure I, compare 
curves land 2), possibly indicating a causal relationship between 
these two properties. It is to be noted, however, that the 
in:fectivity of the particle and viral DNA synthesis become more re­
sistant to H when the agent is administered at a later stage of 
infection (figure I, curve 9) or when cells are infected with more 
than one particle (figure I, curve 11). Although the mechanism 
presently is not understood, resistance is in some way associated 
with maintaining the integrity of the parental genome, which may 
become associated at about the ninth minute with a protective protein 
or which, 20, 21 once damaged by H, can be reconstituted by multiplicity 
reactivation. 1he in vivo evidence therefore leads to the conclusion 
that H inhfoits DNA synthesis by damaging the "DNA template", and an 
intact template is need for DNA replication. 

H also affects DNA synthesis in vitro, a reaction that 
is catalyzed by E.coli polymerase and whichrequires a DNA primer.10 
nie demonstration (table II) that the priming ability of DNA is the 
most H-sensitive component of the reaction confirms the notion that 
the agent interferes with a template function of DNA. 'lhe lag 
before the in vitro DNA synthesis finally renews is stril~ingly 
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similar to that observed in the proposed reconstitution of an active 
genome by multiplicity reactivation. 'lhe results suggest that the 
effects of Hon the in vitro synthesis of DNA are ver:, similar to the 
effects observed in viv"o'a.'iici therefore reinforce the belief that a 
molecular basis for ~cellular toxicity of His the ability of the 
agent to damage DNA. 

Another possibility for explaining the inhibition of DNA 
synthesis by H would be that the agent, by damaging gene function, 
prevents the fornation of enzymes critical to llu\ synthesis. (It 
should be recalled that the cai8lytic activities of such effiymes are 
·not especially sensitive to H. ) '.lhe author demonstrated , however., 
that the ability of T2 particles to initiate the biosynthesis of one 
such critical enzyme (pbag~-specific deoxyguanylate kinase) is only 
5~ as sensitive to Has is the infectivity (figure I., compare curves 
3 and 14) • 'Ibis implies that most inactive particles probably are 
not prevented from carrying out the gene functions associated with 
enzyme formation. In spite of this discovery and even if H-inactivated 
particles were similarly capable of forming other enzymes, one could 
not rule out entirely the possibility that DNA synthesis might be 
inhibited oy a damage to the enzyme-forming apparatus. ini\ls, one 
could suppose that inactive particles harbor damages at different 
genetic sites, remain capable of synthesizing most enzymes, but fail 
to produce the complete set of enzymes need for lllA synthesis. Such 
a mechanism might be involted to explain the phenomenon of multiplicity 
reactivation, which restores DNA synthesis. In mutliply infected 
cells, in contrast to singly infected cells, several inactive 
particles my pool their enzyme-forming potentials to establish a 
complete enzyme set, and the inhibited viral DNA synthesis recovers 
(figure I, curve 11). 

CUrrent studies are designed to obtain more information on 
the effect of Hon enzyme biosynthesis. Of special concern is the 
ability of H-inactivated T2_particles to initiate the synthesis of 
phage-specific polymerase, 2T an enzyme peculiar to the infected cell 
and primarily responsible for catalyzing the viral DNA synthesis. 

3. The sensitivity to Hof phage-bacterium complexes at 
different stages of the latent period. 

Four major hypotheses (which are not mutually 
exclusive) my be offered to explain the development of resistance to 
Hat the ninth minute after single infection: (l) the pa.rental DNA, 
in matings with progeny DNA, may reconstitute a viable genome by 
multiplicity reactivation; (2) the parental DNA may associate with a 
newly synthesized protein, which might protect the DNA from being 
lethally damaged by an otherwise lethal agent; (3) the genetic 
information originally carried by the sensitive parental DNA may be 
transferred to nonsensitive structures, thus making the parental DNA 
dispensable for sustaining the infection; and (4) all H-sensitive 
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functions required for DNA replication may be completed by the ninth 
minute, so the agent is no longer lethal when administered at this 
time, i.e., all enzymes necessary for viral IDA synthesis are already 
present at this stage of the latent period. 

Although there is some experimental evidence to support 
each of the 4 proposals, one cannot presently attribute the 9-minute 
resistance to any one, or any combination, of them. 

Multiplicity reactivation is an efficient process when 
multiply infected bacteria are exposed to Hat a very early stage of 
development, but has not yet been shown to occur when the agent is 
administered at the ninth minute. Also, whereas a normal multiplicity 
reactivation process involves matings between several parental 
particles, in the present instance matings would have to be between a 
parental and one or more progeey genomes or between several of the 
progeey. It should be stressed that these are unsolved problems and 
do not eliminate multiplicity reactivation as a possible agency 
responsible for ma.Icing monocomplexes resistant to Hat the ninth 
minute. 

~e formation by infected cells of a protein capable 
of -protecting wental T2 particles from being l~illed by the decay of 
incorporated p32 has been inferred from studies by Uchida and 
Stent.20,21 1bese investigators also demonstrated that this protein 
protects specifically only there parental particles responsible for 
its formation. It does not protect secondarily infecting particles 
they would have to synthesize their own protein to become resistant 
to iJ2 decay. 'lbese results may mean that such protein becomes 
physically associated wlth the DNA of the parent particle. It may 
exert its protective action by bracing the backbone of parental D~ 
and. thus preventing a complete scission of the macromolecule by P 2 
decay or, possibly, by other agents. Another possibility is that the 
protein protects DNA by separating the complementary strands 
(preparatory to DNA synthesis, which begins at approximately this 
time), thus preventing simultaneous damages from occurring at 
complementary sites of the duple~ (i.e., a damage to only one of the 
two complementary sites may not be lethal since the genetic information 
is still available on one strand). To test some of these notions, 
current investigations are under way in this laboratory to determine 
if polymerase can protect the ability of DNA to prime the in vitro 
synthesis of DNA from being damaged by H. - --

Little can be said regarding the proposed transfer of 
genetic _information from the H-sensitive pa.rental DNA to H-resistant 
molecules. The most logical candidate substance would be RNA which, 
be~~use of its structural differences from DNA, is more resistant to 
H. Although the synthesis of "phage-specific RNA," which mimics 
the base composition of parental DNA, has been reported29 and is 
apparently required for phage reproduction, such RNA has not been 
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shown to be a template for the synthesis of proge~ DHA. Recent 
in vitro findings also point to a definite role of DMA in the synthesis 
of RNA; but, again, a requirement for an RNA primer for Dr1A synthesis 
has not been found. 'Ihese results suggest that !)base-specific RNA 
represents an aspect of DNA function rather than DHA replication, and 
it may be an important intermediate in the translation of cenetic 
information from parental DNA into the amino acid sequence of a pro­
tein or enzyme. Proteins that are generally more resistant to II and 
similar agents than are ·the nucleic acids are not well suited for 
carrying the genetic code and will not oe considered here as an 
intermediate template in the synthesis of progeny DNA. However, the 
denial of a genetic role for prot eins should in no way minimize the 
importance of these molecules as catalysts for DNA or, perhaps, even 
as having a function in the determination of the size of the DNA 
polymer. 

An intriguing possibility is that the resistance at 
the ninth minute may be due to the fact that all the enzymes necess­
ary for viral DNA synthesis are present by this time. When further 
protein synthesis is inhibited by chloramphenicol added at the ninth 
minute, suosequent DNA synthesis is no·c apprecittbl.y affected although 
the antibiotic does preveQa the initiation of DNA synthesis when 
given at an earlier time.J 1be similarities in the time spectrum 
relative to the action of chloramphenicol (an agent that inhibits 
prot ein synthesis) and of the radiations or H (agents that affect 
DNA directly) lead one to suspect that the resistance of rnonocomplexes 
to His also related, in an as yet obscure manner, to an inhibition 
of the biosynthesis or function of one or more of t~e important 
proteins or enzymes required for viral DNA synthesis. In this 
connection it ws found, however, the.t most H-inactivated T2 particles 
retain tjeir ability to initiate the oiosynthesis of several of such 
enzymes. O Current studies are designed to investigate further the 
biosynthesis of proteins and their importance for the development of 
the H-resistance at the ninth minute. 

Regardless of mechanism, the discovery that not all 
stages of phage development are equally sensitive to H emphasizes the 
importance of studying the action of a nucleotoxic substance in a 
synchronized system. Perhaps some of the conflicting results in the 
literature relative to the effects of Hin other systems are due to a 
failure to work with synchronized cell populations. 

4. 'lhe ability of H-inactivated T2 particles to initiate 
the biosynthesis of enzymes and the importance of this 
phenomenon for relating gene function to gene replica­
tion. 

Following infection of E.coli B with T2 bacteriophage 
several new enzymes appear that are not present in uninfected cells. 2~ 
It appears likely that these enzymes represent products of the 
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pbenotypic function of viral DNA. Even in single infection (i.e., in 
the absence of multiplicity reactivation) H-inactivated phage are 
capable of initiating the oiosynthesis of several of these enzymes. 
For example, when enzyme activity was assayed 15 minutes following 
infection, the abilit~

1
of the particle to synthesize phage-specific 

deoxyguanylate kinase was never found to be greater than 5~~ as 
sensitive to Has were the abilities ·to reproduce amto synthesize 
DNA (figure I, compare curves 2, 3, and 14). Whether or not these 
enzyme assays quantitatively reflect the biosynthetic potentials of 
H-inactivated virus, it is apparent (assuming that these enzymes are 
products of gene function) that gene function precedes gene replica­
tion and may even be manifested in its absence. 

'!he separation of the 2 most important attributes of 
genetic naterial, gene function and gene replication, may explain the 
nucleotoxicity of H. To vit, most H-treated cells, although sterile, 
continue to grow in size, synthesize protein and RNA, and carry out 
almost normal respiratory activities. At least some of these 
metabolic processes are directly or indirectly controlled oy the 
genetic material. While a single H danage to Dr{A is sufficient to 
inhibit the reproduction of all the genetic naterial, thus preventil'lf> 
cell multiplication, the remaining undamaged portions of the genome 
continue to carry out their phenotypic functions, providing the cell 
vith almost all the factors needed for growth. 

'lhe finding that gene function precedes gene replica­
tion (all enzymes needed for viral DNA synthesis are present JY the 
ninth minute) rray mean that double-stranded DWl is responsible for 
phenotypic action. Contrariwise, soon after parental DNA becomes 
single-stranded {at about the ninth minute}, DNA synthesis begins and 
enzyme biosynthesis ceases. 'lhe possibility that enzyme biosynthesis 
is therefore controlled by the state of the parental DNA is supported 
oy the discovery that particles killed by lN irradiation cannot 
synthesize Dt{A but continue to produce enzymes f~ much longer periods 
and in much larger amounts than do viable phages. 'lbe author is 
presently studying these phenomena using H-treated particles. 

It is of interest that the ability of a single genetic 
marl:er to reproduce itself in matings with viable carrier phage 
(marker rescue experiments) was only slightly more sensitive to H 
than was the ability of the particle to initiate the syn~hesis of an 
enzyme (figure I, compare curves 13 and 14). This finding suggests 
that a single lethal event my be responsible for inhibiting gene 
replication and gene function, and that a particle harboring such a 
lethal damage is rendered sterile. However, the ability of the .. , . 
particle to reproduce itseli' can be restored when damaged genetic 
sections are replaced by functional components through matings among 
several particles (multiplicity or cross-reactivations).. Thus, for 
phage viability, one requires a complete set of gene functions 
(enzymes, phage proteins, etc.) as well as at least one intact genome 
to serve as a primer for its own duplication. 
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Reversal of the H-DaJJBges 

'lhere are a number of indications that E.coli B bacteria, 
T2 bacteriophage, and DNA have a limited capacity-tor'repe.iring or 
circumventing ff-induced damages to the replicating mechanisms. The 
survival of H-treated E.coli B partially depends on the medium on 
wich organisms grow following exposure. Unpublished results 
demonstrate that highest bacterial survivals are obtained on a 
p~ely synthetic medium ( inorganic salts and glucose) and lowest 
survivals on a nutritionally rich medium (yeast extract). In 
addition, chlorampbenicol added to either medium has a small 
beneficial effect on survival, but a mixture of ribonucleotides 
(although not of deoxyribonucleotides) added to the synthetic mediwn 
lowered the survival of H-treated cells. Generally speaking, the 
findings suggest that when the growth rate of ff-treated bacteria is 
slowed, survival is favored by delaying the onset of "unbalanced 
growth 1122 while permitting some repair of the ff-damages to proceed. 

T2 bacteriophages can efficiently repair the lethal 
ff-damages by multiplicity reactivation when several inactive particles 
pool their undamaged genetic segments to reconstitute a new viable 
genome. Furthermore, T2 bacteriophage (even in single infection) 
becomes significantly more resistant to Hafter some 6-9 minutes of 
intracellular development, indicating that particles have passed 
some H-sensitive stage or are now capable of repairing or circumvent­
ing the H-darnages. All chemotherapeutic attempts on H-inactivated 
T2 particles were unsuccessful, although some of the compounds used 
(notably aminoethylthiouronium bromide ["AF1f/ and mercaptoethyl amine 
/J'Ef/) had a prophylactic, dose reducing action when administered 
prior to or simultaneously with, H. 

H-treated DNA spontaneously reacquires the ability to prime 
the in vitro synthesis of DHA which is catalyzed by E.coli B 
polymerase.IO A similar lag before DNA synthesis renews spontaneously 
has also been reported in vivo with H-treated E. coli. 25 It is 
proponed that, with theaid of polymerase, new-and functional primers 
are reconstituted from the polydeoxynucleotide sections that were 
produced by the action of Hon DNA. 'lbe finding that repair of the 
H-induced inhibition of the ability to synthesize DNA occurs 
spontaneously is encouraging from a therapeutic standpoint, although 
it must be remembered that such newly synthesized DNA has not been 
analyzed for genetic competence. 

Probably the potentially most fruitful approach to eventual 
therapy of H-induced lesions to cells and viruses is the elucidation 
of the biochemical mechanisms responsible for the H-resistance of 
certain mutant strains of E.coli B. Since mutants such as E.coli 
B/r are similarly resistant to all agents that are preswned to exert 
their toxic effects through an action on DNA, the molecular basis for 
resistance is presently quite obscure. On the other hand, retaining 
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the basic assumption that DIA is the prinary target, it is feasible 
that damaged DNA might be secondarily degraded by nucleases, which 
are present in sensitive, but my be absent in resistant strains., 
thus permitting repair to take place in the resistant organisms. A 
similar mechanism was invoked to explain the author's discovery that 
the priming ability of heated H-treated DNA does not recover when 
impure~ coli polymerase is used to catalyze the in vitro synthesis 
of DNA. ~sUDBbly, the contaminating phosphodiestera&e is able to 
degrade H-danaged DNA. However, when the contaminating phosphodiest­
erase activity is reduced by further pirification of polymerase, the 
priming ability of H-treated DNA recovers after a lag. Recent 
findings indicate that secondary breakdown of DNA also occurs with 
H-treated E.coli Band E.coli 15r-A·u- bacteria (sensitive strains) 
but is somewhat less with H-treated E.coli B/r organism (resistant 
stre.ins). With the hope of clarifying thebiochemical basis tor 
resistance by some mutants of E.coli, the author is presently in­
vestigating nuclease levels in-thei'eorganisms. 
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LEGEND roR FIGURE I 

1 - Reproduction of T2 following single infection. 

2 - Viral DNA synthesis by singly infected cells. 

3 - Reproduction of T2 by singly infected cells. 

4 - !Qsis of bacterial hosts by phage ghosts. 

5 - Ability of phage to lcill host cells. 

6 - Ability of phage to eAclude other phages. 

7 - Ability of phage to inhibit bacterial RNA synthesis. 

6 - Ability of phage to inject its DNA. 

9 - Sensitivity of singly infected cells 9 minutes after infection. 

10 - Reproduction of T2 by multiply infected cells. 

11 - Viral DNA synthesis by multiply infected cells. 

12 - Capacity of bacteria to support phage reproduction. 

13 - Sensitivity of a host-range genetic marker.* 

14 - Ability to initiate the biosynthesis of an enzjine peculiar to 
the infected cell.* 

15 - Adsorption on host bacteria. 

* 'Ihese data are corrected for loss of bacter: .al capacity. The 
multiplicity of infection was 0.1 T2 particle per cell. 
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EFFECI' OF IONIZJOO RADIATION ON PYRIDINE 

C. PEARCE 
U.S. ARMY SIGNAL RESEARCH AND DEVELOPMEHI' ~ATORY 

FORT K>lfOJTH, NEW JERSEY 

INl'ROWCTJON 
Protection against radiation damage is frequently observed 

in systems containing benzene or a benzene derivative. The cyclo­
hexane-benzene system (1), where hydrogen and polymer formation from 
cyclohexane is reduced by the presence of benzene, is well known. 
Styrene and phenol polymers are relatively stable to radiation. Re­
cently the use of benzene additives to stabilize plastics to radia­
tion damage has been described (2). As a medium for the transfer of 
excitation energy due to irradiation of solutions, benzene and its 
derivatives are widely used in liquid scintillators. In fact, the 
scintillating compound itself may be a benzene derivative such as 
anthracene or terphenyl. Finally, these benzene compounds are char­
acterized by a relatively low amount of change due to ionizing radia­
tion, compared to other classes of chemical compounds. 

Explanations of the resistance of benzene compounds to 
radiation-induced change, and of the radiation protection and energy 
transfer mechanisms involve their aromatic structure of six resonat­
ing ff electrons, i.e. 

H 
I 

H-C~C't·H 
I " H·C~ C-H 

"'C""" 
I 

H 

>zz 

H 
I 

H-c'c~C-H 
II I 

H-C ~C-H 'C __. 

H 

In the structures shown above the ff electrons are situated in the 
double bonds, shown in different positions in the two rings. Then 
electrons are not confined to any one position in the ring, so the 
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true benzene structure 11 an intermediate between the structures 
above. The benz.ene ring is considered a hybrid of the11 two struc­
tures and is not a mixture of two individual compounds. Like ben­
zene, pyridine i1 described 11 1 hybrid of resonating w electrons. 
But polar contributions are 1110 present because of the presence of 
a nitrogen atom in the ring. The nitrogen attracts electrons from 
the 2 and 4 positions, using the numbering system 

4 

s c-'·c 3 • • 
6 C.N.C -2' 

1 

The resonating structures are: 

M ... ~ .. H • •• • 
N•~i•H ---- H•rC•~-H ~ tt-c·'-c•H ...... ~~c-H tt-c~'c-H .. . . ..... ... 
t+G,.NL·H ..-, ttC.,N,C•H ..... _HC.N..c_;H ....... HC,N.,C·H ~ ~•N_,C·H - - -

\ 

""" 
.,I L ,,J y--

Aromatic Polar contribution 
contribution 

Thus pyridine may have both aromatic and polar characteristics. We 
were interested to learn which, if either, of these characteristics 
would be shown by pyridine when irradiated. Should pyridine behave 
as an aromatic, the radiation protection and energy transfer charac­
teristics noted for benzene could appear. Unlike benzene, pyridine 
is compatible with both organic and inorganic compounds. This means 
a wider range of systems may show similar radiation protection and 
energy transfer characteristics. New energy transfer or conduction 
and storage systems may be feasible. Further, knowledge of the ef­
fect of radiation on pyridine, a unit present in some erizymes and 
other naturally occurring products, would be of biological importance.. 

EXPERIMENI' ATION 
Materials. Pyridine, the Fisher Certified reagent was 

dried and distilled from calcium hydride, using a SQ-plate bubble cap 
vacuum jacketed column (Bruun); the index of refraction was 
"D2,.,oc = 1,5084, 

Bipyridinesa 2121-bipyridine was the Fisher 
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C. P. reagent. Other blpyridlnes were synthesized and purified 11 
follow11 2,4'· and 4,41

• by the action of sodium upon pyr1dine(3)J 
2,3'- and 3,3'• from the corresponding phen111throline1(4). Syn­
thesis of 3,41-bipyridlne h11 not been accomplished yet, since a 911 
chr01111tography column h11 not been found to completely resolve the 
blpyridines. The r••pective structural for1a1lae -1r11 

" ~ ~c·c-tt 
H .C. --r • 

•~ ~--C.N.C•H 
H•~wC-H 

2,2'-Bipyridine 2,3'-Bipyridine 

2,4'-Bipyridine .3,3'-Bipyridine 

... ~ H 
$,•',._ I 

~ J:-fC.~ .. H 
C• C H·C ~-..C•H . . 'tr-
H H 

.3,4'-Bipyridine 4,4'•Bipyridine 

Calibration solutions for gas chromatogramss pyridine 
solutions of the five available bipyridines, 0.13 Min each bipy­
ridine; both individual and canposite solutions were prepared. 

Irradiation. Exposures (about SO hours) were made using 
a 120-curie Cs 1 7 source (0.66~ev ganaa radiation). Dose rates 
were measured with the ferrous sulfate (Fricke) dosimeter using 
G(Fe+++) = 15.6 (S); the value determined, .3.4 x 1020 electron volts/ 
liter/hour or 5410 roentgens/hour, was corrected for the electron 
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density of pyridine, becoming 4.9 x 1020 electron volts/liter/hour • 
Ferri~ concentrations were determined spectrophotometrically at 
J>'° l. 

proc,gyrc. Using an all-glass high vacuum 1y1tem, capable 
of 10-6 to 10- 1111 range Hg pressure, pure dry pyridine was degassed 
by a freeze-pump-thaw cycle repeated three times. To reduce cont•i~ 
nation from vacuum stopcock grease, about 25 ml were distilled into a 
trap, thence to a second trap (a calibrated tube), and finally a 
measured volume was distilled into the irradiation cell, and the cell 
sealed off. 

Following irradiation, the cell was attached to the vacuum 
line, opened, and the contents degassed as before. A Toepler pump 
was used to transfer the gaseous products thru two U-traps inaersed 
first in dry-ice snow •nd then in liquid nitrogen. The non-conden­
sable gas at each temperature was collected in the gas thimbles of 
the Blacet-Leighton apparatus. 

The excess pyridine was distilled slowly into a reservoir. 
A small amount of pyridine was slowly distilled back to wash the 
residue down the walls, before the tube was cut off and the contents 
analyzed. 

Analysis. Gas chromatography (or GC)a non-gaseous radi­
olysis products were determined, in pyridine solution, on a Perkin­
Elmer Vapor Fractometer Model 154 C. The 12-foot stainless steel 
column was packed with 0.2SJ Carbowax 1SOO (polyethylene glycol) on 
glass beads (60/80 mesh). The column was maintained at 141 t 1°c, 
the flow rate of the helium carrier gas was 25.4 ml/min. This column 
gave much better resolution of bipyridines, than any other prepared. 
Even so, as noted below, the resolution was far from optimum and the 
retention times were extremely sensitive to temperature, solute 
concentration, and sample size. 

Gas apalysi11 gaseous radiolysis products were analyzed 
on a Blacet-LeightonArthur H. Thomas Co. modification) micro gas 
analy~is apparatus, according to the procedures described by Scott(6) • 

. Analysis were conducted for H2, C2H2, C2H4, Oi4, and air (02, and N2 
by difference). 

Spectroscopy: ultraviolet absorption spectra of the non­
gaseous radiolysis products were determined on a Cary Model 11 
Recording Spectrophotometer, using 1 cm silica cells. IR spectra of 
these products were taken on a Perkin-Elmer Model 21 Double Bea• 
Infrared Spectrophotometer equipped with a sodium chloride prism. 
Ferric ion concentrations were determined on a Beckman DUV Spectro­
photometer using 1 cm silica cells. 

RESULTS AND DISQJSSION 
The major product of the irradiation of pyridine is about 
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2 mg. of greenish yellow •varnish" and dark brown oily residue. The 
amount of gas formed was negligible. Small amounts (less than 
1SO •') of gas, non-condensable at liquid nitrogen temperatures, 
were collected in the thimbles. Upon analysis however, these samples 
proved to be air (20J Oa + a>J inert gas, believed to be nitrogen) 
which may have been trapped in the Toepler pump outlet and carried 
out into the gas thimble • 

A typical gas chromatography trace of the non-gaseous frac• 
tion ls shown in Figure 1• Comparison of the traces with the calibra­
tion curve (Figure 2) identified the first peak as 2,2'-bipyrldine. 
The second peak could not be identified as easily due to the lack of 
resolution for the remaining bipyridlnes. 

Some interpretation of the GC traces is possible however. 
One does find a "clumping• of blpyridlnes in the calibration curve 
when compared to traces for the individual bipyridines. The reten­
tion times for the bipyridines, after normalization to the 2,2'­
bipyridine peak as zero time ares 

Retention time, seconds Bi pyridine 
Bi pyridine corrected to 2,2 •bipyrldine bolling point, 0c 

2,3'- 795 t 30 296 
2,4'- SaJ t .33 ~7 

.3,.3'- 108.3 t 47 301 
4,4'- 1115 t 30 305 

The corresponding times for the second and third peaks of the cali­
bration solution are 753 t 5.3 and 9.36 t 60 seconds. The lowering of 
retention times ls due likely to the increased (5 times) solute con­
centration in the calibration solution as compared to the individual 
bipyridine solutions. The appearance of each isomer in the individ• 
ual solutions was in order of its b~iling point. Had 3t4'•bipyridine 
been present, it would have appeared later than the 214 -isomer(?) 
accordingly. We have assigned the peaks in the calibration solution 
as 75.3 seconds representinj 2,.3'- and 2141-bipyridine and 936 
seconds the 3,3'- and 4,4 -compounds, after considering the respec­
tive boiling points and observed retention times. 

The GC traces for the non-gaseous radiolysis product show 
a second peak at 665 seconds, normalized to the 2121-bipyridine peak. 
We believe this corresponds to the 75.3 second peak of the calibration 
curve. Although the concentration of solute was less than that of 
the calibration solution, the sample volume was two to threefold 
greater in order to put the largest amount of radiolysis product pos­
sible on the column. This larger sample volume may account for the 
reduced retention time. 
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Further evidence for the presence of 2,2'- and one or 
both of 2,3'• and 214

1-bipyridine in the residue 11 found in the 
ultraviolet absorption spectrum of the residue dissolved in 0.02 M 
NH40H(aq.) (Figure 3). Figure 4 1howa the corresponding spectrum 

of equal amounts of 2,2'-, 2,3'•, 2,4'·, 3,3'·, and 4,4'- in 
0.02 M NH40H(aq.) solution. Absorption maxima det,rmlned for the 

individual bipyridine1(8), indicated on both figures, area 
0 0 

Bi pyridine ~,A ~,A 

2,2'- 2a>o 23J> 

2,3'- 2750 2170 

2,4'- 27J> 2380 

3,3'- 2fRO 2390 

3,4'- Inflection point at 26a> 2410 

4,4'- Inflection point at 2?00 2390 

Difference in absorption or optical density are due to concentration 
difference5. Most interesting is the position of the peak in the 
2700-2a>0 A region, '11ilich,for the solution of five bipyridine1,ap­
pears midway (2730 f) between tre peaks given for the individual 
isomers.0 In Figure 3, the curve for the radioly1i1 product peaks 
at 2780 A, midway between the 2,2'•, 2,3'-, and 2,4'- peaks. The 
bipyridines contributin~ to theae peaks in Figure 3 must be among 
the 2,2'-, 2,3'-, and 2141-bipyridinea. Infrared absorption 
spectra conducted on the pyridine solutions of the residue and on 
individual bipyridines did not resolve the identity of the residue 
further. Accordingly, the bipyridines are identified as the 2,2'­
and 2,x'•isomers. 

The yields of non-gaseous products were also determined 
from the GC calibration curve for the bipyridine solution. The 
amount of 2121-bipyridine was calculated from the peak area of the 
corresponding peak of the GC curve. The peak height of the 2,x'­
bipyridine peak was correlated with the peak height of the 2,3'-
+ 2,4'-bipyridine peak on the calibration curve to determine the 
amount. Yields of product were determined as that formed per 100 
electron volt energy input, and were calculated according to the 
formula 

G = 10(): X 6.02 X 102
' X M 

EX V 

where G od t = yield of product/100 ev pr UC 
M = moles product 
E = irradiation dose, electron volts/liter 

and V = volume of pyridine irradiated, liters 
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The yields 10 calculated werea 

G2,21•bipyridine = 0•11 

G , i = 0.20 2,x •bipyrid ne 

Gbipyridine = 0•31 

To determine if the results above represented the total 
non-gaseous radiolysis products, the weight of the product before a; 
analysis, was determined and compared with that calculated from the 
GC trace. Only about one-half the product 11 accounted for on the 
GC traces, so other compounds 111.Jst be also present. 

CONCLUSION 
The ganna irradiation of liquid, oxygen-free and dried 

pyridine resulted in extremely low yields of product. By comparison, 
benzene, a chemical compound considered relatively stable to radia­
tion, gave G(H) = 0.03 and G( 1 er)= 0.98 (1) (9). The gas 
yield from pyrfdine was undete~ai'te by our methods. Had the Ha 
yield been as large as that from benzene, about 7 11111' would have been 
formed which would have been measurable. 

The polymer yield from benzene compares to our total bi• 
pyridine yield of 0.31 plus that of the non-gaseous products not yet 
identified. Hydrogenated dimer products (C1c,H 10N2 , C1c,H12Na, 
C1c,H 14N2, etcJ and even trimers may be present. These dimer products 
would not differ greatly in molecular weight from the bipyridines 
C1c,H,N2), so that the yield (note weight measurements) should be 
somewhat similar. The asynnetry due to the N-atom of the pyridine 
ring, results in a great number of dimer {and trimer) isomers. The 
concentration of any one of these products would not likely be high 
enough to be detectable on the GC traces. Combustion analyses to 
determine C-H-N ratios, as well as molecular weight determinations, 
are necessary to clarify the remainder of the non-gaseous product. 
However, the G(pyridine • polymer) according to our bipyridine and 
weight measurements would appear to be less than 1. 

Aromatic compounds are characterized by low radiolysis 
yields, so that pyridine with total product yields no greater than 
that for benzene, shows aromatic behavior when irradiited. The 
nature of the non-gaseous product also conforms to the aromatic 
pattern, i.e. bipyridines compare to biphenyl {formed from benzene). 
A contribution from the polar nature of pyridine is found in the 
identity of the bipyridines formed (2,2'-; both or either of 2,3'-, 
2,4'-). Quantum mechanical treatment of the pyridine resonance 
structure suggests the 2 position is most favored for radical attack 
and the 3 and 4 positions are next most favored equally(10). 
further, though the type and total yields of product are comparable 
for pyridine and benzene, the distribution of products is different. 
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With benzene G(biplJenyl} = 0.065 (9) whereas for pyridine 
G(bipyridine) = 0.31. One infers that hydrogenated products are 
formicl in aa,ch 111aller amounts for pyridine, 

Consistent with the results, a radlolysis mechanism based 
upon the formation of free radicals has been fo1111Jlated, Thia 
mechani1111 aust account for the bipyrldlne formation, the absence of 
H2 gas, and the fonaatlon of non-gaseous products:so far unidentified, 
but perhaps hydrogenated isomer,. 

C,H5N ~ C.tff5Nlt 
excited pyridine molecule 

C,H5N't • C,H4N• + H• 
free radical formation 

Radical recombination 

C,H4N•+ C,H4N•• C1c,HaNa 
bipyridines 

may occur as well as reaction of the radicals with the solvents 

C,H,N + C,H4N·• c,oHaNa + H. 
bipyridines 

Interaction of H• with other species present, i.e. c,H,N, C,H4N•, 
and C1c,H 8N2 , could result in hydrogenated products, or in species 
which could react further to form such products. The recombination 
of H• to form H2 is not presented since the gas yield was undetect­
able. The formation of H2 during benzene radiolysis is thought to 
come from non-radical processes(11), which would be consistent with 
our results and mechanisms. 

Our results show pyridine reacts chiefly as an aromatic com­
pound when irradiated. Important applications of this work may be 
possible in energy transfer media, in radiation protection, in 
biological studies, in reactor coolants, and in the creation of new 
radiation resistant materials. 
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PARTIALLY FIDCllINATED ALIPHATIC C<JIPCJJRm BI REIJJCTIVE 
DESJLIURIZATI<ll a, SUBM'I'1'UTED tm:OPHENE 

s. Fortna, and H. Q111er 
Pitman-Dunn Laboratoriea 
U. s. !riv Ordnance Corpe 

Pranktord Arsenal, Philadelpd.a, Pa. 

The reductive denltur111tion of 1Ub1t1tuted th1.ophene1 ha1 
been proposed u a l)'llthetic l'Ollte tor the preparation ot long-chain 
acida, ketone,, alcohols and bydrocarbona.1 The preparation ot a 
atraight-cbain saturated hydrocarbon wa1 accomp].iahed by the conden­
sation ot thiophene and an acid in the preaence of pio1pborua pent­
oxide, Cleaaenaen reduction of the resulting ketone, and f:lnalJ7, 
denltur1zation v.tth Raney nickel. !Amgthening or the chain can be 
accomplished by further reaction in the ,-position of thiophene. 
Various branched-chain cOlllpC)W¥la can be prepared by the 111e ot euit­
ab~ f -subltituted thiophenes. 

The pirpo1e of our investigation wa1 to determine whether 
this synthetic technique could be utilized tor the preparation ot 
partially fluorinated compounds and thus provide a method to2 preparation ot heat-stable fiuids. As described prffloualy, the 
preparation ot 2-heptafiuorobutyrrlthiopiene was acb:leved by a 
reverse Orignard technique. The attempted condensation ot hepta­
nuorobutyric acid and thiophene in the presence ot imo1phorus pent­
oxide, resulted only in the conversion 'ot the nuorinated acid to the 
acid anhydride. other methods were equal~ unsuccesstul. 

Reduction ot 2-heptatl.uorobutyrylthiophene was unsuccessful 
via Clenmensen or a Woltt-Kishner reaction using in the latter either 
BS% }v'drazine hydrate or sem:lcarbazide ~hloride. Reductive 
desultur111t1on v.tth Raney nickel resulted in the isolatJon ot the 
alcohol 1,1,1,2,2,3,3-heptatluoro-4-octanol. The partially 
tluorinated olefin and nydrocarbon were then prepared as shown by tile 
following over-all scheme. 

(l) H, ,Wynberg and A. logothetis, J. Am. Chem. Soc., ~, 1958 (1956) 

(2) s. Portnoy and H. Oisser, J. Org. Chem., 22, 17S2 (l9S7) 
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In the reductive desulfurization reaction, a amall amount 
ot 1,1,1,2,2,3,3-heptat].uoro-4-octanone waa also isolated. Attempted 
reduction ot this ketone by the Clenmensen or Woltt-Kishner reactions 
was unsucceaaful. However, the ketone was easily converted in high 
yield to the alcohol by treatment with L1Al.H4. 

• EXPERIMENTAL) 

2-Heptat].uorobumltbiophene. An ether solution ot l mole 
or tbiophene magnesium bro e was added slowly to an ether solution 
ot 1.2 moles ot heptatluorobJ}tyryl chloride and worked up in a 
maMer previously described. Distillation gave a 32% yield, b.p. 
91.5-92.1° at 32 m., nfi0 1.43186. 

Anal. Calcd. tor CaH30F7S: C, )4.29; H, 1.08; F, 47.47. 
Found: C, 34,13; H, 1,25; F, 46.85. 

The 2,4-dinitrophenyl.hydrazone, Mcrystallized from an 
alcohol-water mixture, melted at 90,2-90,8°. 

1~1112t2~313-Heptatluoro-4-octanol. 2-Heptafiuoro­
butyrylthio ene2 g., o.d9 mole), 250 g. Raney nicke14 and 900 ml. 
of 95% alcohol were stirred and refluxed tor ·16 hr. The alcohol was 
decanted am the nickel waa washed w1 th alcohol and ether. The 
solvents were distilled ott, the remaining liquid dried overnight 
over anhydrous Na2S°4 and filtered. 

(3) All temperature readings are uncorrected. The analyses wel'e 
carried out by Wyanel Laboratories, H11l.adelphia, Penna, and by 
Schwarzkopf Microanalytical Laboratory, Woodside., N. Y. 

(4) R. Mozingo, Organic Synthesis, Coll. Vol. III, E. C. Horning ed., 
J. Wiley and Sons, Inc., New York., 1955., p. 181 
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Fractionation gave 1~~11,2,2,3,3-heptat].uoro-4-ootanol (9.S g., la%) 
b.p. J.48.l-J.48.6°, nt,-7 l,)4Wo. 

Anal. Cal.ad. tor Caff]_1~2: c, 37.Sl; H, 4.33J P, S]..92. 
Found: c, 38.31; H, 4.64; r, S2.b5. 

There was al.10 isolated a small amount ot 11,1 f,2,3,3-
heptat].uoro-4-octanone (l.O g., J,_C), b.p. 119.7.121.3&, ~ 1.326, 
aemicarbazone 92.4.9S.3°.The1e values correspond to that fO\IM in 
the literature.5 

1111112121313-He~uoro-4-octene. PhoapboJ'\ll pentoxlde 
(S6.8 g., 6.4 mole) waa p.ticin a 500 mi. flask and to this was 
added 1,1,1,2,2,3,3-hept,atluoro-4-octanol (102.S g., 0.4 1110le). The 
Jl.xture was distilled and the •terial from S9-124° collected. The 
distillate was washed v:l.th S% NaHC03 until slightly alkaline am then 
washed twice v:l.th distilled water. The ccmbined waabings were 
extracted once with ether. The ether-distillate solution was dried 
overnight over anhJdroua Na2S°4, tiltered, and stripped ot solvent. 
Fractionation through a 3 in. column with 1/8 in. helices gave 
1,1,1,2,2,3,3-hept;atluoro-4-octene (2S.4 g., 27%), b.p. lOS.3-106.2°, 
r?,S 1,32980. Int'rared spectra (max. at s.9814) confirmed. the olefin. 

(.5) K. T. DJ.shirt and R. IAm.ne, J. Am. Chem. Soc.,~' 2268 (19S6) 
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DYNAMIC SIMULATOR 

F. PRADRO 
U.S. ARMY ORDNANCE TANJ<-AUTOMOTIVE COMMAND 

DETROIT, MICHIGAN 

INTRODUCTION 

Recently much effort has been devoted to the 
study of shock and vibration effects upon military vehi­
cles. Particular attention has centered in two areas: 

I. Study of vehicle suspension systems. 

II. Vehicle reaction to gun recoil forces. 

This document presents the results of research 
in each of these fields. 

Program activity involved various engineering 
sciences, including mathematics, computer techniques and 
motion simulation. Within the framework of each element, 
specific knowhCM was developed and ioined together. The 
resulting product was a new engineering capability, now in 
use at the Ordnance Tank-Automotive Command in Detroit. 

The scope of suspension work considered a full 
range of environmental conditions that were deemed pa;s.ible 
and worthy of study. The operational modes reviewed began 
with highway travel and extended to plowing over rough 
terrain, as shown in FIG. 1. 
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FI G. l . Truck , l Ton, 8x8 , XM -3 8 

The study of veh icle fi1ing stability treated 
design criteria in a similar unrestri c ted fashion. Chas ­
sis dynami cs wer e assumed to generate from either recoil ­
e ss r ifle ac tion or lar ge c a libe r c ann on shots as exhib i t­
ed in FIG. 2. 

FIG.2. Self Propelled Artillery, T-236 
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OBJECTIVE 

This research was fostered by OTAC to move Army 
vehicle design capability forward to bolster the 1961 
state of knowhow and provide necessary preparedness for 
new technical requirements. 

The underlying interest that launched the pro­
gram emergen from the disturbing awareness that the value 
of military equipment can be a very temporary condition, 
since design supremacy is continually challenged by foreiJn 
competition. First place is a precarious position that 
is only maintained by moving ahead. Progress, however, 
depends upon knowhow for knowhow is a blend of two items, 
theory and experience. Theory provides the technical un­
derstanding to do a job and experience develops the mech­
anical ability to bring about the desired result. 

The function of theory is not simply a long hair 
study of fundamentals. In the proper mode the primary 
attribute of theoretical activity is development of syste• 
atic thinking, to explore new subjects profitably. This 
contribution is vital, for insight is developed to release 
new ideas keeping experience flexible and free from de­
cay. Thus, the science describing military vehicle devel­
opment must remain in the area of experience: however, it 
should also be periodically refreshed. 

Ti1e subject research, (1) Suspension Design and 
(2) Firing Stability Analysis, are two elements of vehicle 
design that are perennials, both may be described as 
''tough nuts" for each is conspicuous by continuous appear­
ance in new design programs. Individually they present 
difficult problems to vehicle engineers with many inter­
laced variables. The magnitude of each task has produced 
experts and design specialists. These peQple, however, 
are not medicine men who are able to consistently generate 
successful answers. They are merely endowed with creativ­
ity, producing practical approaches based on past exper­
ience or new research. Consequently, knowledge of suspen­
sion and stability analysis needs new technical substance 
to make the job of arriving at correct solutions easier 
for design practitioners. This required technical input 
is not readily filled. Growth is not automatic. Without 
a painted stimulus, engineering areas such as these 
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normally exhibit slow expansion. 

Accordingly, Research management at the Ordnance 
Tank-Automotive Co!Mland felt that suspension and firing 
stability dynamic studies should not remain in this class, 
for new capability was continually in demand. Techniques 
were needed to predict and simulate the performance of 
vehicle dynamics, both analytically and in the physical 
form. '!Wo method representation was felt to be necessary 
for maximum engineering usefulness: An analytical option 
for opportune technical analysis and physical simulation 
to pretest designs before release from the drafting board. 

APPROACH 

The directed attainment of these objectives was 
channeled into a three phase pattern: 

First was the usual problem analysis activ­
ity to clarify problem details, so that the solution would 
not fail to fill the bill. 

Next came the search and research phase to 
establish facts and technical evidence upon which to base 
solutions. 

Then came exercise and application of the 
resulting techniques. 

Suspension Analysis: 

The three point approach was initially applied 
to the Suspension System work. Suspension systems of mil­
itary vehicles were considered to have design importance 
for one reason, mainly to dissipate, without objectionable 
reaction, the destructive kinetic energy forces that de­
velop between a moving vehicle and the road surface. The 
reactions studied were impact forces causing structure 
oscillation and component vibration. 
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FIG.3. Block Diagram Vehicle Suspension 

Vehicle motions were resolved into pitch, bounce 
and roll components. Equations were derived from typical 
schematic diagrams of vehicle mabs distribution, spring 
rates and damping characteristics, as follows: 

.. 
Hull Bounce Acceleration (y): 

Vertical acceleration of the vehicle hull is in­
fluenced by spring forces, shock absorber damping forces 
and the sprung weight of the vehicle • 

.. 
y = - kl (y1 - Ywl) - k2 (y2 - Yw2) 

Mo Mo 

- k3 (y3 - Yw3) - k4 (y4 - Yw4) 
Mo Mo 

- k5 (y5 - Yws) - D1 (y1 - Yw1) 
Mo Mo 

- D5 (ys - Yws) + g 
Mo 
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Hull Pitch Acceleration (V): 

The angular pitch acceleration is proportional 
to the torques about the e.g. due to spring forces, damp­
ing forces and the polar moment of inertia of the sprung 
weight. 

•• 
(y1 - Ywl) - k2l2 (y2 - Yw2) 9 = - k1l1 

--r;- --r;-
- k3l3 (y3 - YwJ) + k4l4 (y4 - Yw4) 

-Jo -ro-
+ k5l5 (y5 - Yws) - D111 (y1 - Yw1) 

-ro- Jo 
+ D515 (y5 - Yws) 
Jo 

•• Bounce Acceleration of Road Wheels (yw): 

Vertical acceleration is dependent upon the 
spring and damping force of the tire, the spring and 
shock absorber force of the suspension and the weight of 
the wheels. 

Ywl = - kw1 (Ywl - a1) - Dwl (Ywl - a1) 
Mwl Mwl 

+ k1 (y1 - Yw1) + D1 (y1 - Ywl> + g 
Mwl 1'\.,l 

Bounce Displacement of the Hull (y): 

The vertical displacement of the hull over each 
wheel is equal to the displacement of the center of grav­
ity plus the horizontal distance to the center of gravity 
times the sine of the pitch angle. 

Yl =Yo+ 11 sin Q 

Bounce Velocity of the Hull (v): 

Th-e vertical velocity of the hull over each 
wheel is equal to the vertical velocity of the center of 
gravity plus the horizontal distance from the center of 
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gravity times the sine of the pitch angular velocity. 

Yl = Yo + l . sin g 

Generation of Road Profile : 

The ability to genE.~rate a road profile or terrain 
condition vras fou nd to be as neces sary for realistic com­
puter simulation studies as wr iting the equations of be­
havior. 

The technique developed for this purpose is 
unique, the road data that is presented to each vehicle 
wheel is generated on a digital computer. The computer 
stores the road elevation increments , selects what eleva­
tion each wheel requires at a particular time, and gener­
ates the time between each i ncrement of elevation. Data 
i~ converted from the d igital form into equivalent analog 
form by a D-A Converter. One conversion per each vehicle 
wheel is necessary. This information then serves as an 
input to an Analog c omputer suspension system simulation . 

FIG.4. Generation of Road Profiles 

Example, FIG.5. illustrates the systems flexi­
bility to construct different roads or terrain contours. 
OTAC's road profile library consists of the Perryman ran­
dom cross country terrain located at the Army Ordnance 
Proving Grounds in Aberdeen, Maryland; the Aberdeen 
Belgium Block Course, a Ft . Knox tank cross country trail 
and any form of sine or square wave profile. 
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produced: 
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FIG.S. Road Profiles 

At this point, the suspension research program 

1. Mathematical model of suspension systems. 

2. Terrain profile generation techniques. 

3. Analog computer simulation procedure. 

4. Visual (oscilloscope) display of com­
puter results • 

. These products, while appearing to present a 
completely suitable design tool, were not very well re­
ceived. Designers using the system for a first time in­
variably brought forth scepticism. Results of suspension 
studies were not effectively communicated although they 
were tendered in three forms - graphical, tabulated, and 
visual. It appeared that these yardsticks were not of 
the right material to be universally appreciated by pro­
gram managers, designers, and administrative people. An­
other gage was in demand, one that would normalize the 
results so that design merits could be judged first hand, 
by each individual using the seat of the pants technique. 

Simulator: 

The answer was this simulator: 

\ 
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FIG . 6 . imulator 

Perhaps the most signif i cant claim that can be 
broadcast for the simulator , at this time , is that it will 
make possible performance trials of designs pr ior to 
building of a design. In • some instances it i s the only 
economical approach , considering time and cost, particu­
larly , where a suspension requirement is be ing i nvestiga­
ted by many alternatives. 

The simulator is a high ampl i tude, hydraulically 
driven and electronically controlled device. It is cap­
able of producing four different degrees of motion, either 
individually or collectively. 

Excursion and Acceleration Rates: 

Motion Max.Tot. Trave l Max.Frequency Acceleration 

Bqunce 
Roll 
Pitch 
Yaw 

3 ft 
40 deg 
40 deg 
20 deg 

Firing Stability: 

10 cps 
10 cps 
10 cps 

3 cps 

2 g's 
30 radians/sec2 

30 radians/sec2 
15 radians/ sec2 

The simulator was also used to simulate the dyn­
amics of firing stability. This program began when it 
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was recognized that military characteristi sand design 
requirements of combat veh'cles placed increased emphasis 
on the need for mountjng large caliber weapons on chass is 
of reduced weight and decreased size. The starting cue 
was very for ceably observed in the M56 90mm , elf­
Propelled vehicl . 

FIG.7. Self-Propelled Artillery - 56 

In keeping wjth this indicated trend it was 
necessary to establish , with greater accuracy, the sta­
bil ity of contemplated designs prior to extensive proto­
type development. 

The characteristic motions of chass is movement 
were analyzed and equations were developed for each, by 
application of Newton' s laws . 

FIG.8. Tank Schematic Diagrams 
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Equations: 

' 
Longitudinal Translation: 
Gun Force+ Ground Frictional Force= Mass x Acceleration 

Fgx + Ffx = m (x-y 8z + z8y) 

Lateral Translation: 
Gun Force+ Ground Frictional Force= Mass x Acceleration 

•• • • • • Fgy + Ffy = m (y-z ex+ x8z) 

Bounce: 
Gun Force - sprung Weight+ suspension Forces 

F w c z + nC N1· gz s z i = 1 
= Mass x Acceleration 
= m (z-x ey + yex) 

Roll: 
Gun Moment+ Ground Frictional Moment+ SUspensional 
-zFgy + yFgz + (z + zo) Ffycyy + ~~ NiYi 

Moment= Angular Acceleration x Moment of Inertia 
•• •• • • • • 

= exix - ezixz + (Iz-Iy) eyez-Ixzixiy 

Pitch: 
Gun Moment - Ground Frictional Moment - suspensional 
-xFgz + zFgx - (z + zo) FfxCxX - ~~ NiXi 

Moment= Angular Acceleration x Moment of Inertia 
= 9yly + 9x9z (Ix-Iz) + (9~ - 9~) Ixz 

Yaw: 
Gun Moment+ Ground Frictional Moments , 
-yFgx + xFgy+ ~L. xi Ffiy cyy ~Ly i Ffix cxX 

1 = 1 1 =l 
= Angular Acceleration x Moment of Inertia 

ee ee e II e e 

= 8ziz - 9zlxz + (Iy-Ix) 9x9y + Ixz 9y8z 

FIG.9. Firing Stability Equations 
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Th e de r i ved Stability quations were for weapon 
sys t ems free to move in three degrees of angular freedom­
roll, pitch and yaw, and three degrees of translational 
freedom - fore and aft movement, bounce and lateral slip. 
These equations define the motion of the vehicle, as ef­
fect ed by interrelated f actors of gun firi ng fo rce , grav­
ity1~errain i nfluence , and the resisting forces of the 
veh icle suspension. 

The dynamics of firing stability are usually cal­
culated on a Digital computer and printed out in tabular 
form. However , when this program is used in conjunction 
with the simulator , the results are stored in computer 
memory for immediate release to the simulator. The physi­
cal arrangement of the simulator permits the occupant to 
fire any weapon by merely pulling the usual trigger. The 
command to fire is completely controlled by the man in 
the seat . 

Sighting Firing 

FIG.10. Simulator, Firing Impulse Loop 

The response to firing impulses and ride motions 
in the simulator were many and varied. One persistent 
comment was negative. People using the seat complained 
about ' the environment. They did not like the laboratory 
surroundings, because they were unrealistic. The "out of 
doors" atmosphere which is common to suspension and firing 
stability work was missing . 

To compensate for this a visual display was 
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created providing a 180 degree f ie l d of view horizontally 
and 48 degrees in th8 vertical plane. A 35mm motion pic­
ture format was used to produce a 11 three screen 11 presen­
tation. Thi s method wa s s elected , based upon successful 
tryouts of a unique proj ection system, developed and 
tailored t o the simu l ator . 

Left 

Front 
Pro jector 

.. .1imulator 

Right 
Projector 

FIG.11. Visual Display uystem 

The activity scene is pho t ographed by three 
cameras and backprojected to the subject in the simul at or 
by three synchronized-interlocked projectors . This system 
presents to the observer a scene that compares favo r ably 
to a view from within a combat vehicle. 

FIG . 12 . Visual Display 
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SUMMARY 

The design i mplement created by this combined 
research task consists of five alloyed ingredients: 

I . Equations of motion describing suspension 
system dynamics. 

II. An original mathematical model of combat 
vehicle firing stability performance. 

III. A versatile advanced technique for genera­
ting "real" random terrain contour s . 

IV. A 11 four degree of freedom II motion simulator 
machine. 

V. A unique "three screen" visual display 
system. 

The combination of these items permits investi­
gation of suspension and firing stability characteristics 
without the use of physical units of the design itself . 
Designs may be varied easily; best combinations can be 
probed without expensive test rigs and test time expendi­
tures. Vehicle design alternatives , variations and com­
promises, may be sorted to limit full scale work to the 
most promising configurations. 

INFORMATION 
DATA SOURCE 

DEVELOPMENT 
RESEARCH 
NEW APPLICATIO N 

HIGH SPEED 
COMPUTER 
STUDIES 

FIG.13. 

---

Integrated System 
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THERMAL DBCOOOSITION OF WD 
AZIDB IN VARIOUS BNVIB.ONMBNTS 

BRUNO RIITZNEB., JAMBS E. ABEL & J.V. RICHARD KAUFMAN 
EXPLOSIVES RESEARCH SECTION, PICATINNY ARSENAL 

DOVER, NEW JBRSIY 

The thermal decomposition of metal azides including lead azide, 
under vacuum, proceeds at a very slow rate during the induction 
period. Thereafter, the reaction rate increases sharply to a point 
where about half of the material is decomposed, and gradually de• 
creases again until all of the material is consumed. By plotting the 
fraction of the material decomposed ( ~ ) against time, sigmoid 
shaped decomposition curves are obtained. Reactions of thfs type 
have been studied, especially by Garner and his co-workers -4 who 
classified them as autocatalytic reactions where the product (in the 
case of lead azide metallic lead) is the catalyst. This assumption 
of an autocatalytic mechanism can be further extended to include the 
behavior at higher temperatures where, after a specific induction 
period, the reaction becomes very fast and results in a detonation. 

In view of these assumptions, it seemed of interest to study the 
decomposition and ignition of lead azide by influencing the auto• 
catalytic substances. Specifically, one should be able to inhibit 
the reaction by destroying the catalyst as soon as it is formed or 
enhance it by adding an external catalyst to the undecomposed nat:erial. 
To verify these assumptions, a program was worked out which included 
the following points: 

a. The investigation of the eff~ct of small amounts of water on 
the slow isothermal decomposition under atmospheric nitrogen and 
vacuum. 

b. The investigation of the effect of small amounts of dry 
oxygen and of dry nitrogen containing iodine vapor on the slow de• 
composition at atmospheric pressure. 

c. A comparison of the ignition behavior under vacuum and air. 

d. The investigation of the effect of small amounts of metallic 
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silver on both the slow decomposition in vacuum and ignition in air, 

The material used was colloidal lead azide with an average particle 
size of 7 )(. The cationic flll)urities were leas than 0,11, The 
amount of water (either adsorbed, inclosed or in a surface layer of 
hydrated basic lead azide) was approximately 0,2 - 0,31, 

1. The effect of small amounts of water on the slow isothermal 
decomposition under atmospheric nitrogen and vacuum.-The apparatus 
for carrying out slow decompositions under atmospheric nitrogen is 
shown in Pig. 1. It consisted essentially of a reaction vessel im• 
mersed in a liquid metal bath and a burette for collecting the 
gaseous decomposition products. The reaction vessel was filled with 
50 qs of Pb(N3)2, flushed with dry nitrogen while the outlet tube 
was iumersed in the displacement liquid, and sealed. The water vapor 
pressure over the lead azide was controlled by the displacement 
liquids (H2S04 and H3P04 of various concentrations, dilute NaOH). 
The sealed vessel was illlnersed in the liquid metal bath, and the 
gaseous decomposition products were measured in the burette. The 
reaction temperature was set at 240°C because an explosion had oc• 
curred at 250°C. 

Experiments under vacuum were carried out under static con• 
ditions by determining the total pressure as a function of time. The 
vacuum system consisted of a 4•liter bulb for collecting the gases, 
a Pirani gauge, a vertical sample tube (4 DID dia.) containing about 
5 ~s of lead azide, and a cold trap. The system was pumped down to 
less than 5 x 10-5 torr and the stopcock to the pumps closed. The 
glass tube·was then inmersed in a metal bath set at 240°C. To study 
the effect of water, advantage was taken of the fact that lead azide 
contained small amounts of water which were released shortly after 
the lead azide was heated. By attaching a liquid nitrogen Dewar to 
the trap, the water could be frozen out which provided a method for 
comparing the decomposition curves with and without water. 

The results of the experiments under atmospheric nitrqgen as 
well as under vacuum are described elsewhere in more detai1(5,6J. 
Only the most significant data are presented here. Figure 2 shows 
the decomposition curves (fractional decomposition ..C.versus time) at 
240°C. Curve 1 was obtained under dry atmospheric nitrogen using 
concentrated sulfuric acid as the displacement liquid. Por Curve 2, 
a dilute sulfuric acid (spec gravity 1.513, PH20-3.7 was used as the 
displacement liquid. Curves 3 and 4 were obtained under vacuum with 
and without the liquid nitrogen trap, respectively. The curves show 
that when the water i1 removed either by absorption in the concen• 
trated sulfuric acid or by condensation in the liquid nitrogen trap, 
the induction times become shorter. 

As a result of the removal of water, the maximum reaction 
rate under vacuum becomes so great as to even result in an explosion. 
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With water present th- maximum rate is 2.08 10·2 min•l. Under nitro• 
gen the maximum reaction rates are 2.1S for Curve 1 and 2.S x 10-2 
min·1 for Curve 2. It has to be mentioned that water driven out of 
the lead azide is in contact with the lead azide and a hydrolysis 
equilibrium between water and hydrogen azide is established. Hydro• 
gen azide has been found by mass spectrography of the gas sample. 
The mechanism of the inhibition of the reaction 

(1) 

can now be explained in the following manner: When the lead azide 
is heated, the water is released and the hydrolysis equilibrium is 
established. Both water and hydrogen azide can now react with the 
active lead nuclei formed by thermal excitation according to -

Pb + 2HN3 ~ Pb(N3h + H2 

Pb+ H20 ~Pb0 + H2 

(2) 

(3) 

Both reactions result in the consumption of the metallic lead. Pb0, 
as f~rmed by reaction (3), is not stable with excess lead azide and 
is converted into basic lead azide Pb(N3)2•Pb0. 

Experiments made under atmospheric nitrogen using displace-
ment liquids with a higher water vapor pressure resulted in a 
complete suppression of the autocatalytic reaction as shown in Fig. 3. 
Curve 1 was obtained under a water vapor pressure of 8.9 Dill Hg, 
Curve 2 under 21.7 Dill Hg. The displacement liquids consisted of 
diluted phosphoric acid of a specific gravity of 1.511 g/cc and 1.153 
g/cc. There exists a proportionality between the reaction •rate and 
the water vapor pressure. This proportionality is mainly due to a 
side reaction, namely the thermal decomposition of hydrogen azide 
formed by hydrolysis of lead azide. Hydrogen azide is decomposed 
into nitrogen and atllllOnia which reacts with excess hydrogen azide to 
form anmonium azide. The equation for this reaction is: 

(4) 

Ammonium azide has been found as a sublimate in the colder portion 
of the outlet tube in weighable amounts. 

The proportionality between reaction rate and water vapor pres• 
sure is no longer maintained when a sodium hydroxide solution is used 
as the displacement liquid because the alkaline solution absorbs a 
large portion of the hydrogen azide and reduces its concentration in 
the gas phase. The nitrogen evolution according to eq. (4) becomes, 
therefore, less. This is exemplified by Curve 3 which represents the 
data which were obtained with a sodium hydroxide solution having a 
water vapor pressure of 23.0 mm Hg. If the gas evolution were not 
due to the decomposition of hydrogen azide, Curve 3 should have a 
greater slope than Curve 2. 
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Now the question arises how much of the nitrogen evolution 
is due to reaction (4) and how much to the decomposition of lead 
azide which now is no longer catalyzed by metallic lead. By determin• 
ing the amount of amnonium azide, the amount of nitrogen formed 
according to eq. 4 could be calculated. Subtracting this value from 
the final values of the gross decomposition curves and taking further 
into account the hydrogen evolution resulting from the destruction of 
the lead nuclei by water or hydrogen azide (eqs. 2 and 3) we obtain 
the final nitrogen values due to the non-catalytic initial reaction. 
Connecting these points to the origin, which is, of course, somewhat 
arbitrary, we obtain the dotted line 4 the slope of which corresponds 
to a reaction rate of 0.6 x 10-6 min•l. This is approximately 1/30/X)O 
of the maximum rate of the autocatalytic reaction. 

The hydrolysis products of lead azide are two basic lead 
azides. These compounds can be obtained by heating lead azide in air 
having the us9al humidity (7) or by reacting PbN6 with Pb0 in evacu• 
ated vessels \8). From these experiments, the formulas of the basic 
lead azides have been tentatively established to be PbN6•Pb0 and 
2 PbN6•5Pb0. 

2. The ef feet of dry oxxgen and of dry nitrogen containing small 
amounts of iodine vapor on the slow decomposition.-The apparatus for 
performing these experiments is shown in Fig. 4. Lead azide and 
iodine were placed in separate compartments of the reaction tube. 
Oven 1 was used to heat the lead azide and oven 2 was used to heat 
the iodine so as to create a defined vapor pressure. The cold tube 
was flushed with dry nitrogen while the outlet was iumersed in con• 
centrated sulfuric acid so as to exclude water. The gases formed 
during decomposition were collected in a bas burette. The same ar­
rangement was used for comparison tests under dry oxygen and dry 
nitrogen which were carried out without iodine. The reaction temper­
ature in all cases was 230°; the amount of lead azide was 50 ~s; the 
vapor pressure of the iodine was set at 2.16 U1D by heating oven 2 to 
50°C. The decomposition curves are shown in Fig. 5. Curve 1 repre­
sents the data obtained under dry nitrogen. The curve resembles 
Curve 1 of Fig. 2 obtained at 240° under dry nitrogen. It shows an 
induction period of approximately 30 hours and a maximum rate of 
1.65 x 10·2 min·1• Curve 2 obtained under oxygen shows a marked in­
crease in the induction period (410 hrs). The maximum reaction rate 
was substantially the same as under dry nitrogen. The long induction 
period shows that the autocatalytic reaction is inhibited by the 
oxygen. Gradually the oxygen in the tube will be consumed by reactim 
with the lead nuclei and finally the autc•.;atalytic ,·eaction will no 
longer be inhibited. The reaction rate ·· :-ing the induction period 
was found to l- ._ 1. 1 x 10-6 mil'.· which L smaller by a factor of 104 
than the mal'::imum rate under dry nitrogeT,. This is in agreement with 
the results ·~scribed in the first chapter. When lead azide is de­
compo~ed un<l~r nittog~n containing iodine vapor (Curve 3), the 
autoc.:atalydc reactio1· is · n~ ~ · ... r ~e suppressed. Ingtead of a sigmoid 
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type decomposition curve, a stra~ht line is observed. The rate of 
the reaction is 4.54 x 10-4 min•l which is amaller by a factor of 30 
than the maximum rate under dry nitrogen, It show• that the iodine 
likewise destroys the lead nuclei, However, if this WQuld be the 
only effect, we should expect a rate similar to that found under 
oxygen during the induction period. We, therefore, have to assume 
that the iodine not only reacts with the lead nuclei formed by thermal 
excitation, but also with the azide group. The linearity of Curve 3 
which suggests a zero order reaction can be explained by the 
assumption that the rate determining step is the diffusion of the 
iodine from the reservoir to the lead azide, The final solid de• 
composition product in the last case was lead iodide. 

3. A comparison of the ignition behavior of lead azide under 
vacuum and air. •The ignition times 't as a function of the tempera• 
ture were determined with an ignition apparatus which consisted of a 
hot plate enclosed in a vacuum bell jar. A multi-shot dropping mech• 
anism was used to drop about 50 samples of lead azide (average weight 
1.1 ± 0,1 ng) on the hot plate without breaking the vacuum, When the 
sample was dropped on the hot plate a light beam focussed across the 
hot plate to a photomultiplier was interrupted which triggered a 
timing mechanism. The light flash emitted by the explosion caused a 
change in the voltage output of the photomultiplier tube which was 
used to stop the timer. The same apparatus could be used for experi• 
ments in air. The apparatus will be described in more detail in a 
forthcoming publication. 

Work with this apparatus has been started only recently, and 
the data are not yet complete. The data already obtained show that 
the ignition curves in air are cut off at a temperature of about 380°C, 
Below this temperature the material does not ignite any more and is 
converted into the second basic lead azide which has a minimum ig• 
nition temperature of more than 500°C, In vacuum, however, the curve 
could be extended towards lower temperatures, So far, we have made 
measurements down to 355°C, but did not yet attempt to go lower. 
According to Curve 3 of Fig. 2 which was obtained with 5 ng, of lead 
azide it is apparent that we can go down as far as 240°C, The ex• 
planation for this is the same as given before. Below a certain 
temperature, the rate of lead nucleus formation is too low as to over­
come the rate by which they are oxidized, and the autoca~alytic 
reaction which leads to explosion cannot develop. The minimum ig• 
nition temperature of 38U°C in air does not agree with the results of 
other workers who found a value of about 350°C. The reason for this 
discrepancy lies in the fact that we used samples containing only 1mg. 
of lead azide as compared to 10 to 20 mg. used by previous authors. 
We, therefore, have a higher bulk surface-mass ratio which facili• 
tates the oxidation of the lead nuclei even if they are formed at a 
higher rate. An investigation of the mass effect is under way. 
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4. The ef feet of 1111all amounts of s 11 ver on the slow decompo• 
sition of lead azide in vacuum and on the ignition in air.•For the 
following experiments the vacuum system and the ignition apparatus 
described earlier were used. Silver was deposited on the lead azide 
by reducing a methanol-water solution of silver nitrate in which lead 
azide was suspended by means of hydrazine hydrate. 

The early stages of the decomposition curves in vacuum at 
240°C are shown in Fig. 6. The curve• which represent the initial 
stage of the decomposition were obtained by condensing the outcoming 
water-hydrogen azide mixture by means of a liquid nitrogen trap. 
Curves 1 and 2 show the decomposition of lead azide coated with 1.0 
and 10.0 atom 1 of silver, respectively. Curve 3 shows the behavior 
of untreated lead azide, and curve 4 of lead azide treated with by• 
drazine hydrate alone. It can be seen that the induction period is 
reduced by the addition of silver as compared with that of the un• 
treated lead azide. The treatment with hydrazine hydrate alone does 
not produce any accelerating effect. These experiments were supple­
mented by ignition tests in air. Figure 7 shows the ignition times 
't; at various temperatures plotted against the percentage of silver. 
The ignition times were decreased with small amounts of silver 
(miniDIJDl at about 1.0 at -1). At higher concentration, the silver 
acts as a beat sink causing. the ignition time to rise again. 

Conclusions 

It can be concluded from the present experiments that re­
agents capable of reacting with lead such as water, hydrogen azide, 
oxygen and.iodine increase the induction period of the autocatalytic 
decomposition of lead azide. On the other hand, the presence of a 
metal (it does not have to be lead) enhances the decomposition and 
ignition by its catalytic action. It is planned to use other metal 
azides for studying these environmental effects so as to be able to 
generalize the conclusion that oxydizing agents which are capable of 
reacting with the metal nuclei formed by thermal excitation are like• 
wise capable of suppressing the reaction. Even with the present 
results we feel that we can contribute some facts _to the theory of 
auto-accelerated reactions. Two views are currently discussed: 
Semenoff (9) assumes that the intermediate products formed during 
the first stage of the reaction activate neighboring molecules at the 
cost of energy liberated during the decomposition thus promoting the 
development of a chain. These int,niediate products and not the final 
products act as catalysts. Garner\JJ, however, assumes that the final 
product, in the case of metal azides the corresponding metal, is the 
catalyst. The results of the present experiments can be much easier 
explained by Garner's theory. Suppose the active species is some sort 
of a germ nucleus (this term may include F•centers or colloidal metal) 
then its reaction with oxygen or iodine should release additional 
energy with the result that the adjacent molecules should be activated 
to a larger extent and the reaction should be accelerated. This, 
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however, ia not the case, Likewise, the catalytic effect of an ex­
ternally deposited metal which ia not present in an active form can 
be better explained according to Garner's theory. 
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THE SIGNIFICANCE OF SPECTROSCOPICALLY 
DETERMINED PLASMA JET TEMPERATURES 

T. Ci. ROBER TS 
U.S.ARMY ORDNANCE MISSILE COMMAND 

REDSTONE ARSENAL, ALABAMA 

The measurement of plasma temperatures is of consider­
able practical importance and much effort has been expended by 
many investigators to develop and improve techniques for the deter­
mination of plasma temperatures. Several excellent review papers 
(1 ... 3) have appeared in the recent literature and that of Margenau 
and Lewis (4) is particularly noteworthy. In spite oi (or perhaps 
because of) this effort, there exists considerable confusion regard­
ing these temperatures. It is important to recognize that the word 
"temperature" may have many different meanings which depend on 
the nature of the system under study and the methods used to deter­
mine these temperatures. 

If a source is in thermal equilibrium, then the problem of 
temperature determination is straightforward, and any of the equa­
tions used to define temperature can be used to calculate the value 
of the temperature. Each calculation in this case would lead to the 
same number for the temperature no matter which method is used. 
However, thermal equilibrium conditions are rarely found in plasma 
generated in laboratories and the concept of temperature in a plasma 
is complicated by departures from thermal equilibrium (9). It 
should be remembered that in the derivation of these equations the 
Maxwell-Boltzmann statistics are used and it is assumed that the 
coupling between the different degrees of freedom is such that the 
equipartition of energy holds. 

An isolated-system which emits continuous radiation or 
spectral lines can not be truely in thermal equilibrium since the 
principle of detail balancing does not hold because of the escaping 
radiation. It often happens that the departures from equilibrium 
are such that the various degrees of freedom have different temper-
atures, i.e. the equipartition of energy does not hold, but the 
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energy within one or more degrees of freedom is distributed in 
accordance with Maxwell-Boltzmann statistics. This result is 
typical of most plasma jets. In this type of system the temperature 
has no real meaning and the fundamental question of energy distri­
bution must be answered directly. A temperature number is some­
thing that is useful only within the limits of its definition. If a 
temperature can be defined so as to give the velocity distribution of 
some constituent of the plasma the populati'ons of the rotational 
energy levels, the vibrational energy levels, or the atomic energy 
levels, or to give the power radiated per unit frequency, the power 
radiated in the form of bremsstrahlung, or the total power radiated 
per unit surface area, then it is a useful parameter. But, if temper­
ature does none of these things then we must forget temperature 
and try to describe the system in terms of density, pressure and 
enthalpy or try to find a distribution function which can be used • 

This complex nature of nonequilibrium systems has lead to 
many different "temperatures" which are in use today. It is the 
purpose of this report to explain the significance of these tempera­
tures in a semi-qualitative manner by giving a brief review of the 
formulas which may be used to define temperature in the case of 
thermal equilibrium. The manner in which these formulas are used 
to define the various temperatures of a plasma which is not suffici­
ently in equilibrium for the different degrees of freedom to be 
coupled will also be shown. Examples of three of the techniques 
will be given utilizing measurements from the AOMC carbon elec­
trode plasma jet. 

Two limiting cases will be considered for systems which 
are in equilibrium and for systems which are not in equilibrium. 
These cases are: 1) the plasma is "optically thick", spatially homo­
geneous, and in a steady state, and Z),the plasma is spatially homo­
geneous and in a steady state, but is "optically thin". It is only 
necessary to consider optical radiation to clarify the meaning of the 
different temperatures used in plaEZma physics. Two basic methods 
which may be utilized are to make measurements on the radiation 
emitted by and absorbed by plasmas. The problem can be further 
simplified by considering only the case of emitted radiation. 
Measurements on the emitted radiation from plasmas can be used 
to identify the atomic species present in the plasma, to estimate 
the temperatures of the plasma, and under certain conditions to 
estimate the ion or electron density. These measurements, of 
course, possess the unique advantage of permitting estimates of 
these parameters without disturbing the plasma under study. It is 
not generally possible however, to make a point by point tempera­
ture exploration of a spatially inhomogeneous plasma by the measure­
ment of the emitted radiation. 
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EQUILIBRIUM PLASMAS - A. Optically Thick: When the 
plasma is spatially homogeneous in a steady state, and is "optically 
thick", the emitted radiation is given by Planck1s Law 

U(11)d11 • t:ZhZ3 
[ C2(exp h11/kT-l) r1 dv (1 

where U{11) is the radiation density in ergs/cm2
, II the frequency, e 

the emiaaivity, and the other symbols have their usual meaning. For 
a black body, e• l; for a gray body, e• a constant <l; but for most 
substances the emiaaivity is a function of both II and T; i.e. , 
t:•t:(11, T). 

Integration of equation (1 over all frequencies for a black 
body given Stefan-Boltzmans Law: E • aT4 

E: aT4 

where E is the total enerfy radiated per unit surface area of the 
source and a • 5. 67 X 10 erg cm·2sec·1 deg·'. 

(Z 

For low frequencies {h11/kT<<l), the Rayliegh-Jeans approx­
imation to Planck's Law is obtained: 

U(11)dv • ZurkTdv/C2 

Fer high frequencies [exp (h11/kT)>>l] Wein1s approximation to 
Planck's Law applies: 

Wein1s displacement law results from the frequency of maximum 
radiation: 

(3 

(4 

(5 

B. Optically Thin: For the "optically thin" source informa­
tion can be gained from the emitted radiation by use of the following 
formulas: 

The intensity of a spectral line is given by: 

with 
B = :1; gi exp (-Ei/kT) 

1 

(6 

(7 

where N is the number of atoms per cm3
, gmJ the statistical weight 

of the upper state, Emt the excitation energy of the upper state, 
Am1m" the transition probability, and B is the partition function. 
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It is not necessary to measure the absolute intensity of a given 
spectral line as the ratio of the intensities of two lines leads to: 

with 
(8 

(9 

A plot of ln(Im•m11/C1n1n11) versus the difference of the energies 
Tields a straight line with slop equal to -1/kT. Similar expressions 
can be given for the rotational and vibrational structure of the band 
spectra of molecules. 

The degree of ionization is related to the temperature 
through Saha Is equation: 

-lo 

,r 3 / 2 ( Zmek T) 3 / 2 

hs 
exp 

-X 
kt 

(10 

where Ni is the ion density, Ne the electron density, N0 the neutral 
particle density, and S is the effective ionization potential which is 
determined from the principle quantum number for which the parti­
tion function is truncated •. From equations (6 and (10, the ratio of 
the intensities of a line from the atom to a line from its ion is 
obtained. 

1n 1r," 
.f 

Im1m 11 

• 11n 'n's.An 1n "In 1 

+ + + 
llm'm"Am•m"lm' 

2(21rmekT) 3/Z X 
------ exp - _ 

N h3 
e kT 

whe!'e 11, A, g, and X are in principle obtained from spectroscopic 
tabulations and if Ne is known then T can be evaluated. 

(11 

The temperature can also be evaluated from the rate of 
energy emission per unit wavelength in the interval ~ to ~+d~ due to 
bremstrahlung as follows: 

1 

dP~ s: C1 gNel:(NiZ2)T-2 ~2exp {-hC/~kT)d~ (12 

where g is the iaunt factor which for high temperatures approaches 
the value 2 X 3I/,r and is generally taken to be unity, If ~ is 
expressed in angstrom units and T is kev then for hydrogen the 
constant C1 equals 6. 01 X 10·30

• 

Under certain conditions the temperature can be estimated 
from the Doppler broadening where the width of the line at the point 
of half maximum intensity is given by: 

1 

~U = 1. 67 (~/C)(ZkT /m)2 
2 
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where m is the molecular weight, and the constant is given for d. g. s. 
units with T in °K. In order to use equation (13 the broadening must 
be due to the Doppler effect, as will be the case if the line profile is 
gaussian. 

For every spectral line of every element there is a tem~ er­
ature at which the intensity of the line reaches a maximum. At 
higher temperatures the effect of ionization causes the intensity to 
drop off, and at lower temperatures the intensity is proportional to 
the temperature. The intensity of a spectral line is given by 
equation (6 as a ftmction of the temperature and the particle density. 
Equation (10 gives the particle density as a function of the tempera­
ture. These two equations may be solved for the intensity as a 
function of the temperature from which the temperature of maximum 
intensity may be calculated. 

NONEQUILIBRIUM PLASMAS-A. Optically Thick: When the 
plasma is spatially homogeneous, in a steady state, and is "optically 
thick" equations (1 through (5 are used to define a color temperature, 
a brightness temperature, and an effective temperature. The color 
temperature is defined as ~ temperature at which a blackbody emits 
radiation having the same ratio of radiant intensity at ~1 and ~2 as 
the source under study. The brightness temperature is defined as 
the temperature at which a blackbody would emit radiation in the 
chosen spectral range (which must be stated) of the same intensity 
as that emitted by the plasma under study. The effective tempera­
ture is defined as the temperature of a blackbody whose surface 
radiates exactly the same amount of energy per unit area as the 
plasma under study. 

B. Optically Thin: The "optically thin" case is by far the 
most interesting because it is the most often encountered, and the 
most complicated. Here, equations (6 tr.rough (13 are used to define 
excitation, rotational, vibrational, electron, ion, and kinetic temp­
eratures. 

The excitation temperature (1, 3, 5, 8, 10-15) which gives the 
populations of the atomic energy levels is defined by equations (6 
or (8. It is preferable to use equation (8 and a large number of 
lines to insure that the energy levels are populated according to 
some exponential partition function like the Maxwell-Boltzmann 
partition function. 

Rotational and vibrational temperatures (5, 8, 16-ZZ) which 
give the populations of the rotational and vibrational energy levels 
are defined by equations similar to equations {6 and (8. 

The ionization temperature (3, 5, 8, Z3, Z4) is defined by 
equations (10 or (11 and should lead to the degree of ionization. 
Ordinarily equation (11 is used and the ratio of the intensities of 
more than two pairs of lines from the atom and its ion should be 
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checked to insure that the ionization temperature measured is in 
fact proportional to the degree of ionization. For low temperature 
diatomic gases it may be convenient to define a disassociation tem­
perature which can be done using a formula similar to the Saha 
equation (25). · 

The electron temperature (3, 5, 8) which is proportional to 
the average kinetic energy of the electrons is defined by equation 
{12. Again it is preferable to take the ratio of the power radiated 
per unit wavelength in the form of bremstrahlung for two different 
regions of the spectrum such as the visual and the soft X-ray region. 

Equation '{13 is used to define the kinetic t_emperature (8, 26) 
of the atoms or ions which emit the line utilized. This method is the 
only one available for directly measuring the kinetic temperature. 

All other temperatures {5, 8, 27-30) which may be encoun­
tered in the literature such as the Na line reversal temperature etc., 
comprise one or more of the above temperatures named so as to be 
descriptive of the method of measurement. 

The temperature which is determined from the maximum 
intensity of a spectral line (5, 31-33) is the same as the excitation 
and ionization temperatures if these two are equal. Otherwise, this 
temperature is some kind of an average of the . two. 

It was mentioned that all methods of computing temperature 
give the same results for systems in thermal equilibrium. However, 
many systems are not in thermal equilibrium and the different temp­
eratures which one may measure depend upon the physical phenom­
enon which one wishes to describe. Whenever one of the above 
definitions is used to determine a temperature for a thin plasma, 
such as an excitation temperature, it is implicitly ass_µmed that the 
excitation energy is distributed among the excited states in accor­
dance with Maxwell-Boltzmann statistics. Experience has shown 
that this assumption must be verified experimentally, for abnormal 
excitation mechanisms lead to erroneous results. Also, in the 
excitation temperature measurement the sources which are generally 
encountered are neither optically thick nor optically thin. In general 
they are thin in the continuum where no lines occur and thick to the 
resonant radiation. Therefore, it is necessary to measure the self­
absorption or to correct for it in some manner, e.g. using the theory 
of Cowan and Deike (34), before the numbers obtained will be indica­
tive of the conditions within the plasma under study. 

ILLUSTRATIVE EXAMPLES: Three of the methods which 
have been used in this laboratory to measure temperatures in a 
plasma jet have been selected for the purpose of illustration. These 
methods are: (1) the two line method for determining the excitation 
temperature (35), (Z) the use of continuous radiation from an object 
in the jet stream to determine a brightness temperature (36), and 
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(3) the use of the maximum intensity of a spectral line for the deter­
mination of an excitation-ionization temperature (32, 33). 

A. The Two Line Method: An iron impurity was added to an 
argon plasma jet, It was assumed that the excitation temperature of 
the iron is the same as that of the argon so that the transition proba­
bilities of the iron lines could be computed from the formula (37): 

gn" 8Je2 

An'n" • -gn, me2 

where e is the electronic charge, c the velocity of light, and fn"n, 
is the ordinary absorption oscillator strength. The two Fe lines 
used were ~s 3902. 95A and ~• 4005, 25A The relative f values 
for these lines have been determined experimentally {38), 

Figure 1 shows this region of the spectrum, and measure­
ment of the intensities from this plate gives, through the use of 
equation {8, an excitation temperature of Tu.3902, 95-4005. 25 = 
8000°K. This temperature was measured at the center of the jet 
and at the nozzle exit when the power delivered to the jet was 13 KW. 

For this measurement, lines were chosen which were close 
together on the spectrum, and of comparable intensities. They were 
also chosen because they were weak lines which tends to minimize 
the effect of self-absorption. However, no attempt was made to 
determine whether or not the excitation temperature of the iron was 
in equilibrium with the excitation temperature of the argon. 

B. The Brightness Temperature of an Ablating Model: The 
system considered here consists of a solid immersed in a plasma 
stream flowing slightly below Mach nr. 1. The character of the 
stream is such that it will transfer about 500 watts/ cm2 to a cold 
probe at the model test position. When ablation begins, the model 
has a high surface temperature, and a sharp temperature gradient 
exists in the model. As ablation proceeds the surface moves as 
material is removed from the model. Simultaneously, there is a 
rather dense, high temperature gas envelope surrounding the model. 
This gas is a mixture of varying composition made up of the plasma 
jet gas and the evaporated materials 'from the model, 

The brightness temperature is measured spectroscopically 
by comparing the radiation from the solid model to that from. a stan­
dard tungsten lamp. The experiment was arranged so that the radia­
tion from the lamp traveled the same optical path as that from the 
model. Since the emissivity for tungsten as a function of T and ~ is 
known {39) for the temperature and spectral range used, the radia­
tion from the lamp may be corrected to that from a blackbody. 

The experimental arrangement is shown in Figure 2, 
Figure 3 shows a typical plate on which the continuum of the 
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spectrum of the model (in this case a 3/4 inch graphite hemisphere), 
the lamp spectrum, and the argon plasma jet spectrum are shown. 
Figure 4 shows densitometer traces of some of the spectra of 
Figure 3 where the numbers on the traces correspond to the number­
ed spectra of Figure 3. The densitometer traces show a peak back­
ground radiation near the 8000 angstrom position of the curve. The 
general background radiation curve is evident from the standard 
lamp tracing and the results from a composite of the lamp radiation, 
the photographic plate sensitivity, and the various attenuations in 
the optical system. Since, there was no strong band structure near 
this peak intensity on the plate, the 8000 angstrom unit region was 
selected to calibrate and measure the temperature of the ablating 
surface. 

The standard lamp was operated at various temperatures, 
and by relating these temperatures to the densitometer traces, a 
temperature could be estimated for which the plate transmission 
was the same for both the standard lamp and the model. Correction 
of this particular lamp temperature to a blackbody temperature 
gives the brightness temperature fol" the model. This procedure 
leads to 

T~ • 8000.A • 2140°K 

for the brightness temperature of the graphite model, 
C, The Temperature of Maximum Intensity: The simultan­

eous solution of Saha 1s equation {10, the equation of charge equili• 
brium, and Dalton's law of partial pressures for an argon plasma 
which behaves as an ideal gas leads to the following equation: 

(14 

which defines the condition to be satisfied at the intensity maximum 
of a spectral line, 

Figure 5 shows a graphical solution of this equation for the 
4289. 09.A argon line, The point of intersection of these two curves 
gi~es the values of dN0 /dT and N0 En, /kT2 which are equal and iden­
tifies the temperature of maximum spectral intensity, 

In this experiment, the image of the ·argon plasma was 
focused upon the entrance slit of a 3. 4 meter Ebert spectrograpt 
which has essentially no astigmatism in its optical system, This 
arrangement results in an accurate correspondence between points 
in the plasma and the spectral lines, Figure 6 shows a spectrum of 
an argon plasma jet in air, the image corresponding to a section of 
the jet 5 millimeters downstream from the nozzle. The 4289. 09A 
argon line, which is used to illustrate the data, is indicated by an 

-arrow in the figure. The apparent location of the radiation 
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maximum is easily distinguishable. 
Since Saha1s equation was used in the above calculations, the 

temperature of maximum intensity is different for different pressures. 
This effect is illustrated in Figure 7 where the temperature of maxi­
mum intensity for the first three lines of the hydrogen Balmer series 
is given as a function of the pressure. The temperature gradient in 
the plasma jet had to be such that the intensity passes through a 
maximum, because this is the only calibration point for this method. 
Other temperatures along the spectral line and therefore across the 
plasma jet must be determined relative to this one. 

It should be noted that the spectrum of Figure 6 is a one 
dimensional projection of a two dimentional cross section of the 
plasma jet. This fact however, does not influence the value of the 
temperature found for the maximum emission of a spectral line but 
does have an effect on the radial position of the determined tempera­
ture. In order to correct the radial position it is necessary to 
determine the radial distribution, I(r) of emission from the observed 
distribution, l(x). This problem has received extensive treatment 
and references 5, 8, and 40 may be consulted for details. 

CONCLUSIONS: In certain cases the electron temperature 
may be less than the ionization temperature, while the ionization 
temperature may be greater than or less than the excitation tempera­
ture. In general the effective, color, brightness, atomic excitation, 
ionization, ion, electron, and etc., temperatures are different for a 
plasma. Each of these temperatures describes a different phenom­
enon and each contributes to our information about the physical 
conditions of the plasma. 

An effort has been made to clarify the meanings of the diff­
erent temperatures used in plasma physics. To accomplish this 
clarification use has been made of the laws which govern the emitted 
radiation from sources in equilibrium. These laws have been extra­
polated to systems which are not in equilibrium by assuming that the 
energy contained in any one degree of freedom is distributed within 
this degree of freedom in accordance with Maxwell-Boltzmann 
statistics. 

Examples of the measurement of three of these temperatures 
have been included as illustrations. It has been pointed out that only 
the principles involved in the determination of these temperatures are 
stressed in this report. Before any of these measurements are made, 
the referenced literature should be consulted for details and expected 
difficulties. 
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WOUND BIALIIG, CCI.LAGBI, AID IIUNOIAL GIGffll PlUlfOTDIG AGBll'rS 

B. ROSO, C. W. BIIAID, I. r. GIIYBI, and S. M. LBYBISOR 
WAI.DI BID Am DIS'J:ITUTB or BESIARal 

WASBIIGTOR, D, C, 

The healing of a wound is a dynamic process, involving 
mechanisms, both general and unique, which manifest themselves through 
a spectacular progression of biochemical and cellular changes during 
the healing period. One of the most striking of these phenomena is 
the creation of collagen, a substance absolutely vital to the heal­
ing process; this material has constituted our major field of inter­
est in the past few years. We have attempted to approach the follow­
ing questions: What is collagen? How is it synthesized and degraded 
by the living organism? What is the role of asc9rbic acid in these 

• processes, and what is the relationship of collagen to the "ground 
substance", that material in wtiici•"'the fibers lie buried, and which 
presumably confers on them dimensional stability? 

Collagen is the fundamental structural material of the 
animal kingdom. One finds it listed in the biochemistry textbooks as 
a "acleroprotein", that is, one of those proteins including keratin 
which will dissolve in no known salt solution. It has been classi­
cally distinguished from the other members of its family by its 
unique ability to dissolve in hot water. It is now known that colla­
gen will, to a certain extent, dissolve in salt solutions, and that 
this "salt soluble" collagen is itself heterogeneous. Thus, there 
exists a•number of different collagen fractions derived from the 
parent protein macromolecule. This parent macromolecule is analagous 
to the more familiar protein-macromolecular fibers, such as silk or 
wool. 

Collagen is apparently synthesized within the fibroblast 
and extruded into the extracellular spaces, where it develops by an 
as yet unknown process or processes into the giant, macromolecular, 
banded strands called collagen. Transverse striations are character­
istic of collagen, and lie about 640 R apart in native collagen. The 
amino acids hydroxyproline and hydroylysine constitute, apparently, 
another characteristic property unique to collagen. The collagen 
macromolecule has been considered to be a very long one composed of 
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the three inextricably intertwined strands, each with repeating sub­
units of the same structure. However, it has thus far been impossible 
to isolate from the huge strands of the material a unit to which the 
term ''molecule" could be properly applied. The term "tropocollagen" 
has been assigned to a theoretical building block which supposedly 
exists in native collagen (1), and frapents of collagen have been 
visualized by the ultramicroscope, which are thought to correspond to 
"tropocollagen" (2). Thia "unit" however has never been isolated and 
remains hypothetical. 

It has been known since before 1870 (3) that collagen swells 
in dilute acetic acid, loses its fibrillar appearance, and eventually 
dissolves, in part, to yield a viscous solution. Within the last few 
years American workers have postulated that dissolved collagen should 
contain more than one species (4), and Russian investigators have 
fractionated dissolved collagen into two components (5). Attei:ipts 
at detailed examination of the chemical and physical characteristics 
of these components have been hindered by the inability to isolate 
them adequately. The techniques (6) used to fractionate those sub­
stances known coamercially as "gelatin"--collagens more or less dras­
tically treated with.acids or alkalies--do not seem satisfactory for 
this purpose. Ion exchange chromatography (7) requiring sodium 
hydroxide is drastic for the study of primary structure; as for other 
methods, Orekhovich and Shpikiter (8) found alcohol precipitation (9) 
and coacervation (10) unsatisfactory for the separation of the compo­
nents demonstrated by ultracentrifugation of solutions of collagen 
treated with hydrogen bond-breaking agents. We have developed a 
method which we find satisfactory and have succeeded in chromato­
graphing rat tail tendon collagen into at least four major components. 
The •thod involves gradient elution chromatography on warmed carboxy­
methyl cellulose columns, of acetic acid solubilized collagen, under 
mild conditions of pH and low salt concentrations (11). Rat tail 
tendons were cut into 1-cm pieces, directly i111nersed in 100 ml of 
chilled 0.16 or 0.2 M sodium chloride and shaken slowly for 18 hours 
at 4°. This sodium chloride extract was discarded, and the tendons 
washed with 5 portions of chilled distilled water; each rinse was 
50 ml and lasted 5 to 10 seconds. After the addition of 35 ml of 0.lM 
acetic acid to 240 mg of wet tendon, the m1.xture was allowed to stand 
in a tightly stoppered Erlenmeyer flask at various temperatures and 
for various times. The mixture was centrifuged and filtered. The 
result was a clear viscous solution of collagen which was usually 
chromatographed illmediately, although no changes were detected in chro­
matographic patterns of solutions left 4 months at 4°c. The carboxy­
methyl cellulose was prepared from Whatman 200 mesh wood pulp cellu­
lose by the method of Peterson and Sober (12). Columns were 0.9 cm 
in diameter and jacketed for water circulation allowing precise con­
trol of the 40° temperature required for the chromatography. After 
the column had packed by gravity, it was washed with the starting 
buffer until the effluent was no longer basic, and then with about 
4 ml of distilled water, and allowed to become dry at the top. 
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A sample (l.S ml) of the 0.1 K acetic acid collagen solu­
tion, containing about 0.S mg of nitrogen, was applied to the heated 
column (40°) at this time. Thia was the first time that the collagen 
solution was subjected to a t•perature higher than 20°-24°. !he 
sample waa allowed to run into the adsorbent, covered with 4 ml of 
initial buffer, and the elution gradient process waa started. the in• 
crease of sodium ion in the elution gradient process was nearly linear 
for most of its course, atarting at 0.0S K sodium ion, and reaching a 
maxi1111m of 0.165 K aodium ion at the end of the chromatographic pro­
cess. two-milliliter fractions were collected at a flow rate of 28 ml 
per hour; each run took about 7 hours; recovery of collagen from the 
columns in one experiment in which all the fractions were combined, 
with ljeldahl nitrogen as an index, was 1041. Amino acid analyses, 
with the exception of hydroxyproline, were performed by the chromato­
graphic method of Moore and Stein (13) on columns of Amberlite 11-
120, and detemined quantitatively by the method of Bosen (14). 

We found by this procedure that rat tail tendon collagen, 
dissolved in acetic acid actually consiats of four major parts (Pig.~ 
This acetic acid collagen solution, however, shows only one component 
in the ultracentrifuge. Three of the fractions we isolated are high 
molecular weight, gelatin-like components, each of which has the ainp 
lar amino acid composition characteristic of the parent collagen, that 
is, high glycine, proline and hydroxyproline concentrations. the 
other fraction, however, is a mixture of small peptides, almost quan­
titatively dialyzable, containing 1111ch glycine and proline but little 
bJdroxyproline, in distinct contrast to the other fractions. 

In a number of runs, we carried out the entire procedure 
sterilely up to the chromatography itself; these chromatograms were 
identical to the ones in which no aterile precautions were taken. 
Bacterial processes, then, seem to play no role in the collagen 
fractionation achieved by our procedure. 

The process by which the fractions are created seems to be 
an "all or none" one, since experiments showed that the character­
istic four-fraction pattern appeared at the earliest time we could 
manage to complete the steps preliminary to chromatography (10 
minutes). Such an "all or none" process was also suggested by 
loedtker and Doty (15) for the breakdown of dissolved ichthyocol in 
warm citrate buffer. It seems reasonably certain that hydrolysis 
played no significant part in the production of the rat tail collagen 
components, since our chromatographic procedure required only ·7 hours 
and the peptide fraction was completely eluted in as little as 10 
minutes. The solutions retained their chromatographic properties 
after being kept at 25° C for 148 hours and changed only slightly 
when kept at 40° up to 48 hours. After 48 hours at 40° C the chro­
matograms were smeared; this may have been due to hydrolysis. 
Boedtker and Doty found what seems 
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to have been a aimilar process of hydrolyaia for ichthyocol diasolved 
in pl 3.7 citrate buffer, the viacoaity of which fell slowly with 
tillle when the solution was kept for over 40 houra at 36° c. 

With re1pect to the chromatographic separation of the laat 
three components, we have no evidence for the nature of the bonds 
cleaved, nor for the structural features upon which the fractionation 
depends. These features may be physical, for example, molecular 
weights, or chemical, for example, differences in frequency of occurr­
ence of amide groups. lreliminary analysis indicates that the three 
last fractions differ slightly in amino acid compoaition. ?he unique 
amino acid composition of the peptide fraction haa already been men­
tioned. Thus, none of theae collagen components could correapond to 
"tropocollagen" or to any other single, repetitive collagen building 
block. Gallop, et al. (16) have recently suggested the exiatence of 
eater-like bonds within ichthyocol which give rise to nondialyzable 
components when split with hydroxylamine or hydrazine in such a way 
that peptide bonds are not disrupted. It is possible that such bonds 
are also involved in the phenomena which we are discussing. 

The first fraction obtained from the relatively dilute 
acetic acid solutions is interesting in that it contains 10 few amino 
acids, and that its hydroxyproline content is so low. It might be 
imagined that this peptide fraction is a contaminant. Thia is unlike­
ly, since (a) the tendons were waahed prior to analysis with 0.2 M 
sodium chloride at 4° C for 24 hours, treatment which might be ex­
pected to dissolve any clinging contaminants and (b) the singular 
amino acid distribution of these peptides does not correspond to any 
known muaalian protein, including "claHical" collagen. Thia com­
ponent, then, is evidence of the existence of discrete atypical areas 
within the collagen moleculeJ its small hydrozyproline but great gly­
cine and proline content gives us reason to postulate that it may 
represent an early stage of collagen formation and may, in fact, be 
the intermediate through which proline is converted to hydroxyproline. 
This postulate is bas~d in part on the observations of Stetten (17), 
that the formation of the hydroxyproline of collagen is unusual since 
it is formed from proline at or near the site of its introduction in­
to the macromolecule. Free exogenous hydroxyproline is not utilized 
in collagen formation. 

To test this hypothesis and to determine the physiological 
significance of the other three collagen fractions as well, we per­
formed tracer experiments with cl4 glycine. Collagen was obtained 
from the tail tendons of young growing rats at vari.ous times (3 hours 
to 6 weeks) after they had been injected subcutaneously with the 
labeled amino acid. The collagen samples were solubilized in 0.1 M 
acetic acid. These solutions were chromatographed on carboxymethyl­
cellulose at 40° C as already described. The four components were 
identified and measured in the eluate by the Lowry method and by 
liquid scintillation counting. Sequential analyses showed that while 
each of the four fractions attained its maximum radioactivity 
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twelve hours after injection, two of the fractions attained striking~ 
ly higher specific activities than the others, and they lost these 
activities more rapidly also (Pig. 2, 3). the two cmponents show­
ing the unusually high turnover rates were the first fraction (pep­
tides) and the second fraction (first of the high-molecular weight 
components). 

Orekhovich, et al. reported recently an experiment in ,-hicb 
carboxyl-labeled glycine-cl4 was injected into rats (5). Skin 
collagen solubilized with citrate buffers was subsequently fractiona­
ted into two components ("G(." and "~ ") by amonium sulfate precipita­
tion of the partially urea-denatured solution of collagen. They found 
that their 0( fraction had attained a specific activity about three 
times that of the, component 12-15 hours after injection. It will be 
recalled that our own two active components of rat tail tendon colla­
gen were twice as radioactive as our two less active ones 12 hours 
after injection. It seems possible, therefore, that our second frac­
tion (first of the high molecular weight components) may correspond 
to the Ol fraction of the Hussian workers, and that their , fraction 
is a composite of our fractions 3 and 4. Orekhovich and his colleagues 
did not isolate a low molecular weight component. 

It is clear, then, that not only is collagen inhomogeneous 
physically, but that the fractionated components we have found were 
formed and metabolized at different rates. The unusual amino acid 
composition of the peptide fraction, together with its low molecular 
weight and very high metabolic activity, supports our hypothesis that 
it represents long sought for collagen precursor. 

We have made a long seriea of studies of the peptide frac­
tion with highly automated equipment designed in this laboratory for 
this particular function, but applicable to studies of amino acids 
and peptides in general. The equipment makes use of ion exchangeand J 

gradient elution scheme devised by Piez and Horris (18) for use with 
automatic flow and recording devices. We have simplified the p1oced­
ure by eliminating the use of highly unstable ninhydrin solutions, and 
by eliminating troublesome mechanical deficiencies. Our procedure 
uses a clog-free, stable ninhydrin solution prepared in air and light 
and used with no protection necessary from these elements. This is an 
adaptation of another method, also developed by us (14). Our experi­
ments have led us to the conclusion that there may be as many as 
fourteen separate peptides within the small molecular weight fraction. 
We are determining the amino acid composition of these peptides. This, 
together with measurements of the specific metabolic activity of each, 
should delineate more exactly the biological role of these peptides 
and make it possible to reconstruct some aspects of the biosynthetic 
processes which give rise to them. 

It is our thought that ascorbic acid may exert its influence 
on collagen formation at this point of the synthetic process. Although. 
it hu been known for over 200 years that wounds do not heal in · 
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patient• with acuny, the Mcbania• whereby vitaain C affect• colla­
gen syntheail ii unknown. Our working hypotbeaia ia that aac:orbic 
acid influence• collagen Mtaboli•• by regulating the fomation of the 
peptide precur1or1 which we have •ntioned, and the rate at which 
their •ny proline re1idue1 are converted to hydroxyproline. If thi1 
i1 so, it provide, one of the few example,, or only example, of· a 
demonatrable peptide precuraor to an eventual protein in .... 1,. 
Thus, the •template" mecbania• , currently postulated as the Mchan­
ism of protein 1ynthe1ia, • ight not be a universal one, after all, 
since in it1 claaaical fom it requires the synthesis of protein · 
whole, not in sections. 

Why does a wound begin to heal, what sustains the healing 
process, and what stops itT from time to time, evidence has been 
presented by various investigators that humoral factors, perhaps ori­
ginating locally, are involved in these processes. But the evidence 
baa been inconclusive. During the past few years, working with 
wound fluid provided to us by Dr. John S. Schilling of the Univer­
sity of Oklahana Medical School, we have shown the existence of an 
ultrafilterable growth accelerating substance, probably peptide, 
during the rapidly "healing" phase after subcutaneous implantation 
of cylinders of stainless steel wire mesh. 

When these cylinders are implanted, they are quickly filled 
with serum and fibrin and contain varying numbers of red blood cells, 
macrophages, and leukocytes. There then evolves over the next several 
weeks the full pattern of proliferating granulation tissue, complete 
with fibroblasts, capillaries, and fiber foz:mation. ?he picture 
resembles closely that seen in healing wounds. The fluid which 
bathes the interfaces of the proliferating fibro-collagenous tissues 
may be obtained by aspiration from the interior of the cylinders. We 
call this "wound fluid", and have obtained it at varying periods 
during the time-course of fibro-collagenous incapsulation and inter­
nal obliteration of the space of the cylinder. As many as 20 cylin­
ders were implanted subcutaneously in dogs and from 0.5 to 2.0 ml of 
wound fluid were collected from each cylinder. We were able to ob­
tain in this way large amounts of the fluid for a variety of analy­
tical procedures. 

We found first that very small quantities of an ultrafil­
trate of the wound fluid obtained during the first week following 
implantation of the wire-mesh cylinders accelerated dramatically the 
growth of L. casei in a chemically-defined amino acid medium (Pig. 4). 
Ultrafiltrltes of plasma taken from the dogs at the same time the 
wound fluids were obtained bad no such effect. We then traced the 
appearance, accumulation, and disappearance of this factor in the 
wound fluid as healing pror,ssed (Pig. 5). It is clear that the 
growth-promoting effect is highest early and then declines progress­
ively though even at three weeks after implantation the effect is 
significantly higher than that of plasma ultrafiltrates obtained at 
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thia tilla. 

We have partially iaolated and partially characterised thi• 
growth accelerator. It ii nonprotein, 1oaawbat baaic, water and n• 
butanol 1oluble, but inaoluble in ethyl acetate and other organic 10~ 
vents. It lo1e1 501 of it• activity after heating for 4 houri at 
100° C. It i1 not a lipid, aaino acid, 1illlple 1ugar, gluco1Uline, 
kinetin, or a ccapla lipid. Oar current poatulate 11 that it 11 
peptide in nature. 

Our working theais is that thia subatance speed• the trana-
. port of amino acid• and other critical Mtabolite1 acro11 the cell 

membrane and thereby 1peed1 protein synthe1i1. We al10 feel that ita 
significance goea beyond that of accelerating bacterial growth alone 
and that it may be fundamental for arowth in general, wound healing 
and organ regeneration. We have adduced aome confirutory evidence 
for this hypothesis by our finding that this wound fluid ultrafil­
trate accelerates the growth of mammalian (mouae fibroblaat) aa well 
as bacterial cells. ?able I 1how1 reaults of a typical 1tudy of thia 
type, carried out for u1 by Dr. Andre D. Glinos of the Growth 1hy1io­
logy Laboratory of our Diviaion. The "control" waa a sample of plasma 
ultrafiltrate isolated from the dog when the wound fluid was taken. 
?he wound fluid ultrafiltrate effected an almost two-fold increase in 
rate of cell division. 

Finally, we have recently undertaken a study of the three­
dimensional configuration of collagen, its ~.!!Y.2 stability and its 
relation to the ground subs~ance, by the introduction of heavy water 
into the diet of animals. It is known that heavy water alter, the 
atability of proteins~~- We became intereated in heavy water 
as a tool for the study of collagen when we uaed it in an~~ 
study of the viscosity characteriatics of collagen. lat tail tendon 
collagen was dissolved first in various concentration• of acetic acid 
in ordinary water. these solutions were then held at or near the 
''melt" temperature of collagen, about 39° C. 'lhis is the temperature 
at which such solutions very rapidly lose their viscosity, due to 
thermal rupture of the hydrogen bonds which hold the macromolecules in 
their typical elongated helical configuration. Breaking of tmse bond• 
results in the conversion of the collagen to a "random coil" shape, 
much more nearly spherical, and therefore of ve-ry low viscosity. We 
found, to our 1urprise, that when rat tail tendon collagen was dis­
solved in acidic heavy water, the ''melt temperature" was raised by an 
appreciable amount. Solutions of collagen which would normally un­
coil in an hour at 39° C would now take several days to undergo the 
same conversion. Heavy water, in essence, acted as a ''helix" protectoi; 
probably by hydrogen bond reinforcement 

We have now carried out experiments with heavy water _!!! !!!2 
where the stability of collagen depends not only on its own inherent 
characteristics, but also on its relationship to the relatively acidic 
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ground substance. Rats were subjected to our standard 5 cm dorsal 
skin incisions (19) plua the abdominal subcutaneous implantation of 
polyvinyl sponges (20) (fig. 6a, 6b.J Granulation tissue consist-
ing of newly formed capillaries, fibroblasts, ground substance and 
collagen fibers develops in the plastic sponges. the process is 
similar to that which occurs in the wire •sh cylinders and in the 
healing incisions. Excision of the sponge at any chosen time pro­
vides a specimen of pure reparative collagen. 

the incisions and sponges were examined histologically 
using a variety of staining techniques. In addition, the tensile 
strengths of the incisions were measured by a technique devised in 
our laboratory and the sponges with thd,r contained granulation 
tissue were subjected to various chemical analyses. Included among 
the latter analyses were measurements of hydroxyproline as an index 
of collagen. We found that although the histologic appearance and 
hydroxyproline content of the ~ponges of the deuterated animals were 
nonnal, the tensile strength of their wounds was about 401 lower than 
that of the controls (table II). Surprisingly, when both sets of 
wounds were soaked in formaldehyde, the deuterated ones gained rela­
tively more strength, indicating that the formaldehyde had corrected, 
probably by methylene bridges, a basic collagen structural deficiency 
in the wound of the deuterated animal. Histological examination of 
the deuterated wounds showed the collagen less organized and finer in 
structure than the no11Dal. In addition, skin and tail tendons of 
these animals were more susceptible to attack by collagenase .!a~ 
and were relatively less soluble in neutral salt solution. All these 
phenomena indicate that heavy water produced an !!!!:!.2 abnormality 
of both reparative and developmental collagen, or of its interaction 
with the ground substance, or both. 

In SUDID8IY, we have applied to the problem of wound heal­
ing a wide variety of physical, biochemical, surgical, and histo­
logical techniques. We have succeeded in showing that dissolved 
collagen separates into discrete fractions, and that one of these is 
a peptide complex with an atypical amino acid content; we have 
separated these peptides into 14 fractions by ion exchange chromato­
graphy; we have shown that these fractions are metabolically distinct 
and postulate that they may represent stages in collagen development; 
it is possible that ascorbic acid, acting on the peptides, converts 
them from predominantly proline types to predominantly hydroxyproline 
types, creating hydrogen bonding sites by which the peptides are tied 
into the main part of the macromolecule. We have produced an appar­
ently unique collagen defect by forcing maumalian collagen to develop 
in a milieu of heavy water. We hope, through further study of this 
defect, to discover basic facts conceming the tertiary structure of 
naturally occurring collagen, and how it interacts with the mucopoly­
saccharides of the ground substance. Finally, we have found, in 
mammalian wound fluid, a substance which accelerates bacterial growth 
and the division of mammalian fibroblasts, and which may act .!.!!!!:!.2, 
as a "wound hormone." 
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Table I. Effect of Wound Pluid Ultrafiltrate on the Growth of L 
Strain Cells in the Absence of Serum Protein 

Growth Ratio• Pinal 
Material Added Initial lo. of Pinal lo. of io. Cella 
to Jasal Medium Cells x 103 Cells x 103 Initial lo. Cells 

lone 300 448 1.5 
(Control) 

Wound Pluid 
Ultrafiltrate 31 300 717 2.4 

Wound Fluid 
Ultrafiltrate 61 300 805 2.7 

Wound Pluid 300 805 2.7 
Ultrafiltrate 121 

Table II 

Presh Wounds Pormaldehxde Pixed 
D20 

3.50 
4.00 
3.55 
3.65 
4.65 
5.15 
3.00 
3.75 
3.50 
4.45 
4.70 
4.90 
3.40 
4.00 
3.25 
3.50 

3.95 (Av~ 
S.D. = + 0.65 
S.E. = ± 0.16 

P < 0.001 

Control D20 

5.60 6.80 
6.60 10.60 
4.85 8.65 
5.95 5.85 
3.95 1.00 
4.50 6.05 
5.25 9.10 
5.80 8.50 
4.50 9.05 
5.85 8.00 
5.90 5.20 
6.55 6.85 
4.10 7.50 
5.20 6.00 
7.65 6.75 
8.00 8.30 

5.64 (Ave.) 7.49(Ave.) 
S.D. = + 1.16 S.D. • + 1.46 
S.E. = f 0.29 S.I. = ± 0.37 

P> 0.1 
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Control 

7.20 
8.00 

12.00 
11. 75 
11.00 
11.05 
7.95 
8.00 
5.10 
7.80 
6.05 
6.30 
6.05 
5.40 
7.40 
7.50 

8.04 (Ave.) 
S.D. = +2.24 
S.E. = :to.56 
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Fig. 2 -- Chromatographic and radioactivity patterns; rats 
injected with cl4 glycine. 
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Pig. 3 -- Rate of appearance and disappearance of cl4 activity 
from fractions of tail collagen. 
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Fig. 5 -- Effect of implantation period on growth accelerating 
properties of wound fluid. 

Fig. 6A -- Five cm. dorsal skin incision in t he rat. 
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Fig. 6B -- Implantation of 25 mg polyvinyl sp onge into the rat. 
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ROBERT &\DACCA 
U. S. ARMY PERSONNEL RF.SEARCH CFFICE 

WASHINGTON 251 D. C. 

From its image interpreters the Arrrq needs intonation which 
is timely, relevant, complete, and accurate. Until recently, the 
Army's image interpreter was confronted only with the problem of 
interpreting relatively large-scale, conventional black-and-white 
photographs. Today he is also required to interpret small-scale and 
degraded photographs, as well as radar, infra-red, and TV 1masery. 
All the military services are currently increasing both their capac­
ity to obtain imagery and their capacity to process i-sery at a 
rapid rate. This increased capacity and variety or image sources 
have inevitably increased the qu&l.i ty range of images. But good or 
poor, the imagery obtained through these media is ultimately placed 
before the image interpreter who is asked to extract intornation use­
ful for important military decisicms. 

Existing knowledge of the basic psychological factors oper­
ating in the interpretation of real imagery is severely limited. 
Previous research effort in aerial surveillance intelligence systems 
has tended to concentrate on improving the vehicles or platforms from 
which the aerial i-.gery is collected and also on improving the phys­
ical characteristics or quality of the obtained imagery. In response 
to a requirement generated by the Assistant Chief of Staff for Intel­
ligence the research progr'lm or the u. s. Arm:, Personnel Research 
Office concentrates on the man within the system to determine how the 
skills, lmowledges, and teclmiques which be brings to the job impinge 
upon his performance and the performance of the system as a whole. 
Thus, we are concerned with image interpreters' interests, aptitudes, 
and experiences, with the background information and instructions 
they receive, with the viewing techniques and the scan procedures they 
employ, with the clues that they selectively use in interpreting par­
ticular photographs, and in their use of references and other aids-­
target keys, bombing encyclopedia, electronic comparators, stereo­
scopes, tube magnifiers. It was recognized from the beginning that 
the performance or image interpreters would not be perfect; this is, 
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of course, the case for all individuals making complex Judgments and 
inferences. Because of the criticality of the interpreter in the 
aerial surveillance cycle, his Job was the first selected for inten­
sive study. 

In focusing on the 1mase interpreter, we are attempting to 
identify the significant sources of variance widerlying observed dif­
ferences in performance with the aim of ultimately optimizing the 
role of the interpreter in the system. Investigation of men within 
the aerial reconnaissance system is complicated by the fact that they 
do not come into the system ranked according to measured abilities or 
even labeled as possessing a certain amowit of a given characteristic. 
Individual differences among image interpreters must be measured and 
described and functional relationships among variables dependent upon 
individual differences must be obtained. In research to determine 
effective interpreter techniques, these individual differences must 
be controlled as well. We have attempted to equate the image inter­
preters working under various experimental. conditions through random 
assignment of matched inter-preters. However, within condition per­
formance variance has always been high; and, owing to the small size 
of available samples, statistical significance has not always been 
achieved even where data trends and practica.l considerations point to 
real differences among experimental techniques or conditions. The 
ver-1 fact that interpreters do vacy so widely in performance points 
to the necessity of thoroughly studying their role within the system 
before the system as a whole can be optimized. 

There are two important aspects of image interpreter per­
formance which can be measured and quantified. The first is the num­
ber of correct identifications of militarily significant objects or 
targets made in the available time period. In an operational situa­
tion, most--if not all--of the important enemy .objects actually on 
the imagery must be correctly located and identified. In addition, 
the number of erroneous identifications made by interpreters can be 
determined. The number of these errors must, of course, be minimized. 
This second aspect may not at first appear to be as important as the 
first. However, it must be remembered that aerial imagery is often 
of very small sea.le and that quality is not always the best. While 
the number of actual targets on any one image limits the number of 
correct identifications that can be made, the nwnber of misidentifi­
cations that can be made is not so limited. 

Errors made by interpreters subdivide into two types. Inter­
preters can misidentify militarily important objects--what is really 
a bwiker, for example, can be identified as a tank; or a chemical 
plant can be identified as a steel plant. This "misidentification-or­
significant-object" type of error is more common in reports for stra­
tegic imagery, where the objects tend to be relatively large and well 
defined, than for tactica.l imagery. Interpreters can also make what 
we term "inventive" errors, that is, they can identify insignificant 
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features of the photographs--road tonal differences, tor instance--as 
significant targets. The tendency to make "inventive" errors is more 
common in the interpretation of tactical. photographs, in which the 
targets are relatively small and dispersed and in which there are 
many variations in shape and tone. 

Conflict arises when attempts are made to increase the number 
of correct target identifications and at the same time reduce the 
number of erroneous identifications. Work methods which tend to max­
imize the number of correct identifications ott~n tend to yield more 
wrong identificatioos. Similarly, procedures that tend to minimize 
the number of' wrong identifications often tend to yield fewer correct 
identifications. 

It might be thought that the vay out of this dilemma is to 
concentrate on maximizing the ratio of right identifications to total 
identifications made. This would in effect maximize accuracy, or 
percent right. But would this completely solve the problem? Can we 
say, for example, that a method which yields 4 actual military tar­
gets and 1 "wrong" target--an accuracy of 8c>";--is better in &1.1 cir­
cumstances than a method which yields 30 "right" targets and 20 
"wrong" targets--an accuracy of only Grr/,. Much obviously aepends 
upon the intelligence requirements of the military situation: In an 
effort to get the maximum number of actual targets identified, a 
co~ider may tolerate many misidentifications. If, on the other 
hand, he must be very sure of the targets to be attacked, he may 
insist upon positive identification of a few targets, even though 
others remain unidentified. As a corollary, the optimal work methods 
for interpreters may var-1 with the intelligence requirements of the 
military situation. 

THE PERFORMANCE MEASURES 

Performance measures were used in all our studies to gauge 
the effect of various work procedures on the speed, accuracy, and 
comvleteness of image interpretation. Before presenting some of the 
results obtained, a brief description of how we developed our per­
formance measures may be in order. The performance measures repro­
duce~ as far as possible, typical real-life situations which confront 
the image interpreter. The imagery derives from actual tactical and 
strategic air reconnaissance missions. Some photographs, taken during 
war ti~, show enemy-held positions. The objects the image interpre­
ter was directed to look for reflected the intelligence requirements 
of the military situation at the time of the air reconnaissance 
mission. As in an operational situation, the interpreter was pro-, 
vided with maps of the relevant areas, sortie plot overlays, and 
general and specific information about the location and disposition 
of friendly and enemy forces. Also, as in the operational situation, 
the image interpreter was allowed to examine the imagery presented to 
him in any way he desired and to use any instruments in his kit. 
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Photcsraphs were printed f'ran the original. mission negatives. 
Interpreters examined have agreed that the print quality was good-to­
excellent, and in general better than they are accustaned to working 
with. The scale of the photos varied from 1 :4,ooo to 1 :8,ooo for the 
tactical. interpretation exercises and fran 1:101000 to 1:151000 tor the 
strategic interpretation exercises. The seal.es were considered ade­
quate for identifying the objects for vhicb the interpreters were 
required to search. 

EXPERIMENTAL WmK MITHCJ>S 

This paper describes four experimental techniques that were 
studied in an effort to gain insight into how interpreter pertornance 
might be improved. Procedures vere varied in order to estimate how 
interpreter performance was affected by: 

(1) the interpreter's confidence in his identifications 
(2) the length of time spent in viewing 
(3) repeated exposure to a given set of imBSery 
(1~) different team vorlt methods 

The techniques were tried out on image interpreters just before their 
graduation from the Intelligence School. Comparisons vere made 
between or among groups of interpreters matched on the basis of' their 
final course grades and scores on several aptitude tests administered 
prior to formal course training. In examining these results it must 
be borne in mind that the inte1·i;ireters in our samples had no on-the­
Job experience. In connection with this, it should be stressed that 
the main vurpose in conducting these experimental studies was to 
determine under controlled conditions, techniques and procedures that 
might be useful in an operational setting. Until research is extendeJ 
to the operational setting, these findings can only be considered as 
suggestive. Further, it is not possible to directly assess the con­
tribution to intelligence estimates that image interpreters make on 
the basis of performance of the graduating interpreters used in these 
experiments. 

THE INTERPRETER'S COHFIDENCE IN HIS IDENTIFICATIONS 

One of the first studies conducted was to determine whether 
the degree of confidence interpreters expressed in their identifica­
tions was related to the accuracy of their identifications. In the 
operational situation an interpreter normally indicates the degree of 
confidence or certitude he has in an identification by one of the 
following qualifiers: "Positive", "Probable", or "Possible". The 
same procedure was followed in the performance measures. Interpreters 
were told to place a 1 next to those identifications they were posi­
tive about, a 2 next to probable identifications, and a 3 next to pos­
sible identifications. Table l shows the mean confidence level for 
right and wrong identifications found in five performance measures 
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tor several. groups of interpreters. The mean confidence level tor 
right identifications was c<X1Sistentl.y higher than for wrong identi­
ficatioos. This finding has practical implications. If systematic 
advantage can be taken of accompanying expre1110111 of confidence, 
the amount of wrong intormaticm produced by interpreters may be sub­
stantially reduced. 

As a first step in this directicm, the ettect of increasing 
the customary 3-point confidence scale used by interpreters to a 
5-point scale was explored. 'lvo groups of matched interpreters were 
established. ~e group used the regular 3-point scale. The seccmd 
group used a 5-point scale with the following confidence levels: 
Higbl.y Positive, Positive, Highly Probable, Probable, and Possible, 
Two performance measures, one involving tactical and the other 
strategic imasery, were administered under identical conditions to 
both groups of interpreters • 

With the 3-point scale, percent accuracy fell oft sharply 
for identifications interpreters felt were only probable--tran 32 to 
13~ in the tactical photos and from 71 to 4~ in the strategic photos 
(see Table 2). The 5-point scale seemed to achieve a more even dis­
tribution of accuracy percentages, al.though the small accuracy differ­
ences between the lower levels of calf'idence left much to be desired. 
The higher accuracy rates obtained for identifications which inter­
preters using the 5-point scale coosidered highly positive point to 
the possibility that erroneous identifications might be reduced by 
accepting only identifications of which interpreters are highly con­
fident. Hovever, such a procedure would lose the benefit of a large 
number of correct identifications which received lmrer confidence 
ratings. Although the number of wrong identifications might be mini­
mized, the number of correct identifications would also be reduced. 
Further research, trying ou·:; various scales w1 th different interval. 
steps, is needed before interpreters' feelings of certitude concern­
ing their identifications can be best put to use operationally. 

LENGTH OF VIEWING TIME 

The objective of another study was to determine whether 
the rate of information extraction varied systematically over time. 
The cumulative number of identifications made after each five-minute 
period of viewing time was computed for right, wrong, and total 
number of identifications for several performa.nce measures. These 
values, when plotted, resulted in fairly uniform curves. Figure 1 
shows the curves for a tY1?ical example--a tactical measure adminis­
tered with a 30-minute time limit. Notice that the average nwnber of 
new identifications scored right tapered off much sooner than did 
identifications that were wrong. Although the interpreters were still 
responding at the end of the 30-minute time period, the later infor­
mation contained a higher proportion of wrong identifications than did 
information produced earlier in the viewing period. 
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The effect is seen more clearly in Figure 2 which shows 
accuracy plotted as a function of time tor the same performance meas­
ure. The average accuracy of the interpreters tell off the longer 
they examined the imagery. Evidently, time does not necessarily vork 
to the advantage ot the image interpreter. After examining imagery 
for a while, interpreters may begin to respond to doubtful cues, cues 
that are on the threshold of resolution. · Also, the very fact that 
interpreters are asked to locate specific targets may suggest the 
presence of the targets. 

The problem of how much time interpreters should be al.loved 
to examine imagery needs to be further investigated. Here again, the 
problem of optimization arises. If an interpreter's time is cut short 
so that he will not be indu~ed to make doubtful identifications, some 
correct identifications will probably be lost. New techniques need 
to be developed for establishing the viewing time at which the desired 
balance is achieved between number of right and wrong identifications 
at a high level of accuracy. 

PERFORMANCE ON RE-EXAMINATION OF IMAGERY 

In another study the usefulness of having interpreters 
re-examine imagery they had interpreted once before was explored. It 
was hypothesized that, on a second exposure to the imaiery, interpre­
ters would make more correct identifications and fewer errors than 
they did when they first interpreted the imagery. Two performance 
measures, one containing tactica.l photos and the other strategic 
photos, were administered to a group of 29 interpreters. The same 
performance measures were readministered two and one-ha.lf days later. 
Results were in some ways disappointing. Mean number of right iden­
tifications and mean accuracy scores on the second administration 
were not significantly different from the comparable scores obtained 
on the first administration, although slightly higher. Mean wrong 
scores on the second administration were also up slightly from the 
first administration. 

However, further analysis of the data revealed one signifi­
cant difference (P(,01) which may have practical implications, if 
borne out in subsequent investigations. In the tactical exercise, 
the accuracy level for objects which interpreters reported both times 
they examined the imagery was significantly higher than for objects 
reported only once (53% vs. 34i). The result, although-not supported 
in the case of the strategic measure, suggests that allowing inter­
preters to take a second look at imagery after a time lapse may prove 
to be useful in eliminating some erroneous identifications. 

TEAM PROCEDURES 

The possibility of utilizing interpreters in teams to obtain 
information came to mind as a matter of course. However, we did not 
assume that merely by working together a group of image interpreters 
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would automa.tically produce more accurate and complete identifications, 
~·le arrived at a fwidamentaJ. basis for determining how the efforts of 
a group of interpreters could best be pooled--the concept of correla­
tion of performance among individuals, This way of looking at team 
procedures appears to hold promise of real improvement- in performance, 

The correlation concept was applied to three different 
methods of obtaining intelligence information from interpreter teams. 
In Method I, the image interpreters worked and reported independently, 
The performance of two interpreters--to take the simplest caae--was 
S\!ored for Right ident~fications, ~-!rong identifications I and Omits 
(targets appearing in the imagery but not reported), Table; shows 
scllematic:ally the correlation between the two individual performances 
and how each element of performance--Rights, Wrongs, Omits--enters 
into the final product. 

If there \lere verfect as.reeruent between the two interpreters, 
every right identifi•.;O.tion made by one would also have been made by 
the other. The same would pertain for wrong identifications. Another 
way of stating this 1)rinciple ::.s that when the correlation between the 
performance of both interpreters is perfect, or equal to wiity, there 
are no entries in the off-diagonal cells of Table;. Perfect agree­
ment, however, is obviously not wi1at is desired when interpreter 
efforts are pooled. l~or if the interpreters agreed completely to 
begin with, no gain would result froc pooling their e!'lorts. 

'.~ethod I could be expected to produce the riiaxilmun number of 
correct identifications to be obtained from the two interpreters, as 
shown from the computation of total scores indicated in Table 3. 
Ho'.rever, the information resulting from this method also includes all 
the wrong identifications made by both interpreters. 

In I~ethod II I individuals comprising the teams also worked 
and reported independently, but their identifications were ~ooled in 
a different "vl8.y. Quy identifications upon which the two interpre­
ters agreed were considered as having been made by the team. All 
identifications made by only one member of the team were disregarded. 
The formulas for total scores under Method II (Table 3) indicate that 
total number of Right identificationS», as well as the total number of 
Wrong identifications, would almost ~ertainly be less than for 
Method I. Uhether accuracy of interpretation with l•lethod II is in 
general higher than with Method I depends upon whether image interpre­
ters tend to agree more on the right identifications than on the wrong 
identifications. Since it is reasonable to suppose that interpreters 
will tend to agree more in reporting targets that are actually present 
than in reporting targets which are not present, proportionally more 
right identifications than wrong identifications would be expected to 
survive the agreement criterion established for Method II. 
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In l•~thod III, interprete:a.·s worl~ed in teams in eJ'~ning the 
ima.gei1,, instead of working independently. Each member of a team was 
given coml)lete sets of photographs, but only one answer sheet was 
given too. team. The tea.in was instructed to put on the answer sheet 
only those identifications whi-:.;h both members of the tea:, a«reed upon 
(at least two members in the case of three-man teama). Team members 
could discuss the identifico.t:tons f:i.•eely I and go about cooperatins in 
any wo.y ·they desired. 

It uo.s expected that o.s a result of their discussion the • inter~reters would a&ree on souie targets on which they previously dis-
acreed. 'ra.ble l~ shows the expected eftect of' this tendency ai the 
elements involved in iinage interpreter verformance correlation. We 
see a general movement from the off-diagonal cells to the diagonal 
cells and, as indicated by the heaviness of the arrows, relatively 
more agreement on right responses than on wrong responses. Consider, 
for exa.iavle, targets, which one interpreter correctly identified but 
which the other interpreter ow.tted. Hhen the inter-i)reters compare 
their identifications attention will be s~ecifical.ly brought to these 
particular targets and the chances are that the correct information 
will be reported. We would expect considerably more agreement upon 
riGht responses for Method III than for Method II; but, oving to the 
fact that some right identifi~atia1s will not be agreed upai, the 
total number of rights from the cooperative method will be less than 
for I-~thod I, whi ..:h pooled all right responses of the team members. 

With respect to wrong responses, one would expect an even 
greater tendency for wrong identifications made by only one interpre­
ter to drop out, as the other interpreter would ~robably be more 
resistant to agreeing to misidentifications. Considering that inter­
preters are more confident of identifications that are right than they 
are of their wrong identifications, there is a good chance that the 
interpreter making the wrong response would not argue as strongly for 
it as for his right responses. It is to be expected, then, that the 
wrongs will be fewer in number than would be obtained by Method I and 
that although the rights would also be fever, the over-all accuracy 
will be improved, al.though not as much as was the case for Method II, 
where there was no opportunity for teammates to induce each other into 
agreeing to misidentifications. 

How close did expected performance correspond to the empiri­
cal data'? Table 5 summarizes some of the results actually obtained 
in the experiment. When all identifications made by two or three 
interpreters working independently were pooled (Method I), a much 
larger number of correct identifications were obtained (mean of 
approximately 15 as against 8 for individual interpreters.) However, 
by so pooling all identifications, many wrong identifications were 
retained. When, instead of pooling all identifications only those 
identifications were retained which the independent interpreters 
agreed upon (Method II) 1 a marked j_ncrease in over-all accuracy 

272 

• 



• 

SADACCA 

resulted. In the three performance measures used here, accuracy 
level rose to 33~. However, many fewer correct identiticatiais were 
retained--auy about tour, on tlle averase. Notice the enormous drop 
in number of wrong responses when only the asreed-upon identifications 
are considered. Apparently, interpreters do not tend to agree on 
wrong identifications--e1Toneous responses are idiosyncratic, that 
is I peculim.• to the indi viduaJ.. If one interpreter calls a tooal dif­
ference on the road a vehicle I the. .~ .es are another interpreter 
will not agree with him, al.though the ·second interpreter may call 
another tonal difference a vehicle. 

These data conform closely to the expected distribution of 
performance scores outlined earlier. As was anticipated, in team work 
methods, the dilemma again arises that a method which achieves high 
a~curacy also markedly reduces the amount of accurate information 
extracted. If the only identifications accepted are those agreed 
upon by interpreters working independently, both the number of erro­
neous identifications and the number of targets correctly identified 
are markedly reduced.~ the other hand, the method of pooling all 
reports resardless of agreement yields the most right identifications 
but also sives the most wrong identifications. The cooperative 
method, in which interpreters in a team discuss their identifications 
freely, appeared to offe1· a reasonable compromise between the extremes 
o:f' the methods just outlined. Definite improvement over individual 
interi)reta.tion in terms of rigi1ts, wrongs, and accuracy scores was 
achieved by the cooperating teams (see Table 4). 

\le have since conducted additional studies using 2 and 5-man 
teams employing a variety of cooperative team worlc methods. Analysis 
of the more recent data has not been completed , However, in further 
analysis of our original team performance data, an interesting result 
was obtained when we compared individual performance of cooperating 
2 and 3-man teams for equal man-hours of effort. Individuals worked 
alone on each measure for 1 hour or 3-man hours al.together. Their 
performance was compared uith that of cooperating 2-man teams after 
the latter had worked for 30 minutes on ea~h of the three measures 
and with the 3-man teams' performance after working 20 minutes on 
each of the measures. 

Table 6 shows the results of this comparison. The 3-man 
teams, who only had 20 minutes to look at the photos in each measure, 
made about half as many correct identifications on the average as did 
individuals working alone. However, the 3-man teams made only about 
a third the errors individuals ma.de. The 2-man teams seem to have 
worl:ed most efficiently in the particular time periods compared. 
~foile they made fewer right identifications than did interpreters 
working alone, they averaged many fewer wrong identifications. It 
should be pointed out that these comparisons were made for particular 
time periods; comparisons for other periods of equal effort must also 
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be made. Taese data sugge'it, houever, tho.t when an operational inter­
p;;.•e·~er group has several batc.;:1es at imagery to handle, it may be wore 
err:tcient to assign several interL,reters to work together on each 
bat~h for a short period of tiLie t ho.11 to assign one interpreter to 
each batch for a longer period of time. 

SUMMATION 

All the teclmiques described above show promise of being 
useful in improvi~ image interpreter verformo.nce. Plans are now 
being formulated to stuuy combinations of these techniques to see 
uhether t!1e beneficial effects are ad.di ti ve. l or example, experiments 
are ctu·rently being conducted •,·Ti th teams of i1~e interpreters of 
varying size and composition examining imagery for o. number of differ­
ent time pericxls. Procedw.·es will be tried out wherebJ" individual 
interp1•eters--or teams of interpreters--view imagery once, twice, or 
even three times, each time assi6I}ing certitude le.,els using revised 
confidence scales. (These studies will be conducted using experienced 
as well as graduating interpreters.) Through these · moi·e comprehensive 
studies ue hope to provide useful guidelines to the intelligence com­
mtmity on how image interpreters may be more effectively utilized. 

It must be remembered, however, that technologi~o.l innova­
tions will continually affect the role of the human inter:t)reter in 
t:ie aerial reconnaissance systems of the future. \le may never arrive 
at the one best combination of techniques for maximizing correct iden­
tifications and minimizing wrong identifications. Ue hope to make 
significant strides in this direction through continuous studies of 
significant aspects of interpreter ~erformance. 

For Army scientists, possibly the major interest in our 
findings, lies in highlighting the importance of human cognitive, 
perceptual, and experiential factors in system's output. The develop­
ment of a visual display whose physical properties such as resolution 
and contrast are optimal is but one necessary step in the design of a 
sensor system fully responsive to lllili tar1 needs. The skills and 
techniques image interpreters use within the system nrust be optimized 
as well. 
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Table l 

)BAN CORPIIBD ASSmmm m RIGll' AID WR01II IID.l'IPICA!IOE 
01 rm: PBRFORMAD l8ASUll:S 

(Positive • l; Pro\.able • 2J Poaei'ble • 3) 

Nl&D Confidence 
Performance Measures Mi! !ES 

Tactical. - 1 1.32 1.9~ 
Tactical. - 2 1.,a. 1.86• 
Tactical. - 3 1.39 1.81• 
Strategic - l 1.31 1.70* 
Strategic - 2 1.23 l.~• 

ISigniticantly different i'rm rliht• (P (. 61) 

Table 2 

PERCEil' ACcmw:t a, IlBll'InCA!l'IOBS 
MAIi: WITH NO COIFIIBlCE SCAIIS 

Tactical Measure Strategic Measure 
Confidence 3-pt. 5-pt. 3-pt. 5-pt. 

Scale Values Scale Scale • Scale Scale 
(ir•sBY (1•57) (fi:58Y li-5T) 

Rlghly Positive 37 8l. 
Positive 32 20 71 66 
Highly Probable 11 46 
Probable 13 11 45 · 38 
Possible _ca__ _a .l§_ __ ,. .l§_ 

Over-all Accuracy 18 15 58 61 
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Table 3 
PA'l'l'ERii OF RESPONSES FCR 'n/0 IN'l'ERPRETERS: 

WO.~KIMG IMDEPENDENTLY 
(Methods I and II) 

INTERPRETER J TCY.t'AL SCORES 
RIGf!TS OMITS URONGS t RT• R1 + RJ • RiJ (Method Ij 

WT • wi + wj - wij (Method I) 

RT• R1J (Method II) 

RiJ 

0-rR~ - "' 

l\RJ 

R10J R1WJ 

o1J o1wJ 

l\OJ wiJ lT 
''i 

' ·l I .. 

" 
Table 4 

PA'I'l'ERll OF RESPONSES FCR '1\-10 WTERPRETERS 
HOOKING COOPERATIVELY 

(Method III) 

Dfl'ERPRE'!'ml j 

RIGHTS OMITS WROMGS 

.,.. R Ri' • RiOj 4 R1Wj 
+w t \f 

0 01Rj ) 0
1J 4 o1wJ 

t • ' w W1Rj > \\OJ ~ wiJ 

Legend 

Rij • targets both interpreters got right 

w1J =- targets both interpreters got wrong 

o1J = targets both interpreters omitted 

R1oj = targets Interpreter i got right but 
Interpreter J omitted 

R1Wj = targets Interpreter i got right but 
Interpreter j got wrong 

(Method II) 

Other elements in matrix similarly defined 
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Tabl8';)5 

TorAL MEAN PERFCBMANCE scams Fat TEAle WCBKING UNDER 
DlFFER!NT METHODS AND F~ nm1vmtJAIS WauaNG ALONE 

Team Methods* Right Wrong ,& Accuracy 

Independent: All responses (N • 15) 15.1 112.9 14 

Independent: Agreed responses (N =15) :,.9 7.1 " Cooperntive (N • 30) 10.1 4o.6 22 

Individuals Alone (rl c 36) 8.1 5-1.8 16 

*!~an Right, Wrong, e.~a A~c1.1racy scores between team methods are 
s1.gnifica.~tly different (P ( .01). 

Table 6 

MEAl'l FERFORMANCE sccres FOR INDIVm~ AND TE.\MS WORKIID 
A T01'AL OF 3-M."JT ~ryms m 3 PERFORMANCE MEASURES 

Time 
(each measure) Right Wrong f Accuracy 

Coor,erating 3-P.an Teams 
(N = 12) 20 Min. 4.2 17.9 22 

Cooperating 2-Man Teams 
(r-r = 9) 30 Min. 7.6 27.6 22 

Individuals HorkinB Alone 
(N = 36) 60 Min. 8.1 50.8 16 

Significance of Mean 
P (.05 P (.01 Differences n.s. 
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THE ~moR FI ELD 
ASSOCIATED \·:rra INSIBUMENT.ATION 

FOR POSI'I1ION Dm1~MINATION 

'rH. -W. SCHMIIJr 
u. s. ARMY H~~.Hca OFFIC3 (D) 

DUIHIAM, Nmr;r CAROLINA 

Problems of position determination in astronomy and geode­
sy originated the establishment of t ~1e method of least squares by 
Legendre and Gauzs at the beginnins of tne 19tn century. 'l'he con­
cept of the ellipse of error (or ellipsoid of error in the three di­
mensional case) as the most complete way to describe the p~1 ecision of 
a position determination was subsequently fir3t introduced by the 
French scientist I3ravais with his pe.per, the year 1846, "A mathemeti­
cal a.nalysi s of t he probabilities of error in the location of a. point" 
( l). Ti1i s was followed by contributions from Helmert ( 2) and Schols 
(6). Those three early publications covered all essential e.spects of 
this concept. Howev·er, the ellipse of error, although applied some­
times in the field of geodesy or ballistics and described in text­
books on date adjustment, never gained many applicetions in the past. 
More the.n a hundred years had to elapse until Shapiro ( 4) used i n nis 
book "The prediction of ballistic missile trajectories from radar ob­
servations" the ellipse {or ellipsoid) of error as the only estimator 
for the precision of the prediction. 

All the numerous publications from 1846 to 1957 on error 
ellipses,nowever,have one surprising fact in common: they con-
sider only the error of a single point. Test planning and systems 
evaluations today require, however, information on the covero.ge of 
the whole test area. Point by point ·calculation and subsequent inter­
polation are out of question, as even modern computing equipment ce.n­
not handle the wn.:>rnt of numbers involved for any proving ground. A 
new approach was needed and the concept of the error field as tllc en­
tirety of all points covered by the measuring system was proposed in 
1958 by the author (6). 

As the differential eouation for the error field is ob­
tained directly from the normal ~equa.tions for the data adjustment, it 
is hard to believe that this interpretation was not proposed long oe­
fore in one of the numerous publications on error analysis, based on 
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the method of least squares. However, no article has been found so 
far, which advocates the concept of an error field. The author tnere­
fore believes, with all reservctions, that the idea of an error field 
may be one new contribution in tnis erea. 

Tnis paper will demonstrate the field concept in the two 
dimensional case, where the error field is described by a quadratic 
differential equation. Its solution results in a system of orthogoml 
curves and the axes of the ellipses of error are at each point tan­
gents and normals to those curves. As an illustration, exrunples of 
er1:.or fields for several different types of measurements for point 
location in a plane will be presented. 

It han been known since the earliest publications on the 
subject, that the semi-axes of the ellipse of error are obtained, 
save for a scale factor, from the eigenvalues of the coefficient 
matrix of toe nonnal equations, d~rived by the method of least squares 
for the adjustment of data with the measuring system investigated. 
The scale factor is the error in an observation of unit 
weight; it may be estimnted independently, as 1n the theoretical con­
siderations rere, or, es in the practice of data reduction, t he re­
dundancy of the observations will allow its estimation. (5) 

Writing the coefficient matrix of the two normal equations 
in the form 

al2 a22 

(associating as usual the first column with the x axis, the second 
column with they a.xis of an arbitrarily oriented, cartesian coordi­
nate system) the size of the semi-axes (a,b) of the ellipse of error 
follows from the two, always real and positive roots of the quadratic 

(1) A2 - (all+ a22) A+ (all a22 - al22) = O, 

(~) 2 
= f , where cr

1 
is the error of an 

crl "'2 

observation of unit weight. It has been proved that a and bare in­
variant quantities and independent of the coordinate system used. 

The orientation of the axes of the ellipse of error is ob­
tained from 

(2) cot 2 w = 
all-a22 

2al2 

where~ and w +; are the angles between the semi-axes (a,b) and the 
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x-axis of the coordinate system used. It should be mentioned, that 
the orientation of the ellipse of error is invariant with respect to 
the coordinate system and depends only on the geometry between the 
point investigated and the measuring stations. (Corresponding for­
mulas for the three dimensional case may be founCA. in reference 4.) 

The coefficients a1k in the normal equationo are tune-
• ~ tions of the coordinates (x,y) of the point considered and contain 

the station coordinates as constants. Equation (2) can therefore be 
written as 

(3) cot 2 * = g(x,y), 

and by means of well kno'Wll trigonometric formulas the quadratic 
equation for the o.ngle 'V results: 

(4) 2 
tan w + 2 g(x,y) tan 'V - l = O. 

Equation (4) establishes in each point of the x-y plane the direc­
tions of the semi-axes of the ellipses of errors. Drawing those 
directions for ti1e entirety of points establishes a directional fieJd, 
wi1ic~1 in the l :.mi t leads to t i1e error field itself. I.et tan 'V = y'; 
then, from (4) 

2 
( 5) y' + 2 g ( x, y) y.. - 1 = O or 

( 6) y 1 = • g ( X, y) ! .J 1 + g2 ( X, y )' 

is the differential equation for two families of curves. These two 
families will constitute the orthogonal system of the error field. 
At any point the tangents and normals to those t\oiO curves, passing 
through t i'1e point will coincide with the directions of the axes of 
the ellipse of error at ti1is point. 

By virtue of the nonnel equations and the least square ap­
proach for data adjustment there exists always such a system of 
orthogon~l curves, no matter how many stations are employed in the 
measuring sy~tem or how the stations are located. The orthogonal 
system of ti1e error field characterizes completely the measuring 
system and may be regarded as its "natural" coordinate system. As 
shown later, systems, measuring in their natural coordinates, have 
certain advantaees. 

The simplicity by which the differential equation of the 
error field is obtained from the equation for the double angle of 
rotation of tm ellipse of error in a poj_nt, made 1 t difficult to 
imagine that this field concept had not been proposed long before. 
However, the numerous papers on the method of least squares and its 
applications make a complete check very difficult. The author states 
therefore only with reservations, that in his belief this concept of 
the error field associated with instrumentation for position determi­
nation may be a belated new contribution in the area of erroranalys:Ls, 
originated more than a century ago. 
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As illustrations of the concept of error fields in the 
plane four examples of different measuring systems will be yresented. 
Three of the examples have relation to systems, utilized in practice; 
the fourth example shall serve a~ a demonstration, that the mean 
point error, i.e. the invariant quantity of the sum of the sc;m:.res of 
the errors in two perpendicular directions, which equals tne sum of 
the squares of the semi-axes of the ellipse of error, is note. unic:ue 
quantity of a measuring system. 

The oldest method of determining the location of a point in 
a plo.ne con3ists in triangulation, or t:ne measurement of two angle6 
from two stations, located at the ends of a base line of knOim length. 
Without loss of genero.lity a cartesian coordinate system may oe cen­
tered o.t t:1e midpoint of the base line, the x axis in the direction 
of the base line, and the stations located at (-1,0) and (1,0) re­
spectively. A point (x,y) in the plan is then observed from the 
stationo under the angles 

a= arc tan y/(x + 1) and~= arc tan y/(x - 1) 

The standard procedureD of tne method of leas"C, squares for 
non-linear e~uations of ooservations (5) utilizing Taylor's expansion 
and retaining linear terms only, yield the normal equetions and sub­
sequently the differential equation for tne error field (5) 
y'2 + 2 g(x,y)y' - l = O, 

x2- + l [ x2 + + l 2 + 4x2J - ax2 x2 + + l where g(x,y) = 
2xy X - 2 X - y - - 3 

No solution in closed fonn has been found for this differential equa­
tion and the author is indebted to Dr. T. Gallie, Director of the 
Computing Laboratory at Duke University, for the numerical solution, 
performed in iis laboratory. 

Figure 1 is the graphical representation of the error field 
for this old problem of tr~.angulation. As further illustrations, 
some ellipses of error in proper orientation e.nd proper relative size 
are shown. The size of the error ellipses is of course exaggerated 
and has no relation to the length of the base line between the two 
stations. 

The error field is synnnetrical with respect to t:ne x- and 
y-axes, and it resembles to a certain extent the known orthogonal 
system of Cassinian ovals and hyperbolas. The error field can indeed 
in the far distance be approximated by the system of Cassinian ovals, 
as all terms of the sixth order of x and y or xy in g{x,y) are the 
same for both of the orthogonal systems. In the neighborhood of the 
base, however, the systems differ, and instead of the separating 
lemniscate in the Cassinian rJstem here exist two separa.trices, enclos­
ing the points (-1,0) and (1,0) each in a loop, but open in opposite 
directions. The allotted time and space for this paper excludes any 
more detailed discussion of the error field. It may only be noted fer 
further reference, that error ellipses of equal size exist only in 
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pairs or quadruples according to the symmetry conditions; here exist 
no loci for such equal error ellipses and it is therefore not possible 
to traverse this error field on a path which could .be measured with 
constant precision. 

The second example presents the complementary case for bi­
polar coordinates, consisting in the measurement of the two distances 
r1 and r2 from two stations, located at the end points of a baseline 
as in the first case. This example was treated by the author in 
another paper (6) in detail. The derivation or the differential ecµr 
tion will therefore be omitted, and it will only be noted that in 
this case the error field can be established by geometrical considera­
tions without setting up its differential equation. Figure 2 shows 
the result: the error field in this case of measuring distances with 
constant error of measuring consist of the classical orthogonal sys­
tem of confocal ellipses and hyperbolas. As before, some included 
ellipses of error illustrate relative siie sind orientation. It may 
be mentioned that here exist loci for error ellipses of equal size, 
as stated. in (6) and it is therefore possible to ha·,e paths through 
this error field for measurement with equal precision. Tnose loci 
are circles through the endpoints of t 1e base line. 

The two presented cases of measurement in bipolar coordi­
nates have a common feature: no measurement is possible on the base­
line itself or on its extension. This is oovious from geometrical 
consideration and due to the linearization for the normal equations 
the region near this line should be excluded as a taboo-region, as is 
done in practical applications. 

Ti1e third system presented follows an investigation of Jor­
dan (7) with slight modification of his measuring concept. Figure 3 
shows tne error field for point location by means of cartesian coordi­
nates: measuring the distances xi and Yi on the axes and detennining 
the point (xi,Yi) by the intersection of the two perpendiculars to 
the axes, erected in x1 and Yi• 

The error field consists of parallclz to the two axes and 
the size and orientation of error ellipses are indicated in the 
figur.e. The quan·tity of interest in this case is however the mean 
point error, defined as 2 _ 2 + 2 • 2 b2 O-m-crx O-y -a+ 
This quantity is easily obtainable in every case from the normal 
equation and by virtue of its invariance of the coordinate system, 
it is today nearly exclusively used for a description of the error 
behavior of a measuring system. The equation in the figure derives 
the loci for constant mean point error as circles with comruuu mlu­
point at the origin. 

111e la:;;t sy'ci L~m oi.iuwH h ~i.1<: ~l'!'or field for point location 
by means of polar coordinates. The shape of this error field follows 
immediately from the measuring principle, measuring radial distances 
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tmd the angles of the radius vector witi1 respectj to some reference 
direction, bot measurements performed with conJtant precision. The 
left half of fi~ure 4 shows the error field, given by concentric cir­
cles and tne rudii vectores. The loci for ellipses of equal size and 
therefore also of constant mean point error are also concentric cir­
cles with ti1c origin at the center, they are therefore ti'le same cir­
cles as in be cese of tne cartesien coordinate system, despite the 
completely different error fields in the two cases. 

Ti1is fo.ct shows clearly, tbat ti1e commonly used mean point 
error is e.lone not sufficient for a dcGcrip .~ion of the error behavior 
of a position measuring system. rfoo discussed ce.rtesian coordinate 
system was a.n ee.sy means to give tnis exs111ple. 

Tne disc~sslon on posGible applications of the error field 
in the reme.ini~ pert of this !Je~per will be restricted to the three 
measurine zystcms utilized in pract :i.ce: polar coordinates 1'or a. 
single stG.tion instrumentation, or for two station system:.; t i1e meas­
urement of -~wo e..ngles or two diste.nces. All three systems s.pproach, 
at distances ·•iery far from ti1e oriein, t :1e se..'lle error f::.eld configura­
tion of concentric circles and radii vectores; however for t i1e angu­
lar measuring sy..,tem tne major o;(is of ti1e error ellipse is oriented 
in tne dir-ection of ti1e re.di us ,ector, for t nc two distance measuring 
systems perpendicular to the ro.dius vector. (Tnfs behavior has its 
counterpart in the three dimenzionfll case, to be treated in another 
paper, where it will 'oe s·101tm, tl1at Ue J eneral shape of t :ne ellipsd.d 
of error depends on whether closed or open quEdratic surfaces inter­
sect in the point under consideration.) 

rr i1e polar coordinate sy.:;tem i1as in comparison \·,·i t;1 t ~1e two 
other systems a distinguishing advant age: it measures in its 11ne.tural'' 
coordinates, meanine in the ort~10L;onal coordine.tes of its t:~ .. ·:·o:r field. 
This means t:1e.~ G.ny tli.fference in t i 1e precisior. of t.i1e a~u.J.a.r 01· t ile 
distanci2 rnec.su!·ement may cnange only t~1c si ze and the si-iaye of t:1e 
error ellipse a.t ci1e point meesurcd, b·1.t not its orientc.tlon. T:1aJc 
error field as suci1 is stable c-.nd ui ll not c~1anJe j_ts conf~.c;U1·r:~ion. 

T~1is is not the co.se Witl1 ;:,i1e two two-sLation syst,ems dis­
cussed. ne1.-rriting tneir normal cqm:t 'L ons with different WGig~1ts for 
eaci1 stat:Lon r c fi\.ll ts in different error fielci.s, dependent on t~e 
weight assumptions. In the case of -dis·~o.nce mee-surement howc1cr it 
is possible to :.;; tabilize the error field by changing tt1e metnod of 
measuri~. Instead of measuring separately r 1 and r 2, the sum r1 + r2 
and the difference r 1 - r 2 may be measured. From eeomctrical con­
sideration the error field of confoceJ_ ellipses and hyperbolas rema:hs 
the same. However the measurements a.re now performed in "natural co­
ordinates", and changes in tile measur:i.ng performance of those two 
qua.nti ties will not ci-iangc the error field configuration. Electronic 
interferometer systems are based on the measurement of the difference 
r1-r2; however for convenience r 1+r2 is not measured but the radial 
distance from the midpoint of t ;1e basel1ne. This, unfortunately, 
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leads to an error field that 13 no·t stable. 

The final purpose of the error field for an instrumentation 
system is of course to be an aid in predicting errors for trajectory 
determination. Here usually statements of errors in a given direc­
tion, as tangential or normal to the trajectory, are required. 

T11e error at one point in any given direction having the 
direction cosines 1 and m respectively to the semi-axes of the el­
lipse of error at this point is known to be 

rr2d = a212 + b2ru2. 

Maximum precis'lon is of course obtained when the direction coincides 
with the minor uxls of the error ellipse, i.e. when tne relative 
orientation of t:i.·ajectory and instrumentation is such, that the im­
portant region of the trajectory is essentially coincident with the 
field line for the minor axis of the error ellipses. It is sometimes 
possible to make such an arr8J18ement, but it may not always be the 
most desirable orientation. First, this orientation, which gives 
minim·~tr.1 error in one direction, results in maximum error in the 
direction perpendicular to the first. Requiring maxim\llJl precision 
in the tangential direction automatically results in the lowest pre­
cision for the normal direction. Secondly, selecting flight paths in 
the direction of the minor axis has another drawback: any small charge 
from the exact directim of the minor axis leads to a rapid increase 
of the error. Tne direction of the minor axis is indeed tne direc­
tion in which this change has its maximum. Such changes of direction 
may occur either by a slight deviation of the missile trajectory from 
its planned course, or they may be the result of differences in per­
formance of the instrumentation in cases of error fields that are not 
stable. 

Tnis leads to the question: are there flight paths possible 
traversing the error field, which are the least sensitive to such 
variations? It can be proved that such trajectories always exist, 
and that they always bisect the angles between the axes of the el­
lipses of error. They have therefore also the property, that their 
errors in tangential and normal directions are equal at each point; 
however they differ from point to point. 

From the conditions for isogonal trajectories the differen­
tial equation (5) of the error field yields inune.diately the differen­
tial equation for these "insensitive" trajectories: 

2 
(7) y 12 - g(x,y) y'-1 = 0 

with g(x,y) as before. This differential equation can always be 
solved by numerical integration and defines another orthogonal sys­
tem, rotated in eacn point by 7r with respect to the error field. 

4 
For the polar coordinate systems as an example, those "in-

sensitive" trajectories can be easily established: The axis of the 
error ellipse must always be intersected at 7r, but one of the axis 

4 
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is the radius vector, to be intersected under a constant angle. The 
required trajectories consist therefore of two families of logarith­
mic spirals, which are orthogonal to each other. Arranging the rela­
tive position of a radar to the missile flight path in such a way 
that the important section of the flight path is approximated by one 
of the "insensitive trajectories", i.e. logarithmic spirals, will re­
sult in a system with high repeatability in its daily performance. 

One point remains to be discussed: how to include the in­
fluence of refraction on the error field. Point by point correction, 
as needed for data reduction, would of course spoil the approach pre­
sented here of describing the whole error field by differential equa­
tions. To include the general influence of refraction in the origi­
na1·equations and to proceed as before is theoretically possible, but 
would lead to very complicated fonnulas. Another approach may there­
fore be preferable: The transformation of the error field, derived 
without refraction, by suitable mapping into the error field which 
includes the refractive effect. This way was suggested by the author 
(11) and the mapping concept as a means to deal with problems of wave 
propagation in inhomogeneous media is also proposed by Ivanov(12). 
The difficulty lies of course in the need for the appropriate ma.pping 
function, which is to date not known for the general case. 

Tne basic idea can however be demonstrated for a special 
case, consisting in the approximation of the true ray path by employ­
ing its radius of curvature at the station, as used for a long time 
in electronics. For a single station system, such as a radar station, 
the problem can be reduced by virtue of rotational symmetry to a two 
d~nensional treatment in a vertical plane, containing the station and 
the center of the earth. From the known properties of refractive 
curves fore spherical earth and spherically stratified refractive in­
dex (10) it follows that the endpoints of all radii of curvature lie 
on a line, perpendicular to the radius of the earth tiuuugh the sta­
tion. This condition corresponds to the well known transformation 
w=C 1n (z-a)/(z+a). The right side of figure 4 shows the effect of 
mapping by this function: the previous error field of radii vectores 
and concentric circles transfonns through the influence of refraction 
into a new error field consisting of orthogonal intersecting circles. 
This new error field may now represent very closely the situation in 
a real atmosphere, as long as the approximation of the ray path by 
employing its radius of curvature is valid. 

Summarizing in conclusion: This paper presents the idea of 
describing the errors in position determination by the error field 
associated with the instrumentation. It shows that the differential 
equations for this field can be derived from the normal equations for 
data adjustment, and proposes finally, that the influence of refrac­
tion may be included by suitable mapping of the error field, obtained 
for the case without refraction. The examples e.re given for position 
location in a plane, and are also valid for position detennination in 
space, if the system has rotational symmetry. The extension of the 
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field concept to three dimension will be the object of further 
studies. 

The e.uthor has had many helpful discussions with Dr. A. S. 
Galbraith while this work was in progress. 
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A MODEL POR EVALUA'.i.'!!'10 

SURFACE-TO-SURFACE FIREPOWER 

OTIS S. SPEARS 
OFFICE OF cm.mAT DEVELOPf·lEHT AUD DOCTRINE, USAAMS 

PORT SILL, OY-.LAHOr-1A 

1. IHTRODUCTIOJ. 
a. To the extent that ':rarfare becomes an 

instrument of national security, methodical selection and 
development of weaponfi must be engendered, Thus, there 
r:iust be a sound basis for ·✓1eapons desi~n and analysis. 
Ineffective weapons, however skillfully employed, can re­
sult only in disanter on the battlefield. The purpose of 
th1s discv.sslon is to outllne a methodoloe,1r, a perspective 
for the dete11 r.1ination of \'Teapons effectiveness. While 
certain eeneral princlples mentioned may pertain to all 
~-,eapons, the immed1ate consideration is for surface-to­
surface tactical weapons. 

b, Basic to the entire discussion is the 
assu;;iption that tactical weapons must be desir;ned and mea­
sure.ii Hith respect to overall effectiveness on the battle­
field, not just from the standpoint or some particular de­
sirable or undesirable weapon character!stic. Mo~e speci­
fically, weapons are examined with respect to total fire­
power potential, measured and summed over different enemy 
tactical configurations. Each ,1eapon is consldered as 
beinc potentially a single weapon, a portion of a tactical 
unit; and an element of a ,1hole force structure. The par­
ticular factors involved are range of the weapon(s), na­
ture and size of enemy targets, enemy tactical disposi­
tions, rate of fire, weapon accuracy, and the potential 
destructi~eness of a single projectile. Closely allied 
considerations are weapon reliability ind mobility. These 
factors are interwoven in such a manner as to yield an 
overall measure of tactical effectiveness. 

2. GENERAL DISCUSSION. 
a. Historically, weapons develop-

ment has proceeded along lines which have been usually 
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intuitively felt to lead toward more effective fire. 
Actually, these lines were largely dictated by specific 
developments in other areas. Prior to the coming of the 
nuclear weapons, however, there was no specific attempt 
to evaluate the effectiveness of a weapon or group of 
weapons. 

b. With the advent of nuclear warheads, a 
procedure for effects analysis was evolved. This proce­
dure was derived by the Sandia Corporation at Albuquer­
que, New Mexico. The Command and General Starr College 
adapted the theory and methodology to instructional needs 
in special weapons courses. These target analysis proce­
dures are now in general use throughout the Army (Ref 1). 
Only a limited number or factors are considered: nuclear 
yield, weapon accuracy, target size, and nature of the 
target (hard, medium, or sort). 

c. During the last few years, weapons re­
search and evaluation have advanced considerably. It has 
become increasingly evident that a more thorough methodo­
logy must be used, especially as guidance for research 
and development efforts. Here, the analysis must include 
consideration of as many tactically significant factors 
as possible. Perhaps no single analytical model can ever 
encompass the formidable array of tactical elements which 
invariably confronts the commander in any actual battle 
situation. Nevertheless, the complexities of modern wea­
pons imply a fundamental and methodical attack on the pro­
blem of efficient weapons development. From drawing 
board to service test., the entire weapons development 
process will be futile unless it leads to sufficient fire­
power potential to cope with the enemy threat. Therefore, 
the assumption here is (indeed must be) that it is possi­
ble to develop an overall measure of tactical effective~ 
ness for a weapon or an entire series of weapons, in­
cluding such important factors as accuracy, range of the 
weapon, the target complex, effectiveness of an indivi­
dual projectile, rates of fire, target location errors, 
and emplacement distances relative to enemy dispositions. 
Closely allied considerations are weapon reliability and 
mobility. The purpose of this discussion is to outline 
one possible approach for effecting such a measure. First, 
it is well to delineate certain qualitative concepts. 

d. Each wea{>on or delivery unit (such as a 
battery of field artillery) is limited to some particular 
area within which it can fire. While this area need not 
be confined to any given shape, it has often been fan.­
shaped in the past, with the pivot at the center of the 
position area of the delivery system. These regions, 
whatever their shapes, will hereafter be called "capa­
bilities regions." Assume that the locations of all 
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weapons and enemy dispositions are correctly drawn to 
scale on a war game map. Then., the portion of the enemy 
area accessible to each weapon uni~ is outlined simply by 
drm·!ing the configuration of the capabilities region. 
Here it is assumed that the entire friendly and ene11\Y' 
complex ls dra~m to the same scale. The situation is re­
presented schematically by figure 1. The entire capabi­
lities region of the indicated field artillery battalion 
is shaded, 

e. This procedure is continued until all 
accessible areas have been outlined over enel'l'\V territory 
for each weapon system contemplated. Within a given sec­
tor of the battlefield, these capabilities regions may 
thus be depicted for all weapons within an entire force 
structure, On the other hand, it may be necessary to 
materialize only those regions corresponding to weapons 
most tactically appropriate for the given regions. In 
the first instance, the total firepower potential for the 
entire force structure will be measured, In the second 
instance, only the potential of those weapons deemed ap­
propriate for the region \'1111 be measured. Both mea­
sures have merit, for it is not always possible to de­
termine \'rhich i·1eapons will be used within a given battle 
area before the engagement is in progreso, Moreover, one 
tas1: of the Neapons analyst is to investigate the advan­
tacen and limitations of different weapons arrangements. 

r. The several capabilities regions will 
u:mallJr generate different kinds of overlap areas with 
rather irrer;ular geometrical shapes. Figure 2 is a sche­
matic representation of this notion. Each kind of over­
lap zone is classified by some simple code number. For 
example, the first digit might represent the number of 
105mm howitzer battalions which can reach the area. The 
second digit might represent the number of 155mm howitzer 
bat.talions Nhich can reach the overlap zone. Some other 
dibit would represent the number of., say, division gene­
ral support guided missiles Nhich can reach the area. 

e. Thus, the battlefield is covered with 
different types of capabilities regions and overlapping 
areas thereof. Next, each such subarea of the battle­
field is examined for enemy installations, All targets 
may be listed, but it is usually sufficient to select 
only one type of tarr;et within ea~h subarea (overlap zone 
categocy). This target is usually the one with the high­
ent tactical priority, or the most difficult one. The 
size and nature of the target are then listed (e.g., a 
platoon of enemy infantr'Y in armored personnel carriers 
within a circle ha•ving a radius of 200 meters). 

h. The next step is to compute the measure 
of damage to a typical target (or to each target) within 
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each subarea or overlap zone (an overlap zone includes 
any subarea which can be reached by only one weapon). 
The damage measure is usually one of two types; first, 
the expected, or average, damage level; and secondly, the 
fractional damage which can be realized with some speci­
fied probability. In either case, the damage level is 
determined by the size and nature or the tareet, the 
number or projectiles fired, the accuracy of the weapon, 
and the damage potential or each projectile, as \·rell as 
b~r the accuracy of target location and weapon position 
location. For example, when both weapon and target are 
accurately -located, the accuracy of the \'leapon then de­
termines the percentage of all projectiles fired that can 
be expected to fall within the confine::; of a given tar­
eet. The net result of this entire step is the associa­
tion of a damage level ,,ri th each specif icd target through­
out the battlefield. This calculation can be effected 
for as many points as are desired; but, as already noted, 
it is usually advisable to select~ set of typical, or 
representative, targets. Herc, a "point" ordinarily de­
sicnates the center of a given target. Figure 3 repre­
sents typical results for several points, or target cen­
ters, ,.,1 thin ene~ tcrri tory. Even though the generation 
of each damage-level number is a laborious process, this 
information must be evolved for all subareas of the 
battlefield. Specific procedures for individual targets 
are set forth in references 1 and 2. 

i. Next, contours of constant-damage po­
tential are dra~m. This is an approximation process si­
milar to that used by ,.,ea ther forecasters to draw iso­
thermal lines on a synoptic ,.,eather map. The results are 
also analogous to contour lines on a map, showing loci of 
constant elevations. The lines can be produced as ac­
curately as availability of skilled personnel and compu­
tational facilities permit. The actual computation will 
be greatly facilitated by the use of digital computers. 

j. It is instructive to examine some ac­
tual examples. Figure 4 shows an actual deployment of 
division artillery used during a recent study. Some or 
the specific designations have been removed to eliminate 
the necessity of classifying the material. Figure 5 is a 
recent actual example of capabilities regions and overlap 
zones, not derived from the deployment sho,.,n on figure 4. 
Only sequential zone numbers are given, rather than the 
code numbers mentioned previously. Figure 6 shows a re­
cent set of damage contours. Neither the weapons deploy­
ment nor the target complex used is shown. Figure 7 sho\•E 
the rather significant results obtained when certain 
changes were made among the weapons, such as changes in 
ammunition types and weapons locations. 
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k. Finally, these calculated capabilities 
are summed over the entire battlefield. Essentially, 
this is a summation of weighted subareas, each subarea 
beine multiplied by an appropriate weightine factor. This 
i·reighting factor may simply be the damage-level numbers 
previously described, or it may include target priority. 
For example, targets in the rear areas may not be so im­
portant as those near the front lines. The result of the 
summation is the overall measure mentioned at the begin­
nine of the discussion. 

3. THE FUNDAMEN'rAL EQUATIONS. 
a. It is well to recall the basic factors 

for ·i'leapons analysis already mentioned. They are as 
follows: 

1 Accuracy. 
2 Lethality. 
3 Rate of fire. 
4 Weight. 
5 Range. 
6 Mobility. 
7 Reliabil:t ty. 
8 Size and nature of target. 

b. The dispositions of friendly and enemy 
units, together with these factors for Heapons analyses, 
determine the daraage-level potentiality against any enemy 
tareet. The measure of this potentiality is fractional 
damage or fraction of casualties--fraction of casualties, 
if the target is personnel; fractional damage, if the tar­
cet is other than personnel. For any gl ven ~·,eapons plan 
and any specified target, let thiR destructive potential 
be denoted by G(x,y), where (x,y) represents the location 
of some designated point within the tarcet, usually the 
center. Then< the value of G(x,y), associated with the 
location (x,yJ, is a fraction of damage, or a fraction of 
casualties, which the ,·mapons can inflict on the given 
target when they are aimed at the point (x,y). Then, for 
any point over the entire battlefield, there is some 
value of G(x,y) such that, 

0 ~ G(x,y) ~ 1. (1) 

The sum total of this potential over a given battle area 
is the overall measure of weapons potent:tal \'lhich was 
qualitatively outlined in the first po:-tion of the dis­
cussion. Let M represent this total measure. Then, by 
definition, 

M = J I G(x,y) dx dy. 
(R) 

295 

(2) 



SPEARS 

Here, the symbol J J(R)indicates that the integration is 
to be performed over the battle region (R). The di­
mentions of Mare those of area; hence, results are exhi­
bited as, say, square meters. 

c. It was noted in the first portion of 
the discussion that the value of G(x,y) may be modified 
by the target priority in the determination of the over­
all measure M. This priority may be constant over the 
battlefield; it may be arbitrarily designated as a func­
tion of ranee; or it may be a function of range, nat ure 
of target, and other factors. 
Let this priority factor be called r(T), where, 

0 ~ f (T) ~ 1 

Then, equation (2) is written as follm·rs: 

M = J f G(x,y) f(T) dx dy 
(R) 

(3) 

(4) 

It is understood that the value or f(T) ls that which is 
associated with the target centered at (x,y) or otherwise 
desienated by (x,y). It should be recalled, also, that 
the value of G(x,y) may be computed as the ex ected dam­
ar;e level •for the target associated ,.,1th the point x,y); 
or this value may be the damage level associated with 
some designated probability. In the latter case, the 
probability referred to ls that of achievinc at least 
the damage level G (x, y) • These two d:l.fferent approaches 
will yield different values of M. It appears that tacti­
cians generally prefer the latter approach, with a h1.gh 
associated probability. 

d. The measure of weapons accuracy is the 
probable error, circular or linear. These are standard 
measures of dispersion about the mean. They are so t'lell 
known that further elaboration is not necessary here. For 
surface-to-surface weapons, howeverii it should be noted 
that the term "range probable error' desiWnates the 
probable error in the direction of fire; deflection 
probable error" is the probable error along the axis per­
pendicular to the direction of fire. The accuracy pat­
terns of individual weapons are usually assumed to be 
sufficiently described by the normal, or "Gaussian," 
probability density function. The composite distribu­
tion function for several weapons aimed at the same 
target point may, however, not be "normal." In that case, 
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it is often rather difficult to write an analytical 
function adequately describing the distribution. Simu­
lation techniques and numerical-analysis procedures can 
be used. 

e. The measure of effectiveness for the 
individual projectile is the damage radius (RD) for nu­
clear weapons, the lethal area (Ar,) for high explosive 
projectiles. The nuclear damage radius is the radius 
within which at least some specified damage level is 
expected to occur. The associated probability at the 
outer end of the damage radius is 0.5. For high explo­
sive projectiles, the lethal area is the probability-of­
casualty integral computed over the damage pattern of the 
projectile, with respect to a given target situation 
(such as personnel in uncovered foxholes). Damage radii 
for different nuclear yields can be found in many docu­
ments on nuclear weapons, including Reference 2. Since 
the concept of lethal area for nonnuclear projectiles is 
perhaps less familiar than that of damage radii for nu­
clear weapons, a further remark about lethal area is in 
order. This extremely useful concept was derived and 
promulgated by representatives of the u. s. Army Ord­
nance. Suppose a high explosive projectile detonates at 
(or above) any point within the target area. Let this 
point be the origin of coordinates {O,O). The probabi­
lity of a casualty at any point (x,y) is determined by 
the fragmentation characteristics of the projectile, as 
well as by the disposition and nature of individual tar­
gets. Let this probability be denoted by g(x,y). Here, 
the "probability of a casualty at any point (x,y)" indi­
cates the probability that an individual target element 
with a finite presented area, with its center at (x,y), 
will be a casualty. Let the symbol for lethal area be 
denoted by Ar,• Then, by definition, 

+,,·, +ao 

Ar, =_J j g(x,y) dx dy (5) 

Actual lethal area data are usually supplied by the Army 
Ordnance. . 

r. Actually, the overall measure M, given 
by equation (4), is usually approximated by a numerical 
analysis procedure of some sort. One such procedure has 
already been generally indicated by the figures pre-

• , viously shown. Thus, types of overlap zones on the 
battlefield are developed, and perhaps one type of tar­
~et is assigned to each such zone. For n overlap zones 
{or aey other desirable scheme of subdividing the battle­
field), equation (4) is then written as follows: 
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n 
M =1~1 G1(x,y)f1 (T) (6) 

Nhere, G1 (x,y) denotes the value of G(x,y) for the 1-th 
subdivision of the battlefield. Similarly, fi(T) re-
presents the corresponding value of r(T), for the 
same i-th subdivision. 

e. Flcure 3 shows plots of the measure M 
for several different tactical deplo!rments. Certainly, 
the lom?st value represents a less desirable tactical de­
ployment than any other case shown. 

h. Finally, values of~, or even G(x,y) 
can be exhibited for various intervals through an enemy 
battle array. The result is a brol{en-line r;r-aph of over­
all performance extending throur;h the enemy area. Here, 
it is necessary to choose ar-bitrary increments of ranee 
throughout the battlefield, ber:;innine; usually ,·11th the 
fo:M•rard ed~e or the battle area. In this case, values of 
Mor G(x,y) are portrayed along the vertical axis, while 
the horizontal axis shous range, usually in ldlomcters, 
through the battle area. Fi~ure 9 illustrates this type 
of portrayal for values of G{x,y). This ~{ind of de­
lineation :ts perhaps best adapted to situations in trhich 
relative comparisons are desired among individual de­
livery units, especially v1hen values of G(x,y) are ex­
hibited on the vertical axis. Actually, figure 9 is a 
recent example of such comparisons among certain surface­
to-surface missile systems. 

i. In ti1:ts short discussion, concepts and 
measures have been only briefly and generally outlined. 
For actual implementation, it is necessa~J to extend and 
further-develop this study. For example, the allocatior 
of specific weapons to different tactical missions and 
different portions of the battlefield has not been suf­
ficiently discussed. In this regard, an important con­
sideration is the total value of the quantity M which can 
be developed ,.,ithin a given time interval by some parti­
cular allocation of ,-1eapons firin['; simultaneously over 
different portions of the enemy area. Another interestine 
quantity is the .rate of change of M with respect to 
time (dM/dt) at stipulated times after firing begins. 
Another tactically significant further consideration in­
volving mobility relates to the change of the quantity M 
when a given portion of the force is ordered to move, and 
thus becomes unable to fire until the move is completed. 
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4 • CONCLUSION. 
a. A model for evaluating surrace-to­

surrace firepower has been generally qutlined. The re­
sults are measures of total firepower potential over a 
given battlefield. The basic factors considered are 
accuracy, range, rate or fire, lethality, size and na­
ture of targets, target priority, and tactical deploy­
ments. Essentially, force structure capabilities are 
calculated for a set or subdivisions or the battlefield • 
These capabilities are summed to obtain the resultant 
firepower measure. 

b. This approach, which is adapted for use 
with dieital computers, can be repeatedly applied for 
different tactical dispositions. Results of comparisons 
wlll yield valuable guidelines for research and develop­
ment. 

c. The model is useful as a means or 
determining optimum tactical deplo~rments, as well as for 
determining weapons requirements. 

d. For actual application, it is neces­
saI"J to extend and amplify the concepts and general out­
line presented here. 
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EFFECTS OF AIR TURBlUNCE UPON PROPAGATION OF LIGtrr 

INTRODOCTION 

HARALD W. STRAUB 
DIAMOND ORDNAM:E Fl1lE LABORATORIES 

WASHINGTON 25, D. C. 

Several of the Technical Services have had difficulties in 
using photoelectric systems at near-ground level at distances of 
the order of miles between the transmitting and the receiving end. 
The disturbance generally observed was a random fluctuation of the 
received signal, although the transmitting light source was steady 
and unmodulated. On looking through the literature,(!) it appears 
that most observers, be they astronomers, optical or electronic 
scientists, have stumbled upon the same difficulties more or less 
independently of each other, each starting an investigation of his 
own. But the general consensus has been that the fluctuations are 
due to turbulence of the air through which the light propagated • 

The investigations at DOFL were initiated for a somewhat 
different purpose; they were also independent, and the investigator 
at that time was also ignorant of earlier efforts. From an en­
tirely different Ordnance project,<2) there had evolved the quasi­
parallel-light concept(3) that perm~tted the construction of a 
rather unique spotlight - unique in that its beam pattern is com­
pletely non-divergent from the spotlight out to a point determined 
by controlled defocusi~g of the optical system. In the present 
case, the point was at a distance of 1300 feet from the spotlight; 
beyond 1300 feet, the spread was as small as I minute of arc.• 

*The I-minute-of-arc beam spread is comparable to that of a lAS~ 
beam. 
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It was known from theory that the l/r2 law for the flux density 
does not hold at short distances from the spotlight, and the ini­
tial purpose of the work had simply been to ascertain experimental­
ly at what distance from the spotlight the l/r2 law would begin to 
hold. But it turned out that the measurements, which had to be 
made in the open countryside, were not as easy as originally an­
ticipated. When a white cardboard screen was held in the beam at 
distances of 1.0 and 2.2 miles from the spotlight, the resulting 
light spots were far from uniformly bright. Quite to the contrary, 
what was observed were light spots which were traversed by smaller, 
black, areas of undefinable shape, I to 4 inches- in size which, in 
turn, drifted in the direction of the prevailing breeze.•• Be­
cause of the slowness of the drift, the intended photometric 
evaluation could not be performed with one of the short-time­
constant meters. 

INSTRUMENT AT ION 

In order to obtain data which could be analyzed back in the 
laboratory, instrumentation was set up as shown in the self­
explanatory Figure I: this was done one hot night in September 1961 
on one of the still unused runways of the Dulles International 
Airport under construction near Washington, D. C. Moving pictures 
of the shadow patterns were taken with air paths of 1.0 and 2.2 
miles between the light source 1 and the condenser mirror 2 and at 
an elevation of 5 feet above ground. Since the built-in diaphragm 
stop in the camera 3 could not be used in this kind of a setup, the 
exposure was controlled by means of exchangeable neutral density 
filters 4 in front of the camera lens. 

RESULTS 

Figure 2 is a series of positive prints from frames which were 
taken at 1/16 of a second time intervals with exposures of 1/100 
of a second at the 2.2-mile range.••• It shows how some typical 
spots appear to be drifting some distance across the face of the 
mirror from left to right, that is, in the direction of the pre­
vailing breeze. This particular phenomenon has been called 
"frozen turbulence." The dark areas must be attributed to blobs 
of thinner-, or denser-than-average air, which have a life time of 
about one second and refract the light out of its original direc­
tion, possibly into adjacent bright areas. 

••Asimilar phenomenon exhibiting horizontal striations instead 
of discrete spots was probably first described by Fawcett, Nature, 
32, 224 (1888). 

••• The movie from which these frames have been extracted will be 
shown in full at the Conference. 
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The dynamic range of the flux density was found to be about 
1000 to I both at 1.0 and 2.2 miles. From this data, it can 
readily be understood that air turbulence can have a very dis­
turbing effect not only upon a beam of unmodulated light, but 
especially upon a very short pulse of highly collimated light 
such as that from a LASER source. 

There is another and equally disquieting phenomenon that has 
been observed while the moving picture was being taken: The en­
tire beam was seen to exhibit a random mot ion, mostly in the 
vertical plane, but some lateral motion was also observed. At the 
2.2 mile range, the vertical peak-to-peak amplitude amounted to 
about 18 feet (6 minutes of arc), with a periodicity varying be­
tween 3 and 15 minutes in time. As a matter of fact, it has not 
been possible in these experiments to determine the true, straight 
Ii ne of sight with any great certainty. The phenomenon is attr ib­
uted to fluctuations in the overall density gradient of the near­
ground air layers. 

In order to observe the bending-beam phenomenon, it is ob­
viously necessary that the spread of the beam be narrower. than its 
deflection, and that the source be either CW-operated or at least 
pulsed more rapidly than the occurrence rate of variations caused 
by the atmosphere. It appears that such beams have not been 
available heretofore. 

PLANS 

Efforts are now underway at OOFL to perform the described 
experiments in a quantitative manner; to pin-point those portions 
along a turbulent light path which contribute the most to the 
perturbation; to determine the percentage loss of energy resulting 
from turbulence; to learn about non-linearities, if any, arising 
when higher and higher flux densities are used, such as from the 
high-energy LASERS which may be expected by 1965; and all of the 
above under as many different geographical, climatic, and meteor-

~ · ological conditions as are necessary to obtain a clear under­
standing of the perturbation phenomenon and its effects. However, 
even while these investigations progress, there have already been 
opportunities for direct application of the new knowledge on 

~ propagation to astronomy and to military systems such as range­
finders and communication links, and more can be expected. 
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INSTRUMENTATION FOR 
PHOTOGRAPHING TURBULENCE 

© 
Et--

© QUASI-PARALLEL SPOTLIGHT•••as collimated 
"point" source 

® CONDENSOR MIRROR .. •images spotlight© at 
objective lens of movie camera @ 

@ MOVIE CAMERA••· focused on mirror ® 
® NEUTRAL GREY FILTER•uexchangeable to 

control exposure 

FIGURE 1. 
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Mirror 2 of Fig. 1 with Superimp osed Air Shadow Patterns . 16 Frames, 1/16 
of a Second Apart, Taken over 2 . 2 Mile Air Path. Sequence Is From Left to 
Right and Down. Diameter of Mirror 12- 1/2 Inches, to Serve as Scale. 

Figure 2 
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PROCIRES AND PBmPECTS D mIOFll!LAXIS 
(ad.lt-in Indiv.l.dual Selt-Prot.ction ot the Cclnbat Soldier) 

MARION B. SULZlERGm, M. D., F.A.C.P. 
US Ar,q Medical Beaearch and Development Calnand 

Wuhington, D. C. 

ill who haw been ccmnect.ed with arr, upect of military 
research and da'Velopnent realize t.hat weapons systems generally con­
sist of three ma:ln parts: The man, the carrier or "8hicle, and the 
weapcm itaeli. Of these three, man is by far the most complex, most 
unfathomable and ofu,n the most fragile. And, although it may be 
heterodox to SS'J so to an audience dealing with modern Jld.esile systems, 
tanks, transportation, commmicatim and all kinds of very expensive 
hardware, I believe that man is also the mos·t valuable military com­
ponent, especially when trained mi skilled in the various specialized 
crafts and intricacies of modem warfare. And, it is not just a •tt.er 
of belie! but one of record that in military campaigns from antiquit1 
to Korea and Kuwait, the coq,cm.ent man is the Cl'18 that tails the moet 
often. Moroo'Ver, he most often tails not because of bull.eta or missiles 
or any enenr, acti011, but because ,if the stresses of climate and food 
and anxiety and disease. 

Utt me document this statement with the figures in this 
table based cm the casualty liste of World War II. 

(Table l) 

If theee figures of World War II astcm.sh 70u because the 
man-da,. losses due to diseases are four times as great as those due to 
battle injuries and. wounds, tne best available :lni'ormaticii indicates 
that the disproportion in tins d:lrecticii will be e'\'8ll greater :ln 8111 
future campaigns in the remote regions of the world. 

We, 1n tile medical service, who are resporu'd.ble for the 
effectiveness of the cOJll)Oftent man are faced with Buck Rogers-Alice in 
Wonderland advances in technolor,; exponential eJp8llsions of scienti­
fic and medical knowledgeJ kaleidescopic rearrangements of policies 
and plans; rapid-fire introductions of new kinds of weapons, new kinds 
of transportation and cammmication, actual and potential dispersion 
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of combat and spec:lal farces throughout all the regime ot t.he globeJ 
and our troopat conaequant unbelinabq IUdden and rapid encOUDterl 
with new Ql)la ot hoetue climate• and enrircmenta, new Ql)la ot 
an1mla, pm.l(lla, '98getat1on, m:l.croorpniaw, T.lrul and other cawa 
ot dileue. Thell nev ccmditiona br:ulg with tmn comtan~ nn and 
con1tan~ wr!ng 1tn111a upon the capacit, ot our men to pertcn 
11:1.th reliabiliV and ettect1wne11. 1'he7 al.lo preeent constant 
ch•JJenge1, u well u opportun:1Ue1 tor md:l.cal and acienu.tic 
reHarche 

The eoldier1a reliability, h:l.a Jlllltal and pJvaical health, 
cannot be maintamed except by a spe~rient.ed ldlitary medical 
reeearch and dewlopment program which ia directq geared to •'ffl7 
ad'lance ot science and at the aama ti.me rapidq relp(Jll&ift to the 

. nerchanging military needs. The statement, 1tlt-eT.l.dent though it ie 
in relation to 01:her military reaearch and developnent progr1111, nch 
u thole :ln Ordnance, Signal, Tranaportaticm, Engineering, and tat like 
ie not quite ao aelf-nidmlt and requires a bit of expllnatl.m 1lhen it 
ii applied to medical reaearch and denlopnent. For mdicine-the 
science and the irt of preftnting, alle~ating ar cur:lng d:laeue and 
diaab:Llity----,uld, on casual cmaideratl.cn, appear to be the same, 
lihether it ia to be applied to the Jll8ll 1n or the DIID out ot uniform. 
H011e"8r, thie 11 not the truth. All of u are kept fl1ll7 aware of the 
billions of dollars which are being spent on ciT.llian •dical research; 
each ot us ia contributing to tbeae out of hia own pocket, not onl1' 1n 
the form or taxes to support the programs of Federal, u well u state 
and municiple govemmental agencies, but also in contributions to pri­
vate hospital and medical school drives, marcbea of cow, cancer, 
heart, and mental retardatl.011 crusade,, and ao forth. Bllt, despite 
the Jn8D1 ft8t and varied programa of ciTilian medical reeearch, t.bere 
remain medical problema lihich are not now and v:lll not in the fore­
seeable future be investigated by 1111 civilian agen07 vith a T.lgor 
comenaurate to the magnitude and ialediacy ot the t.hreata they poae 
to our Anrr3111UCce11ful operatl.ma. 1heae are the medical probleml 
llhich are tbe clear-cut obligation ot the A?lv'• Medical Research and 
Dffelopment Canmand. 

I ahall here recOUDt just me example • In a recent teat, 41 
of our men were div.l.ded into two 11:lld lAr groups. One ot theae groups 
was trained, and in addition, acclimatized to heat while at Fort Knox 
in the Unitsd States. The other group WU trained at Fort Knox at the 
same thle and in precise~ tne same way but not beat-acclillati1ed. 
Both were then set down 1:lmultaneous~ in tropical Panama and put 
tmough the same m:1litary, exercises and streSBea. M had been 
apected and hoped, the heat-acclimat11ed men reld.ated the tropical 
heat and humidity much better than the men in tne nm-acclimatized 
group. In the 20 non-acclimatized man there were 10 casualties due to 
heat; while in the prev.l.ousq acclimatised group there were nQDe. 
Moreover, the heat-acclimatized men were able to can,- out a eubetan­
tlllcy' greater m,unt of work in the heat. For example, in a load-
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mm.Dg tuk during a 9()-m:lnute period the acclimatised group wre able 
to 110ft ll,200 poundl more ot water than the non-acclimatised group. 
Table II lhowl the breakdOlln in pounds per man in each ot the three 
3()-ad.nute periodl in vhich the tllo groupe wre moY.lng the backetl ot 
water. 

(Table II) 

ait, in cont.rut to theae expect.d and deairable 'reaulta, an undeeir­
able t:lncling wu that cm the morning of the third day, 32 of the total 
of 41 men had bllatering feet. The blistering ocCUJTed in 16 men in 
each group and vu ot equal HWrity in both groupaJ 4 man in each 
being incapacitated by the bliatere. 

Now blistering ot the feet certainl1 affects both civ.Lliana 
and soldiers. ait, llbile it ia usualq just a diaagreeable and per-
haps some11hat pa:lntu]. :lncomen:lence to cinl:lana, u a eource of 
m:W.tar, incapacity snare bliatere cm the feet can reeult in the loae 
of a battle, a capdgn, a caw. There 11, therefore, an ablolute 
mandate for nd.lltar, medical research to atUCV intenaiw~ the factors 
and mechlnias 11hich caue blistering-and hov to prevent or ndnim:l.ze 
their effects in soldiers. tis tact is supported by 1ihe figures of 
World War II ahcnd.ng that blistering dermatoses cauaed the 1011 of 
over 4 million man-days in the United states Al'llfl aloneJ and that in 
the British Malayan caq>m,gn :in 1954-1955-H the incidence of new cuea 
of skin diaeue waa about 1000 per thousand men per am\Dll, and repre-
sented the largest single cause of adnrission to the hospital (46 per 
thousand per amua). At this point I would like to emphasise that m 
the present state of our lack of lmowledge, research into the causes 
ot blistering muat go all the way tran the moat basic types of scien-
tific, p}Vlico-cheml.cal, biological, JVCOlogic, bacteriologic, 
immunologic, and clinical research up to and including almost pure:cy­
applied research and dewl.opment in combination with other technical 
sen:l.ces, such u the efforts to discover and suppq our men in the 
tropics with better boots, better socka, better tarmulas tor foot 
powder, and gene~ better clothing and gear. 

•• 

.. 

While it is true that incapacitating skin diseases, including 
blistering, are the fourth major cause of disabili tr in our Armed 
Forces, I have cited them here not because of this but because thq 
seem to me to be such ccmrincing exaJll)les of conditions which are ., 
unequivocally nd.lltar, problems even though the same conditions at'fect 
also the civ.l.llan population. 

In the diagram ahcnm in Figure l, I give JV pure:cy- personal 
and approximate estblates ot the probable relative militar, and tr.>, 

HArcher, T.C.R., Major, RAMCJ Journal of the Royal Army 
Medical Corps, Vol. 104, No. 1, P• 1, January, 1958. 
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SC EMATIC EqlMATION OF RATIO OF M IL.ITARY AND REQUIREMENTS 

USEFULNESS AND APPLICATIONS OF BOTH BASIC AND APPLI ED MEDICAL 
RESEARCH IN VARIOUS FIELDS AND DISEASES 

U. S. ILITARY APPLICATIONS U. S. CIVILIA APPLICATIO S 

cu ES I d>~ u I. . ROP 
I 

0 . DIS EC ORS. 

S't'C OL L DJ , C TR U AS; /\C FATIGUE; 

F 01 G OS IC PROP YL. 

C ,or I ' G ERAL i PIO PUBLIC ALTH liEASURES 

Y; GE E AL EOICI ; G ERAL DI AGNOSIS; GENERAL THERt.PY; 

CHRO IC FA IGU ; ALL RGIC REACTIO O FOODS, DRUGS, PLA S, CLOTHING, ETC. 

A HEROSCLEROSIS; DI ABETES·, GOUT; GENERAL UTRITION. 

CHRO IC EUROL.; GAS RO-INTEST.; PULMON.; HE PAT. A D RENAL DIS. 

ALCOHOLIS ; CHRONIC PSYCH.; CARDIAC DIST. 

ARTHR !TIS; CAN CERS; OBST.; GY ., PED., GERIATRIC 
DIS.; GEN IC ABN. 
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civilian importance ot some other comnon medical problems. You v.1.11 
note that man, problems that lOOJll so large :ln t.he programs of non­
military medical research do not figure prominentq among those which 
I consider important to the United States Anny (cancer, arthritis, 
chronic psychoses, alcoholism). 

But the common problems which I have placed high on JIG' list 
do constitu'b3 a most back-breaking and possibly disastrous burden in 
&n1' future military operations. How great this burden in persormel 
and in logistics has been in the past is striking~ illustrated by the 
figures tor which I am indebted to Colonel Vorder Bruegge, ot our 
Camnand, as show in Table III. 

(Table III) 

Perhaps the best way to bring about a substantial reduction 
in personnel and logistics requirements is, of course, by individual 
preventive medicine-by endowing each soldier entering a combat zone 
with his 0111 in-built capability to protect himself' against the preva­
lent diseases, stresses, climate and other on-slaughts. 

The improvement and strengthening of the canbat soldier's in­
built self.protection by medical means is one of the central objectives 
upon which the United States JrJv's research and development program is 
focused. In discussing this program, Lt Col Donal! Howie, Lt Col Jacques 
Sherman and I have given t.hc name "idi.s" to this form of pro­
tection-deriving the term from "idioff me self and ~lax:l.s" 
meaning protection, a neologism w1iicli is analagous to priai:l.s, 
anapeylaxis and similar term., in coJIIIICll usage in medicine. 

Under idiopqlaxis we do not include the protective devices 
which are supplied to the soldier to wear or to use in the form ot such 
things as body armor, bullet-proof vests, anti-mine boots, water­
repellent clothing, arctic suits, crash helmets, anti-fiash goggles, 
insect netting, insect repellent creams, and ao forth. We do include 
under idiopql.axis eve form of rotection that can be nn to the 
soldier rece men an c re a on o me ca 
means. us, op s c es e men con u.w,a.wlft,,1 

~zing procadures,tho chemoprophylaxis, the medicaments and anti­
bodies which we can cause to be embodied in the soldier's own person. 
It includes every protective capability wlth which we can medically 
endow him so that were he to be stripped suddenl;r naked, he still waD.d 
carry substantial degrees of protection with him. 

Mental conditioning, i.e., pqchic idiophy'laxis has been 
placed at the very t,ap of ~ list because of the high priority which 
must be given to endeavors to equip our soldiers with the mind and the 
will t..- resist the terrible stresses which modern warfare brings with 
it. We must reduce his susceptibility to excessive fatigue and con­
fusion, anxiety and mental breakdowns. Unfortunately, I shall not have 
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time to describe our 'V81'Y large and v.l.goroua medical program ai111ad at 
a basic understanding of the complex functioning ot man•a Id.net :ln order 
to arrift at practical •thoda enabling him to aupport the impact of 
the var•a aounda and aighta, its darkneaa and :lta lcne10lllln811. ait, 
I 110uld like to emphasize that e'V91'Y protective meaaure with which 111 
endow the aoldier1a bodJ alao contributes greatq to his mantal :ldio• 
phJla:l.1 and hia ettectiwne11 and confidence. For, when the aoldier 
teela t.he ohysical protection which w haw been able to confer upon 
h:lm coursing through hie bloodatna or built into h:11 011D ak:ln, he 
lmowa :ln hia bones that everything ha8 been dcne to protect him 
beforehand and evaryth1ng will be done to help him 1! he geta into 
trouble later. 

Another, and perhaps the most lllilitariq iq>ortant field of 
all, ia the idiop~laxia which ccmaista in conferring inmunity or 
heightening resistance to various tn,es ot 1ntectioua d11Gaae1. Thia 
ia going on continuousq with unremitting vigor, and our global effort 
in this can be divided into three main phaaeas 

1. Gathering from eveey part of the world intormatian and 
specimena of diseases which may be encountered there bJ our soldiers. 

2. Research on the causes and carriers ot these diaeaaes, 
their m.1.croorganiaa and viruses and vectors 1n laboratory and experi-
1nental animals, cell cultures, etc., both here and abroad. - And, 

3. The endeavor to produce imlllunizing vaccines of all types 
and their laboratory tests and ti~ their clinical assqs. 

In these efforts the ArJv's Medical Research and DevelopmP.--:~: 
Cmmnand collaborates cloae'.q with our sister services, with the 
National Institutes of Health, and with numerous other agencies, both 
on this continent and throughout the world. Moreover, w are lending 
major support to the Armed Forces Epidem.ological Board and its Com­
missions, the Armed Forces Institute of Patholou, t.he National 
Research Council and sim:Llar agencies., In addition, 11181V' universities 
and medical schools, not mu, in the United States but elsewhere, are 
receiving our support and are assisting us in this program. 

The follow.Ing tables show some of the conditions in which 
1d10pqlax1.a can now be conferred (Table IV); some in which chemo­
propqlaxis is possible at present (fable V); and aome in which 
ettorta are being made to increase our capabilities in both ot these 
directions (Tables VI, VII and VIII). 

These tatl•s indicate not ocl.y the great progress which 
medicine has already made, but how mue\ still remains to be done. 
And there remain, o:t course, the practical problems of how to inject 
so JD8ll7 different nccines to large numbers of :men in short periods 
ot time v.l. th the utmost possible satety. In Figure 2, the injection 
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gun, deftloped at tbe Madical '4U1Pmant Dmtl.opant Iaborator, at rort 
Tott.en, In York, ii able to gin mmm:lling 1njecticlll to OT8I' 1000 
indiT.l.dull per hour, with accurate]l' •uured dolap1, COJll)lete 
•terW. ty and entire •atety ad elind natim of t.he dlnpr ot comuni• 
eating hepatit11 or other :lntectiou di-• troll one mtected :lndi• 
~ to anotiler. Moreover, vith t.hi1 gun, the per1011D8l requ:lred 
on an iauniling te• haft bnn reduced to one halt tat number ot 
thoee required with thl uaual syringe and needle method. 

Here in tld.a rather prognostic drawing ot t.he id:lophJlactic 
•oldier, Figure 3, I h8T9 :indicated the :lJllauniuticm1 and nccina­
tiana against :lntectiow, dieeue1 aa haT.lng been giftn 1n the 
1oldier11 arm and buttock. 

The other ways in llbich idiopbJlax:1111 be:lnv, ccmferred are 
al.lo indicated, including the beat and cold accliJltttf .r.atim 11bich w 
belieft v1ll now be poeaible 11multaneau1q :ln t.he NmB peram. 

There are t1l0 point.I vbich I realised anlJ after I bad •een 
thil finished drawing. (me WI t.hat although it ii to IOIIII degree a 
projection into the tuture, it does not appear to be nearly u fantas­
tic u a dravJ.ng or description of our utr0D&ute ot todqvould haw 
eeemad to me an]¥ 15 years ago. The aecond point tbat I realised 11 
that the •jority ot the protectiw capabilities indicated en thia 
drawing have something to do with the protectin capacities ot the 
human skln. Perhaps this is why I, an old hand at deratolor,, haTe 
been particularq interested in these problems. Not ollq doea the 
akin eene ae an accurate index and record ot the mmme capacities 
of the individual in the tom ot ita JDlm1' apecllic reactions to akin 
tests, but the akin 1a alao a natural bod;y armor protecting the 
imividual in great measure against JIIID1' ot the cn-elaughta ot hie 
environment. Thul, i ta sweat ie cne ot the most efficient heat 
acclimatizing and cooling deT.LceeJ ita hoffl1' layer and melanin pipant 
among the best prot.ctiwe against sunlight; ita vucular l)'BteJll and 
ita shunts me ot the tiret dei'enaee against cold and freelingJ ite 
aurtace lipid emulsicn one of the beat pluticilere and water 
8hedders; the secretions of it,, aurface ane ot the moat powerful die­
intectanta and antibacterial ,ents; tbe barrier ICl18 ot ite epider­
mis an almost perfect abield aga:lnat penetratim bf II08t poisons. It 
would r1em that the future aoldier1e increased protection or idio­
ph7l&x11110uld conaiat in some measure ot a medic~ conferred aupan­
tatian ot the already aubatantial inherent capacities ot man•e alcin to 
resist. 

1here is reason tor hope that this augmentatim can be 
accOJll)liehed. For w are already able to gift by mouth certain medi· 
camente which beCODe so firm:cy' embodied in the surface horD1' l.&1er ot 
the skin that it v1ll resist the propagation ot diaeaseaproducmg 
fungi for long periods of time. And with ttda principle established, 
other infections mar perhaps be controlled b7 a ,:Jndl.ar mechaniam. 
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Another promising field tor idiop}V"laxia through the akin conaiata in 
the dnelopnent ot the aoldier1a aelt-protection against aunligbt. 
While protect:l,a creama and protective lotiona have long l>,en avail­
able, theae are ditticult and •111 to appq, aticq, wuh oft 14th 
sweat and rain, and are effect:lw tor ver, short periods ot ti.me. 
Our goal now is a chemical which v.1.11 become incorporated in the 
keratin ot the 1kin11 surface and enhance its capacity to tilter out 
the bum1ng rays. There ie already one auch aubatance 11h1ch can be 
given by mouth, but it baa certain drawbacks. We beliew that it may 
be possible to develop in the foreseeable future a better material 
which on internal adndn11tratiC11 or vben sprayed on the ak:l.n1a aur­
tace v.1.11 become incorporated in the horny layer and produce a 
manifold increue in ita sun and ultrariolet filtering capac:Lty. 
Such a protective effect would then resilt swat, washing, rubbing 
off by clothing, and 10 forth for many daya. 

While the prospect ia more remote and tile problem much more 
difficult, there ia some hope tnat w may nen be able to develop 
chemicals with anti-thermal effects which vlll enable the surface of 
the akin to resist somewhat better than prerioual.y the rapid pulae of 
a naah thermal exposure. 

Perhaps more important than any of these will be the develop­
ment of a material which when 1ncorpora~d in the akin either attAtr 
local application or when taken by JftOUth, would make the skin• a sur­
face and its secretions repellent to insects, flies, msquitoea, ticks, 
fleas, etc., and other vectors which are the bearers of the moat 
important diseases affecting military operations, including malaria, 
yellow tewr, sandfly fever, hemorrhagic fevers, and so .forth. We 
are devoting a large effort to the discovery of such substances. We 
already know, for instance, that certain indiT.iduals carry with them 
in their own skin or on their skins' surface and itl ingredients 
chendcals which either attract or repel such insects as biting 
mosquitoes, flies, bugs, and so forth. We lmow the exact chemical 
nature or a few of the most strongly attracting substances, and we 
have hopes, therefore, of finding some which will act as repellents 
mid which the soldier can then produce in himself and on the skin.1 s 
surface when giwn the adequate at:Lmulua. All of you have lmown 
people who were particularJ, susceptible and who attracted :lneectsJ 
and other people who repelled them. It is through intensive study of 
the clif'terences or the skin and its products 1n these two classes or 
individuals that we hope to make progress in the production of idio-

/ phylactic insect repellency. tis does not, of course, mean that we 
are relaxing our efforts to discover ways of el.imlnat:lllg insect 
carriers of disease, or abating in the indoctrination of troops in 
the best methods of eygiene and personal measures of repellency 
while we are endeavoring to build into t.hem the idiopqlactic 
measures. 

I have mentiaied the prospects and efforts in idiophyl&xis 
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agmat tluhburna, Wbile tbie nrei, will haft to do w1 th increu:1n1 
the re1iltanoe ot the akin and the 1ldn·• 1 nrtace, there ii a larp 
progr111 ot endeaTOring tA> deftlop bett.r chemoprophJlactic meanre1 
against the 171teld.c efteota ot ioai1:ln1 radiation, ao-that IOldiera 
ld.ll be protected :In ntficient •uure to go into area ot tall.out 
radiaticn lbich are lt1ll torbl.dden to the em19. lllb1le there i1 no 
uetu1 product u 19t troll W.1 progra, and nme :blle<li.ate~ in 
light, I beline tat ta Ant¥ re1earch ettorta in tld.1 direction are 
wll abreut ot tho moat CClll)ltitiw effort, :l.n w.a field qvbere 
:in the 110rld. Here, again, I muat add that our ·re11arch to center 
chemoprop!o'lactic idiqq'laxil apinat radiation, agauiat tluh, and 
10 forth, doee not by 8111 •ana :lnt.rfere with our continued endeaTOrs 
tA> diacowr and euppq othtr protect:1.n •asurea, nch u clothing, 
abeltere, ahielding and other item ot equipment to ward ott these 
damaging effects before they reach man or touch man's 1Jdn. 

I cannot emphalise too 1trong11" during th:l.a diecusaion of 
idiqq'laxia that ve beline that tbe IUlllllltion of the eftectl ot 
in-bmlt seltaprotect:1.on plua all of the adequate equipment and pro­
wctin den.cea which can be supplied to ward oft damaging agents 
before they reach the ind11'idual will together otter the greatest 
prOll:l.ae and the greatest reduction of peracmnel and logiltic burdens. 
While no me would be 10 nain aa to think that research and denlop­
mnt in the field ot biological 1cience1 and medicine would require 
the same magnitude of funding as the dewlopment of a large inter-
continental ballistic nd.ssile eys~m, a new type of 
super bomber, a nuclear subnarine, and so forth, we do beliew that 
a IUbatantial increue and a eubltantialq upanded militar, •dical 
research and deyelopnent program is needed, and the beat po11ible 
inwatment, and that these tacts are inescapable concluaicm.1 from t.he 
data lihich I haw just preaented. 

& 

In closing, I would like to aaaure you that we 1n the medi­
cal aem.ce are not ao starry-eyed u to think that we will ner be 
able to confer upon the soldier a degree of idiopqlaxie wtiich will 
protAlct him against all of the attacks of nature or of an eneJIG', or 
to make his sk1ll 10 tough that it v1ll ward off bull.eta and flamea, 
blast and all radiation effects. How'V8r, 119 do belieft that 118 muat 
develop the idiq,lv'laxia of our 1oldier1 to the utmost degree 
poeaible, and tilat 118 han eft%7 prospect of making him in this W8J 
the moat effective and most reliatant of all human beings and thus • 
reduce the TUlnerability ot the moat delicats caaponent of our weapons 
8)'8tema-the trained man. It 119 succeed 1n this, we will ~ be 
rewarded, not ~ by tile production of a more effect:1.Te Arirv wit.h the 
highest po11ible morale, but also bJ' the haPP7 medical yield of dis-
coveries which will contribute to the reduction of disease and • • 
suffering, not~ in soldiers, but in all mankind. 

What tilis may mean for the health, welfare and strength of 
our nation hal been well expressed in the operdng sentence of 
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Prelident Kennedy'• •aaage to Ccmgre11 on February 27th, 1962, just 
~. dq atter I had nbnitted iv outline tor tbia preaentation. "'!he 
baaic resource of a nation i1 ita people. Its strength can be no 
greater than the health and T.l.talitJ of itl populatim. Preventable 
1iclme11, disabiliq,, ml l>h19ical or mental :lncapacit,J are mtta1 
ot both indiTi.dual and national concern." 
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BDI 

Awrap l1llber ot lcnetftcti.WI NCb Dir 

DI.le- 190,386 
Battle ~ti f1' Woandl JiS,699 

Total 239,085 

Bqaala a Loll of 

J.h full-etrengt.h diftliCll8 

(11 becaue of di-J 3 beonle ot 
battle injmi.11 or waandl) 

TABIE II 

UlAD-MOVINO TASK PERFORMED BI HEAT-ACCLIMATIZED GROUP 
AND NON-HEAT-ACCLD!ATIZED GROUP lll POUNDS PER 

Acclllnatized 

Non-acclimatized 

MAN 

920 lbs, 

770 lbe, 

Periods 

mo lbs. 

900 lbs, 

1130 lba. 

720 lbs. 

• 

(N.B. Both groups iq>roved 1n second period through learning:; but 
only acclimatized group sustained improvement through third period.) 

328 

' 

.. 

• 



I, 

f 

IJ ' 

SULZBERG~ 

TABLE III 

Costs and Logistical Burden of Disease, Nonbattle 
Injury, and Battle Injury or Wound 
(Calculations Based on Fir;ures of WW II) 

J001 000 Troops Overseas (Require within 90 days) 

25,000 Hospital Beds 

28 Engineer Battalions or 

21,000 Engineer Troops 

working 1.5 1oonths 

86,ooo Short Tons Material 

28,500 AMEOO Personnel 

2,100 t-m's 

23,100 KW Power 

3,000,000 Gallons Water Per Day 
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IdiC>peylaxl1 Nov Ccnterrable by 
Iwrnoiogic Miiiurel (Vacc:uiei, etc.) 

AdenOTirus Reep. Int. Paratyphoid A & B Rocq Mt Spotted Fever 

Cholera Plague Smallpox 

Diphtheria Measles Tetanus 

Epidend.c i)phus Muq,a Tuberculoaia (Probab:cy-) 

Infantile 

Influenza 

Q Fewr 1',phoid 

Rabies Whooping Cough 

Yellow Fenr 

TABIE V 

Idiopbylaxis Now Conferrable by 

ChemoproJ>!Vlaxia (Dn1ge) 

Gonorrhea 

Malaria 

Syphilis 
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TAllIE VI 

Idi0J>lp;lax11 May Soon Be !ml.able 

Anthrax 

Botuliam 

Encephalitides (By certain 
v.l.rus) 

Z.ptoepirosis 

Ritt Vallq Fner 

Ruasian T.l.ck-Pmne Feftl' 

Tularemia 

Heat, Humidity, Cold and Altitude 
Effects 

Sane =lea in Which I~laxia 1a ~ (Pei'ps Possible but n0)'8t liilliQe 

"Common Cold'' 

Chilamgueya Fever 

Dengue 

Diarrheal and Entsric Diseases 

&icephaliticles (various) 

Epideml.c Hemorrhagic FeTers (various) 

Fungus Ini'ecti.m (varioul) 
(superficial and deep) 

Isprosy 

O 11.'yong-Nyong Fenr 

Relapsing Fenrs (Tick-Borne and 
!Duse-Borne) 

TABIE VIII 

Some ~le& in Which Idi~laxl.B 1a Re~ 
(Pers Possible &it noyet lvallabie 

(Continued) 

Staph and Strep Infections 

WolD'ld Ini'ecticms 
Chlostridi\Dll 
Pseudomonas and others 

Sleeping Siclmess 

Radiation Damage 

Thermal Flash Danage 

Parasitic Diseases Fatigue 
(Miscellaneous, worms, flukes, 
etc.) Battle Psychoses 

Schistosomi.asis 
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GRO',.'l'H OF HEXAG<IIAL FERRITE SnlGLE CRIST~ FOR 
APPLICATI~ AT MICROWAVE & MILLDW!'ER-WAVE FREqtJENCIES 

ARTfflJR TAUBER and R. O. SAVAGE, JR. 
U.S. ARMY SIGNAL RES~CH AND DEVELOPMEM' LABORATCEY 

FOR!' MCliMOtJrH, NEw JERSEY 

INTROOOC'l'ION: Today as never before great needs exist tor 
secure, reliable, multichanneled, long distance detection and coDIIIUlli­
cation ~ystems • The microwave region ot the spectrum has been Wlder 
intensive investigation tor many years • The trui tion ot this research 
and development are the familiar radar detection systems, in41spensa­
ble to our nation's security, and the long-range telephonic and video 
microwave communication networks. The millimeter-wave spectrum is 
particularly inviting for coJJ111U11ications from satellites and astro­
systems because of its narrow beam and large band. Furthermre, this 
lower frequency ot the electromagnetic spectrum has become so crowded 
that one is literally forced to investigate higher frequencies for 
purposes of communication. ColllllWlication in the millimeter range is 
veey attractive because thousands of messages may be transmitted by 
a single system with a veey high level of security. 

This paper describes the growth of new hexagonal. ferrimag­
netic crystals for standard and unique device applications at micro­
wave and millimeterwave frequencies. The crystals are synthesized by 
receystallization from mlten flux&s in platinum crucibles. Three 
different flux systems will be described. Intrinsic therDK>magnetiza­
tion properties have been studied and some novel properties found. 
New theoretical m:>dels of magnetization are required to account for 
these properties. Microwave-millimeter-wave measurements of ferro­
magnetic line width dem:>nstrate the low losses of' some ot these 
materials at frequencies between 9.5 and 70 k:JJJc/sec. (kilo:megacycles/ 
sec). 

The hexagonal ferrites, therefore, find standard applica­
tions as isolators, rotators, attenuators, etc., at frequencies where 
other materials operate inefficiently or for which no other materials 
are available. Non-linear devices such as power limiters and har­
m:mic generators (frequency doublers) are particularly interesting, 
making possible high-power devices and extending our range of opera-
tion into the millimeter-wave spectrum. · 
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Hexagonal ferrites have the additional attractive property 
of being made into permanent magnets, so that no cl.-c biasing tield 
would be required on a device. In the present state ot the microwave 
art permanent magnets weighing several pounds are required. Doing 
aW8J with these magnets would result in ecoDK>ny as well as reduction 
in size and weight. 

UNIAXIAL AND PLANAR CRYSTALS: The hexagonal f'erri tea to be 
described in this paper differ from th~ well known cubic (spinel) 
ferrites in that they possess a distinctive easy direction of magneti­
zation { large anisotropy) • Anisotropic magnetization is the origin of 
the unique properties and the applications or these crystals. 

Hexagonal ferri tes ~ be divided into two groups : uniaxial 
with an easy axis or magnetization and planar with an easy plane of 
magnetization. The distinguishing properties are den>nstrated in 
Figure 1. The crystal adhering to the lett leg of the magnet orients 
itself so that its c axis lies along the strongest magnetic field 
vector. This is the uniaxial type. The crystal adhering to the 
right leg of the magnet orients itself so that the plane perpendicular 
to the c axis (the plane containing the a and b axes) lies along the 
strongest magnetic field vector. This is the planar type. 

ClmaCAL CC!1STI'ru'l'IC11 AND STIIJC'ruRE: All of the hexagonal 
ferrites are structurally and chemically related to barium ferrite 
(BaFe12019). They differ from barium ferrite in that they contain 
two divalent cations per mlecule of the following metals: Mn, Fe, 
Co, Ni, Cu, Zn and Mg. Table I lists all the know types (1). 

TABLE I 

Hexagonal Ferrites 

No. of 
Chemical Oxygen 
Composition Symbol 1'yers 

Bai'eJ.2019 Ml' 2x5 

~te~t22 yt- 3x6 
el.6 57 w 2x7 

Ba.3Me~e24 41 z 2xll 
Ba~2Fe28046 M2B 3xl2 
Ba4Me#e36o6o ~y 3x16 

*Nomenclature devised by Smit and Wijn (11). 
tAll of these compounds are planar 

I,attice Parameter 
c axis in A 

10x2. 32=23. 2 
18x2.32=41.8 
14x2.32:s32.5 
22x2.32a51.o 
36x2.32=63.5 
48x2.32=-ll1.4 

All combinations of types and divalent cation are possible compounds. 
The symbols in the second column from the left will be used as a 
short-hand notation in refering to these compounds. 
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About twenty years ago, Adelsk.old (2) showed that barium 
ferrite bad a hexagonal crystal structure. It consists ot close­
packed OJC1gen l.&Jers witp metal cations in spaces between O21gen 
atoms. There are two kinds of layers and these are repeated alter­
nately ti ve times until the smallest repeating pattern emeries . It, 
as indicated in Table I, each l~er is approximately 2.32A (angstrom 
uni ts) high, a Wli t cell of ten la,ers is 23. 2A high. The a axis ot 
this mterial 1s 5. 9A long. The crystal synmtry ot this as well as 
the other hexagonal territes accounts in large measure tor the pre­
sence ot the large magnetic anisotropy. Barium ferrite is quite use­
ful as a ceramic permanent magnet in many applications ( 3) • 

The newer hexagonal ferrites are derived from barium ferrite 
by adding D>re oxide l.a,ers and forming slightly different blocks of 
atoms. This may be confirmed from an examination of the third column 
ot Table I. One notes either 2 layers ( compounds vi th true hexagonal 
symnetry) or 3 layers (compowids with rhombohedral symmetry). The 
length of the a axis is essentially the same for all compounds and 
equal to that ot ·oari m f'erri te. All compounds w1 th the Y-type 
structure have easy planes ot magnetization and are designated planar. 
All cobalt compounds, regardless of type, are also planar. 

SINGLE-CRYSTAL GRMH OF BARIUM FERRITE: The first reported 
effort to prepare single crystals vas by Wijn ( 4) who tried to grow 
barium terri te from a mixture of barium oxide and magnetite. He did 
not succeed, but he did make a very important discovery which we shall 
discuss shortly. In 1958, Kooy ( 5), B.dxner ( 6), and Mones and Banks 
(7) all reported methods of growing B8"e12O19• They employed growth 
from a melt contained in a platinum crucible using a flux. Of the 
three, the one described by Mones and Banks appeared D>St desirable 
because it best met the following three criteria of flux growth: 

1. The flux depresses the temperature at which growth can 
take place. 

2. The f'lux does not attack the crucible and is easily 
remved 1l1 th a su1 table solvent. 

3. The f'lux yields crystals which are pure, ot adequate 
size, and sufficiently perfect. 

The method of' Kooy's fails on 1 and 2, while the method ot Brixner 
fails on 3. Using N82co3, crystals could be grown from a temperature 
of 1250°c. This f'lux does not attack the crucible and is easily 
reDDved with water or dilute acid. Gambino and Leonhard (8), of our 
Laboratory, prepared large crystals, two inches on edge, and 
chemically pure . 

Trivalent iron (Fe3+) may be replaced by trivalent aluminum 
in barium ferrite on a one-for-one atomic basis, up to 751, of the 
total iron content (7). DuPre, et al, (9) have shown that the 
magnetic anisotropy of this compound increases with increasing 
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aluminum substitution, An increase in anisotropy, as will be smwn, 
extends the useful range ot this •terial to mil.Umeter-vave frequen­
cies, Part of the present work vu the growth of single crystals ot 
barium ferrite containing aluminmn substitution. 'l'he method employed 
~ that of Gambino and Leonhard ( 8). Large, excellent quality 
crystals vi th a maxi1mn ot ~ iron replaced by aluminum were obtained 
by this N82C03 flux method, Attempts to prepare crystals with higher 
concentrations of aluminum by the previously described techniques 
were unsuccessful. 

GRMH 0, NEW HEXAGONAL FERRI'l'&S: Wijn 's attempt to grow 
barium ferrite was described, Instead of this compound he obtained 
several of the compounds listed in '!'able I. His turther efforts to 
prepare these as single crystals by direct melts led to variable 
compositions and undesirable intergrovth of different crystals. By 
1959, a large list of compounds or this new type and some of their 
intrinsic properties were described by Smit and Wijn in a book 

-entitl.cl- "Ferrites11
• (11). 

The work of Wijn demnstrated that these compounds decom­
posed upon melting in air, just as barium ferrite. This is frequently 
the case with iron-containing compounds. Consequent~, the flux 
method was again considered tor crystal growth. Because of the 
similarity between the chemistry and structure of these compounds and 
barium ferrite, N82C03 was considered as a flux. Simple chemical con­
siderations show that in such a complex system, N~03 could not be 
the equilibrium compound acting as a flux. Knick and KohllDeyer (10) 
indicate that the equilibrium compound in the system H~0rFe~3 in 
air was NaFe02• Realizing that this was probab~ the flux in the 
reactions to be considered, we attempted to prepare this compound. 
In every instance, through a wide temperature range, N&2'e04 was the 
eqllilibrium compowul obtained. These experiments indicate that ear­
lier work in the literature on this system requires considerable 
revision. 

Over 200 crystallization experiments have been ·carried out 
in the general system, N82Fe04-Fe2o3-BaO-Me0, where Me0 stands tor a 
divalent oxide. N82Fe04 was recovered as the equilibrium sodium-iron­
ox:1.de compound in these experiments, confirm1.ng our earlier work. All 
of the crystal types listed in Table I have been grown with zinc and 
cobalt as the divalent cation. In addition, some of these types have 
been grown with nickel, magnesium, and copper as divalent cations. 
Compounds with manganese cannot be grown from this flux system, 
because this element tends to be oxidized to the hexavalent state in 
the alka11~e environment associated with the presence of sodium. 
Manganese compounds have been grown from a system containing 
Mn#e2~010 as a flux. Lead oxide has recent~ been used quite 
successfully as a flux to grow many interesting magnetic oxide 
crystals. This cannot be used as a flux for the compounds considered 
here because the lead would replace barium. Bismuth trioxide (B12o3) 
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is sometimes used to grow crystals and 1 t has been used in this 
very successful~. It is, however, presently lim1ted to W type 
crystals because a competing aide reaction leads to the formation 
ot cubic BaFe03 crystals. 

DPBRIMENTAL PaOCEWRE IN CRISTAL ORM!: The general pro­
cedure is to melt a stoichiometric mixture ot reactants (oxides or 
carbonates ot the appropriate metal) in a platinum crucible, beating 
in an electric :furnace, at a temperature between 1100° and 1375°C. 
Atter sufficient t~ to insure solution, the turnace is auto•tically 
cooled at 0.75° to 4 C per hour with close control ot temperature 

1 ( i2°C), to a temperature at which the contents of the crucible are 
solid. The :furnace is then cooled m:>re rapi~ to approxi•tely (nPc, 
where the crucible is reDl)Ved f'rom the turnace and cooled to room 
temperature. Flux is disaolved a"'1 8Dd the crystals are treed. 
Spectrochemical analysis is performed to determine chemical purity. 
X-r~ dif'f'raction patterns of' the crystals are made to determine the 
type of' crystals, presence or intergrowth or twinning, and lattice 
parameters. 

All systems f'rom which crystals have been grown consist of' 
tour coD1,POnents. The principal system investigated waa -N~e<>J.­
Fe20rBaO·MeO. Little difference bas been found between tlie systems 
in wMch Me is cobalt or zinc. Figure 2 is a perspective quaternary 
diagram in which zinc is the divalent cation. The quaternary diagram 
is a tetrahedron along whose axes the compositions of the tour com­
ponents are represented. Thus, stability regions of' various compounds 
~ be given in terms of' the .concentration of' the f'our components. 
All of the compounds that are known to exist in the quaternary system 
are indicated. It is quite ditticult to represent compositions in 
such a diagram without misleading distortion. Fortunately, two 
components, BaO and ZnO 1112')' be held f'ixed and the remaining two, 
N~e04 anri Fe2o3, varied. We ma.y now represent compositions in 
terms of families of planes penetrating the tetrahedron. One such 
plane, the BaO:ZnO 1:1 mole fraction, is shown hatched in Figure 2. 
The experimental results tor the BaO:ZnO 1:1 plane are shown in 
Figure 3. The findings f'or the corresponding plane where Co is the 
divalent cation are essentially the same. In Figure 3 the composi­
tion of Fe203 is indicated along the abscissa and that of' N82Fe04 
along the ordinate. The circles represent experimental runs which 
were not necessarily at equilibrium. Interestingly tour ot the five 
compounds crystallize in the 1: 1 plane. This probably arises be­
cause the stoichiometric compositions cluster close to one another 
near the center of the composition diagram where the 1:1 plane lies. 
The dashed lines, which are somewhat arbitrary, mark the single-<rystal 
composition fields. It should also be noted that the single-crystal 
fields are quite narrow.. This too is a consequence of the clustering 
of the stoichiometric compositions. 
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In addition to the 1:1 composition planes, those correspond­
ing to BaO:ZnO or BaO:CoO ratios ot 2:1, 3:2 and 1:2 were investigatal. 
The single crystal with a particular BaO:MeO ratio alW111 occurred 
in 1 ta plane. However, one or mre ot the other crystal types alV&1S 
appear in that plane w1 th the exception ot the l :2 plane. These 
results are given in Table II and appl.1 also to Co or Zn compoWlds, 
Several other planes were explored, and data trom these are included. 
The phases with the largest stability regions were wand Y. 

TABLE II 
Crystallization in the Quaternary System 

Na1e04-Fe2o3-BaO-MeO 

BaO:MeO Plane 
From Which Grown 

He!Y(>nal Crystal Type Observed 

1:1 
1:2 
3:2 
2:1 
1:6 
1:8 
'"(:6 
5:4 

Principal Additional 

Y, ¥ 
M, y 
M, W 
M, W 
M1 Y, W, ~ 
M, Y, W, 9 

CRYSTALLINE MORPHOLOOICAL PROPERTI~: Single crystals up to 
½-inch on edge have been obtained by the flux method. All the 
crystals grovn in this study are characteristically black with highly 
reflecting faces, Figure 4. (Zn)Y crystals are generally tabular, 
Figure 4. Density measurement~ on 20 (Zn)Y crystals yielded an 
average value of' 5.1'6± .04 g/cm (theoretical density 5.1'6 e,a/cm3). 
This together with spectrochemical analysis (purity• 99.~) attest 
to the purity and quality of the crystals. 

ELECTRICAL RESISTIVITY: The electrical resistivity of these 
crystals was measured with two probes on a high-impedance resistance 
bridge. These measurements yielded average resisti vi ties of' 100 meg 
ohms-cm. The crudenem of' the measurement allowed only this order-of­
magni tude result. Nevertheless, it was adequate to indicate that 
high-frequency applications were possible with negligible eddy-current 
losses. It also deDK)nstrate~ that the crystals were free of even 
small'&DDunts of ferrous (Fe+) iron, the presence of which decreases 
the resistivity markedly. 

Ilfl'RINSIC THERMOMAGNE'l'IC PROPERTIES: Magnetization as a 
function of temperature has been studied for many of the hexagonal 
:f'errites in polycrystalline form (11). Differences between poly­
crystalline bodies and single crystals are due .to such variables as 
orientation, density, homgeneity, and impurities which can never be 
as well controlled in polycrystalline materials as in single crystals. 
The difference becomes dramatically revealed when ferromagnetic 
resonance variables and microwave devices are examined, 
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The saturation magnetization ot a uniuial (Zn)W crystal is 
dotted u a tunction ot temperature in Pigure 5. The Y type crystal 
has an easy plane ot magnetization. There are considerable differ­
ences between the (Zn)Y single crystal D11fDet1zation reported in this 
study and that given by Smit and W1Jn (11) on a polycrystalline sample. 
The magnetic mment per formula unit, obtained by extrapolating the 
saturation mapet1zat1on curve to absolute zero and 1ntin1te field, is 
18.9 Bohr magnetons compared with 18.4 obtained with polycrystalline 
samples (theoretical• 20 Bohr magnetons). The anisotropy tield, 
measured on single crystals, was 9900 oersteds compared with 9000 
obtained w1 th oriented polycrystalline bodies • The ferromagnetic 
resonance line width, to be considered in L'lOther section, is 30 times 
as narrow in single crystals as in polycrystalline specimens. 

The data in Figure 5 have not been previously reported even 
tor polycrystalllne samples. The unsaturated magnetization curve 
tor the crystal oriented in the hard direction is also plotted. It 
should be noted that a reversal in anisotropy takes place at about 
475°K. This suggests that (Zn)W undergoes a transformation from an 
easy axis to an easy plane above this temperature. Such a transforma­
tion has not been previously observed in these hexagonal compounds. 
Magnetic data tor these as well as other single crystals are given in 
Table III. 

Compound 

TABLE III 
Intrinsic Magnetic Data for Hexagonal Ferrites 

Symbol 
M 
M 
(Zn)Y 
(Zn)W 
(Co)W 
(co)~Y 

Saturation 
Magnetization 

11tafc, ~in gauss 

3900 
26oo 
5530 
lf870 
5020 

Magnetic Moment in 
Bohr Magnetons 

Experim Theor 
20.1 20 
17.0 17.5 
18.9 20 
38.2 40.o 
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FERROOGNETIC RF.SONANCE LINE WimH: Many devices ot interest 
at microwave and millimeter wave frequencies operate with the ferro­
magnetic material at resonance. At resonance a finite body in a 
metallic cavity or wave guide will absorb power at some well-defined 
frequency. Ferromagnetism arises due to the aligmnent and coupling 
of m1paired electron spins :tn matter. If a ferrite is placed in a 
d-c magnetic field, a torque is applied to the spinning electron, 
causing it to precess. The physical situation is depicted in Figure 6i.. 
The magnetization, M, of the spinning electron precesses about the d-c 
field. Damping effects cause the precession angle to decrease until 
precession vanishes. This relaxation~ occur in 10-10 seconds. If 
an a-c field is applied perpendicular to the d-c field, close to or 
at the resonance frequency, power will be absorbed in ma:i.ntaining the 
magnetization of the electron precessing, Figure 6b. The a-c treq_uerey 
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is at microwave and millimeter wave frequencies tor hexagonal territa, 
Resonance, although a function ot both d•c tield and frequency ot the 
a-c field, is usually studied, for experimental convenience, by 
holding the trequency fixed and varying the d-c tield. Thus we plot 
absorption ot a-c power versus applied d-c field at a tixed trequency. 
Line width is the width of the absorption peak at halt-height and 
given in oersteda. 

RBSQfANC& IN UNIAXIAL IIEXACJmAL FERRITF.S: The eouation tor 
resonance of hexagonal. ferrites with an easy axis (uniaxial) or 
magnetization is 

w • 1(1fo+Ha) Equation l 
where, w • resonance frequency in cycles/sec 

1 • gyro~etic ratio (a constant tor a particular ferrite in 
_ rr./sec/oersted 

Ho• applied magnetic d-c field in oersted 
Ha • anisotropy field ( a constant tor a particular terri te in 

oersteds) 

The same equation is applicable to cubic terri tea • For the 
cubic compounds Ha is usually not im>re than several htmdred oersteds. 
Ha ranges have been ten and twenty thousand oersteds in uniaxial 
ferrite&, Thus Equation 1 shows that the range in trequency of 
uniaxial ferrites extends several orders ot magnitude farther than 
that of cubic ferrites. 

BARIUM FERRITE: Barium ferrite has an Ha• 17,000 oersteds. 
Taking 1 • 2.8 and Ho • 76oo one finds w :a 55.2 k1rtc./sec. The line 
width ot single crystals ot barium ferrite in the form ot spheres has 
been measured in this Laboratory ( 12) and by DuPre, et al., ( 13) • At 
a frequency of 58 k:Jrc/sec a line width ot 53 oersteds has been ob­
served, The single-crystal line width is compared with that for an 
oriented polycrystalline sample in Figure 7, Crystals containing 
small SDK)unts ot A13+ tor Fe3+ yielded line vidths of 6o oersteds at 
70 'k:Jrr./sec (12, 13). The presence of A13+ had two desirable affects. 
It lowered the required saturation magn~tization and increased the 
resonance frequency to 70 k:mc./sec. When crystals with one atom of 
aluminum replacing one atom of iron, on a formula basis, become 
available, a resonance freqUP-ncy of 120 klr./sec w:1.11 be reached. 

PLANAR FERRITES : The equation for resonance in the case of 
the planar ferrites is 

w = '1 ffo(ffo+Ha) Equation 2 
The symbols have the same meaning as in Equation 1. Although some 
of these compounds have very large anisotropy fields (Ha), inspection -_) 
ot Equation. 2 will show that the resonance frequency is much lower 
than tor the axial type due to the square root. Resonance :t'reguencies 
of uniaxial and several of these compounds are given in Table IV. 
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TABLE IV 
Ferromagnetic Resonance Properties 

ot Hexagonal Perrites 

Szm!!ol 
M 
M 

~~!)~ 
Co Y 
Co ~y 
Zn W 

Prequency Resonance Line 
ot width in oerateda 

Line widtbtt Single Poq­
Me88w-ement Crystal Crystal 

58 53 1200 
58 6o 1200 
9.5 16 6oo 

15.0 2300 4200 
9. 5 950 <l4000 

35.7 350 

Anisotropy 
Piel4 Ra 

in Oersted.a 
17,000 
19,700 
9,900 

28,000 
15,300 
9,800 

Crystals ot (Zn)Y have been studied in this Laboratory and 
industrial laboratories. Line widths as low 88 16 oerstecls (Table IV) 
have been observed at frequencies between 9 and 20 kJitc/sec (14,15). 

POWER LD1ITER: S. Dixon ( 14) ot this Laboratory has found, 
studying crystals of (Zn)Y with line widths between 6o and 150 
oersteds, a large shift in the applied d-c field tor resonance 88 

microwave power is increased. This non-reciprocal behavior was 
observed between 9. 5 and 15 kIM!/sec. When 2000 watts ot peak power 
was applied to a cavity containing a single crystal sphere, a shift 
of 600 oersteds was observed. The application of a gyromagnetic 
power limiter in this frequency range appears quite promising. Such 
devices are used to protect diodes and other components subJect to 
burn-out v1 th sudden power surges. In practice such a device would 
contain a sphere of (Zn)Y biased to resonance. The device couples 
power to another system. 

SWITC&m: The principle Just described mq also be used as a 
switch in a microwave system. In addition it a .planar ferrite is 
biased to resonance, and is coupling power at resonance, the rem:>v~ 
of the biasing field would . turn oft the device. This biasing field 
can be quite small ( 16) . 

HARM<llIC GENERATION (Frequency Doubling): Ferrites ~ be 
• used to generate higher frequencies by employing the harmnics ot the 

fWldamental resonance frequencies. Frequencies not now attainable by 
tubes may thus be generated. The lm)St important application is 
generation ot higher frequencies from a fixed frequency microwave 
generator. Frequency doubling arises when magnetic as)'Dllletry is 

• · present in the plane perpendicular to the precessing magnetization at 
resonance. It an asymmetry is introduced into the perpendicular p~ 
the magnetization precesses in an elliptical orbit. The longitudinal 
component of the magnetization will vary at double the frequency of 
the a-c field. The greater the magnetic anisotropy, the larger is 
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the ellipticity ot the orbit and the better is the conversion etti­
ciency. Asymmetry 'IIIIJ:3 arise either trom demagnetization factors or 
magnetic anisotropy fields. Isotropic territes Dl2')' be used tor 
harmnic generation it they are proper]3 oriented with the largest 
demagnetization field in the perpendicular plane. Hexqonal territes 
provide larse anisotropy tielda orders-ot-magnJ.t\Ad.e larger than those 
present in cubic ferri tea • Here the plane containing the easy axis 
or plane is oriented parallel to the biasing field. 

Williams and Smith (7) have measured the second hanm>nic 
power output ot several different ferri tea. A maximum ot 100 watts 
output at 1oi efficiency was obtained with single crystals of bari\DD 
ferrite. At the same input frequency of 35 kJ'Jc/sec cubic ferrites 
yielded a maximum of 8 watts. Planar ferrites should pertorm equally 
at the same and lower frequencies. 

COMCWSION: The investigations described in this paper 
demnstrate that large, pure, structurally sound, single-crystal 
specimens of the complex hexagonal ferrites can readily be grown. 
The method is further adaptable to the growth or cryatals with 
varic,us chemical substitutions . Such crystals have dem:>nstrated new 
and enhanced electromagnetic properties. 

The measurements of intrinsic properties on single crystals 
have resulted in a better understanding of the fundamental mechanisms 
involved in magnetic processes. The unique magnetic anisotropies ot 
the planar and axial hexagonal ferrites have practical application at 
microwave and millimeter wave frequencies. The intrinsic narrow 
ferromagnetic resonance line widths have directed attention to special 
linear and non-reciprocal applications. 

Single crystals of the hexagonal ferrites operate quite 
satisfactorily in devices at 50 and 70 k:JrJJ!/sec (millimeter wave 
spectrum), permitting extension of coDIIIWlications to higher 
frequencies. A still further extension can be obtained by using these 
crystals for harm:>nic generation. Other hexagonal ferrite crystals, 
whose intrinsic properties are Just now being studied, give promise of 
additional wuque applications. 
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Figure l. Anisotropic Hexagonal Ferrite Crystals 

2Ba0.F9209 
BaFe204 

Figure 2. Coiqposition Tetrahedron for the System 
N92Fe04-Fe203-Ba0-ZnO 
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Figure 5. Magnetization versus Temperature tor Single 
Crystals of (Zn)Y and (Zn)W 
Applied field 10,500 oersteds 
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Figure 6(a) Precession in a d-c field 
Figure 6(b) Resonance, d-c J.. a-c 
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Figure 7 • FerromR.g11etic Resonance Line width in Barium Ferrite 
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MICROWAVE DIAGNOSTICS IN THE SHOCK TUBE 

F. L. TEVELOW and H. D. CURCHACK 
DEPARTMENT OF THE ARMY 

DIAMOND ORDNANCE FUZE LABORATORIES 
WASHINGTON 25, D. C. 

INTRO DUCT ION : 

The electromagnetic properties of an ionized gas or plasma 
may be determined uniquely by measurement of the change in phase and 
amplitude of a signal propagating through the gas.(l) A basic 
circuit for these measurements is the microwave bridge or interfer­
ometer.(2) 

If a steady-state plasma exists, as in gas discharge tubes, 
flames, and rocket exhausts, propagation measurements can be made by 
manually nulling an attenuator and phase shifter in the reference arm 
of the interferometer.(3)(4) 

For transient plasmas, Wharton and Slager made measurements 
at conditions where: (1) the effect of electron collisions is negli­
gible (low attenuation) and (2) the transverse dimensions of the 
plasma are large compared with the incident signal wavelength.(5) 

~- I 

In the DOFL microwave propagation experiment, time-resolved 
plasma parameters are measured in a shock tube utilizing a microwave 
bridge circuit. It is assumed that a uniform, homogeneous slab of 
plasma completely fills a section of waveguide. The effects of 
electron collisions, reflections at boundary surfaces, and changing 
phase may then be rigorously included in the theoretical derivation. 
(6)(7) The condition of a closed waveguide is approximated by using 
a plasma thickness which is a fraction of the test signal wavelength. 

Another current DOFL microwave experiment in the shock tube 
is the measurement of the noise power radiated by the plasma as it 
passes through the waveguide. For the conditions of the experiment, 
the radiation temperature may be related to the electron temperature. 
The test section again approximates a uniform slab enclosed in 
waveguide and as such, the noise power can be expressed rigorously in 
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terms of black body radiation, power reflection coefficient, and 
attenuation coefficient for the plasma at a particular frequency and 
temperature. 

THEORY(DIELECTRIC-SLAB APPROXIM\TION) (6)(7): 

The theory for the propagation experiment assumes a uniform, 
homogeneous plasma slab completely enclosed by waveguide. A cross­
sectional view of the plasma in the waveguide is shown in Fig. 1. 
Region 2,of thickness L,isthe plasma; regions 1 are air-filled wave­
guide. A signal, Ei, is shown incident on the plasma at boundary A. 

The plasma impedance will determine the fraction of the incident 
signal that will pass into the plasma and the degree of attenuation 
and phase shift of the signal while traversing the plasma. E is the 

r 
total signal reflected at A and Et is the total signal transmitted at 

B. The amplitude and phase of the transmitted signal is uniquely 
determined by the plasma which can be described by the complex 
permittivity constant, e, or by the complex propagation constant, 

r 
y, 
where 

and 

e = e' - j 1 11 

r r r 

'Y =a+ Je 

e' is the real part and e" the imaginary part of e . a is the r r r 
attenuation constant and a is the phase velocity constant. A 
complex transmission coefficient for the slab is defined as 

(1) 

(2) 

(3) 

Analysis of the wave contributions at surfaces A and Bin Fig. 1 and 
of attenuation and phase shift in region 2 leads to 

1/T = 1/2 [c-v /JS)+ (Je /y >] sinh y L + cosh y L (4) e g g e e c 

The subscript e refers to constants for plasma-filled waveguide, sub­
script g refers to the constant for air-filled waveguide. 

The angle and magnitude of Tare determined experimentally; 
a and· e are then computed from equation ( 4) . e' and e" can be r r 
determined from the following relations 

1 - e' = (A
0

/A )
2 

[1 + (a IS )2
- (SIS )2

] (5) 
r g . e g e g 

e" = 2(A /~ /ca IS ) <e/eg> (6) r o g e g 
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where A is the free space wavelength and A is the guide wavelength 
0 g 

when filled with un-ionized gas. The plasma frequency, w, and 
p 

electron collision frequency, v, can then be calculated from 

[ 
2 1/2 

W • W (1 • C 1 ) + ( C") / (1 • C 1 ) ] ( 7) p r r r . 

1) • Wg" / (1 • C 1 
) ( 8) 

r r 

where w is the incident signal frequency. The electron density is 
computed from 

2 -2 
N = me w e (9) 

0 p 

where mis the electron mass, e, is the electron charge, and c is 
0 

the permittivity of free space. Equations 7, 8, and 9 are derived 
from the simple Lorentz force equation. 

MICROWAVE TEST SECTION: 

A schematic view of the microwave test section in the shock 
tube is shown in Fig. 2. The primary purpose of the test section is 
to pass the plasma through the waveguide without disturbing the flow 
or the plasma properties. The design is basically the same as that 
used previously by Lin.(9) A rectangular duct, with sharp leading 
edges, sections a portion of the plasma, which then flows through 
narrow slots in the waveguide. The remainder of the flow is directed 
into an expansion section. There is some loss to the walls, as in 
boundary layer growth, but these effects are negligible.(9) The 
windows, in conjunction with theuinternal walls, constrain the flow 
to the original streamlines. They are tuned to the test frequency 
and pass the microwave signal with less than lo/. reflection. Except 
for the narrow slots in the sidewalls, (less than A/5 wide at 10 lane) 
the waveguide walls in the test section are continuous. 

A photograph of the microwave test bench is shown in Fig. 3. 
The microwave test section of the shock tube can be seen on the 
right. 

MICROWAVE CIRCUITRY: 

A block diagram of the microwave circuitry is shown in 
Fig. 4. Low power x-band radiation is used (10 kmc, 20mw) as the 
test signal and provision is made for monitoring both the frequency 
and power. This signal divides between the test branch and the 
reference branch. Various devices are used for equalizing signal 
levels and adjusting the phase between the two branches. The 
initial phase difference is kept at 90 degrees since this makes 
calibration easier. The isolators prevent reflections from feeding 
back and affecting power division and power levels. The test 
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signal and reference signal are fed into the Magic T where mixing 
occurs. Two outputs are obtained from the crystal diodes in the 
output arms of the Magic T. One signal level E is proportional to 
the vector sum of the two imput signals; the ot~er EA is proportional 
to the vector difference. These signals are displayld on an 
oscilloscope which has previously been triggered from a pickup 
located one foot up stream of the microwave section. Voltage out­
puts are obtained from the oscillogram deflections by comparison 
with deflection curves obtained using the precision attenuator. 
Calibration curves are obtained periodically while running experi­
mental shots; but over a period of several months, these crystal 
output curves have not changed more than a few percent. The 
crystal diode attenuator is a dynamic calibration device, checked 
against the precision attenuator, and used as reference for each 
test shot. Tis determined from data computed from the simultaneous 
deflections of the two output crystals. This is given by (6) (7) 

(10) 

!ERi is the reference signal amplitude. Fig. 5 displays an 

oscillogram for a Mach 8 shock in argon. Time sweeps from left to 
right with blanking marks at 10 µsec intervals. The dynamic 
calibration mark indicating -3db with respect to initial power 
levels can be seen at 0.2 cm. For the firJt 3 cm, the test section 
is filled with undisturbed gas. The change in signal level at 
about 3~5 cm marks the arrival of the shock front. Conditions 
continue to change gradually for approximately 250 µ secs and then 
there is an abrupt deflecti~n which marks the arrival of the cold 
driver gas. The upper curve is the output of the Magic T difference 
arm; the lower signal is the sum arm output. 

THE SHOCK TUBE AND THE TEST PLASMA: 

The shock tube has a 2 in. x 2 in. cross section with the 
microwave test section located approximately 15 ft. downstream 
from a scored aluminum diaphragm. This diaphragm is designed to 
burst at a pre-determined pressure and initially separates the 
high-and low-pressure sections of the. shock tube. In o·peration, 
the low-pressure section is evacuated and the test gas is introduced 
at the desired pressure. The driver-gas pressure is then increased, 
bursting the diaphragm. For a given test gas and initial ·test 
pressure, the shock Mach number is controlled by varying one or more 
of the following parameters: (1) the depth of score of the 
diaphragm (2) type of driver gas, and (3) the temperature of the 
driver gas. 
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When the diaphragm bursts, a shock wave propagates into the 
low pressure gas. There is a sudden increase in the translational 
energy as the molecules pass through the shock front and get 
carried along down the shock tube. Behind the shock, there is a 
randomization of this energy into various other modes such as 
rotation, vibration, dissociation, excitation, and ionization, 
depending on the species of gas involved. The rates at which the 
energy is distributed amongst the modes varies but the first three 
rates are usually fast compared to the excitation and ionization 
rates. Given sufficient initial energy, ionization will occur and 
with sufficient test time equilibrium will be observed. Equilibrium 
values behind the shock can be computed from the initial equilibrium 
conditions by using the Rankine-Hugoniot, or shock tube relations. 

The test gases for which results will be presented are argon 
and dry air. In argon, the initial translational energy goes into 
excitation and ionization of the atom. The main electron producing 
reactions (10) are: 

1. 

2. 

3. 

A +A* ... A++A + e 
+ A+A ... A+A+e 
+ A+e ... A+2e 

+ where A is argon, A* represents an excited state, and A is the 
ionized argon atom. 

Ionization levels are determined initially by reaction rates 
for processes 1 and 2. When the ionization level reaches 
approximately 10% of the equilibrium level, the rate of ionization 
is dominated by process 3 and rises rapidly to equilibrium. These 
rates are such that equilibrium conditions could not be seen in this 
shock tube for shock Mach numbers less than 10. (11) If process 3 
has not couanenced, it is reasonable to assume that the electron 
temperature, T, obeys a Maxwellian velocity distribution and is 

e 
equal to the plasma temperature, T. If process 3 is dominant, 
then T is slightly lower than T gbecause each time reaction 3 

e g 
occurs, an amount of kinetic energy equal to the ionization energy 
of argon is lost by the el!~tron gas. However, for an ionization 
degree, x, greater than 10 , sufficient electron-electron 
collisions occur so that the distribution is again Maxwellian and 
a temperature T can be ascribed to the electron gas.(10) 

e 

Air being a diatomic gas permits randomization of the 
translational energy amongst all of the modes previously mentioned. 
With sufficient initial translational energy, ionization will occur 
as given by the following processes: 
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1. 

2. 

3. 

4. 

0 + M ... O+ + e + M 

N + M ... N+ + e + M 
+ N + NO ... 0 + N

2 
+ e 

N + 0 ... NO++ e 

where Mis any atom or molecule present. Process 4 is the dominant 
ion producing reaction because of its ~elatively low ionization 
energy. As explained previously, the electron gas may be described 
by a temperature, T, equal to the gas-temperature. 

e 

MICROWAVE RADIATION: 

A block diagram of the microwave circuitry used in the noise 
radiation experiment is shown in Fig. 6. The same test section used 
for the propagation measurements is utilized for this experiment. 
Although shown enlarged, the plasma thickness is narrow compared to 
its height and the waveguide wind<>tis constrain the plasma as before. 

The output of the transient plasma is fed into the microwave 
mixer, amplified, envelope detected,and then fed to· a pre-triggered 
oscilloscope where it is photographically recorded. System 
calibration is accomplished by means of a temperature standard 
(calibrated fluorescent tube mounted in waveguide) and a precision 
attenuator. Preliminary measurements obtained at DOFL using this 
system have been reported earlier. (13) 

The radiation in the microwave region is due to bremsstrahl­
ung by the free electrons of the plasma. The radiation temperature 
is defined by Kirchoff's law 

P = B( w, T) A w w 
(12) 

where P is the radiation intensity in the frequency interval between 
w 

wand w + dw, B( w, T) is the blackbody radiation intensity and A 
w 

is the absorptivity of the plasma. When the electrons are in thermo­
dynamic equilibrium with the radiation and when the electrons have 
a Maxwellian distribution of velocities, the radiation temperature is 
the same as the electron temperature. (14) 

For a dielectric slab enclosed by waveguide (uniform 
temperature and a constant absorption coefficient), the observed 
power is given by 

P = (1 - f) (1 - r exp -aL)-l B(w, T) (1 - exp -aL) (13) 

where r is the power reflection coefficient, a is the attenuation 
coefficient, and Lis the thickness of the plasma slab. Thus, to 
determine the radiation temperature quantitatively, time functions of 
rand a must be determined. 
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Figure 7. is an oscillogram from reference 13 showing the 
radiation at 9300 me from a transient argon plasma. Time sweeps 
from left to right at 50 ~ secs/cm. Initially, the receiver sees 
a load at room temperature and the output is a d.c. level with 
fluctuations. As the plasma pass~s through the section, the average 
d.c. level and the fluctuations increase. The average deflect~on 
for this shot assuming a• 0 corresponded to a temperature of 4000°k. 
Equilibrium theory predicted a gas temperature of 6000°k. Corrections 
for reflection and absorption losses would have increased the 
computed value for the radiation temperature but plasma parameters 
were not determined for this experiment. Simultaneous propagation 
and noise measurements have since been made. Plasma parameters and 
noise characteristics were obtained for a Mach 8 shock in argon. 
These measurements were made at 10 kmc to demonstrate feasibility 
only. The measurements will be repeated at 9300 me where the receiver 
noise figure is much better. The major problem, as can be seen from 
Fig. 7, will be separation of the average d.c. deflection from the 
random fluctuations. 

RESULTS: 

Time variation of electron density at initial pressures of 
1, 2 and 5 mm Hg. are presented in Fig. 8 for a Mach 10.0 shock in 
air. The abscissa is the time that a particle has been behind the 
shock and is related to observed time by a factor of the density 
ratio across the shock. Zero time is recorded as the point at which 
an initial signal deflection is first noted and may be severalµ secs 
in error. The rate of rise for the first 100 µ secs was too rapid 
for resolution and is not shown. It is seen that peak values of 
electron density and the length of time that the density remains at 
this steady-state value both increase with an increase in pressure. 
From the shapes of the curve, it can be assumed that the peak value 
at 1 mm is essentially also the steady-state value. 

Peak values of electron density (steady-state) at initial 
pressures of 1,2, and 5 mm Hg are given in Figure 9. as a function 
of Mach number. Electron density is seen to increase with pressure 
and Mach number. The lines represent canputed values of equilibrium 
electron density using conditions behind the shock from Hochstim (16) 
and equilibrium constants for argon-free air (17). Measured values 
are approximately a factor of 2 greater than equilibrium values for 
all values. These results are similar to that obtained by Lin at 
high Mach numbers and iower pressure using a magnetic induction probe 
(18). 

Time variation of electron density for shocks in argon and 
in air are shown in Fig. 10. The data are presented primarily to 
show the marked difference in the rates and characteristic curves. 
It can be seen that the electron density for argon continually 
increases and does not reach equilibrium in the available test time. 
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Real time for air is approximately 1/10 that of particle time while 
real time for argon is approximately 1/4 • 

• 
Collision frequency for electrons in air is given at initial 

pressures of 1,2, and 5 DID Hg as a function of Mach number,Fig.11. The 
symbols represent maximum values of collision frequency observed 
during the test shot while the lower extreme of the line extending 
from the symbols gives the value of collision frequency measured at 
the same instant of time as the steady-state equilibrium electron 
density. The theoretical lines were extrapolated from curves 
presented by Bachynski (19) for temperatures between 3000 and 4000°k. 
Values of collision frequency were calculated by Bachynski assuming 
the mean free path of the electrons independent of electron velocity 
and using the relation 

(14) 

where nj is the number density of specie~ j, Qj is the Maxwell­

averaged total electron collision cross section of the species and 

3?' = 4 (8kT/Tm) 1/ 2, 

k being Boltzmann's constant. Collision cross sections for the 
neutral species were obtained from available data. 

(15) 

Fig. 12 gives measured values of peak attenuation as a 
function of Mach number and pressure. It is seen that attenuation 
increases with an increase in either pressure or Mach number. Values 
as high as 20 db/cm were observed. 

DISCUSSION: 

The microwave system, including the slotted waveguide 
section and half-wavelength windows, was calibrated originally by 
dropping bars of teflon, lucite, and brass through the test section. 
Measured values of the dielectric constants were compared to hand­
book data and values determined by the ~se of slotted line techniques. 
All results agreed to within lo/.. The brass bar demonstrated that the 
electromagnetic field was confined essentially to the dimensions of 
the waveguide. The effect of a fringe field was not discernible. 

Precision of numerical data obtained from the oscillograms 
varies with the amount of signal deflection. Precision of the meas­
urements averages ±10% for electron density and ±20% for.collision 
frequency. The assumptions of a uniform test gas through the thick­
ness and the approximation to a closed waveguide have been substan­
tiated. Since conditions change with time, the plasma is not uniform 
along the length and an average value over one inch is being 
determined. Increased space resolution will be obtained when a 
theoretical analysis of a space varying dielectric constant is 
completed. 
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MESOOP}{gRIC DENSITY VARIABILm BASED 
<n RECENT Mffl!OROLOOICAL ROCKEI' MEASUREMENTS 

01'1'0 W. THIELE 
U. S • ARMY SIGNAL MISS ILE SUPPORT AGENCY 

WHITE SANDS MISSILE RANGE, NEW MEXICO 

I. mTRCDUCl'IOO 

Until recently, most of the techniques for determining high­
altitude density, pressure, and temperature employed very expensive 
and complicated rocket syntems. Obviously, such systems have not 
been feasible for investigating the high atJOOsphere with a sufficient 
quantity of soundings to pennit a comprehensive variability study. 
However, with the advent of t he Meteorologi cal Rocke t Ne t work, in 
1959, an increasing volume of data is becoming available for a more 
detailed investigation of the meteorological aspects of the region 
above balloon altitudes. 

The primary system being used in the Meteorological Rocket 
Network for measurements other than wind consists of a single-channel 
telemetering unit (1,2) utilizing a J.0-mil ceramic bead thermistor 
as the sensor (3,4). This instrumentation is carried aloft in an 
Areas sounding rocket (5,6,7) and expelled on a parachute at a!)Ogee. 
The altitude range varies from approximately 225,000 feet for sea­
level launches to approximately 250,000 feet for a launch elevation 
of 4000 feet such as at White Sands Missile Range. 

The temperature is sensed during descent and telemetered to 
standard AN/GMD-1 (Ground Meteorological Detector) radiosonde equip­
ment. The temperature data are recorded and reduced in much the 
same manner as balloon-borne radiosonde data and pressure and density 
are calculated using a "tie-on" pressure from a compatible balloon­
borne radiosonde. The metalized parachute is tracked for position 
data (8) which, of course, provides wind data. 

II. DISCUSSION OF DATA 

This paper is concerned with data obtained from Areas 
meteorological rockets fired at White Sands Missile Range (WSMR), New 
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Mexico, and Fort Churchill (Fr CH), Canada, in connection with the 
Meteorological Rocket Network and R&D efforts. A reasonable sample 
of data was acquired during the seasons of sUJ'lm;!r 1960, fall of 1960, 
and winter of 1961 plus a small amount of interim data. A total of 
51 temperature profiles were obtained during this period for the 
density derivations. 

Emphasis is placed on seasonal and latitudinal variability. 
Unfortunately, however, there is no Winter data available for inclu­
sion at this time for the northern latitudes. 11Quick-look" tempera­
ture data recently (January and February 1962) obtained from Fort 
Churchill, canada, and Fort Greely, Alaska, indicate that the late 
fall data obtained at Fort Churchill (1960) are reasonably representa­
tive of northern latitude winter data. 

Figures 1 and 2 for sumner at WSMR and FT CH show that the 
maximum and minimum range at each station is small and that there is 
little latitudinal variation in the sWJ1Der. The fall data, figures 3 
and 4, also show that the maximum and minilmlJD range during the parti­
cular season is small at each station; however, the latitudinal varia­
tion between the two stations begins to vary considerably. Figure 5 
containing the WSMR winter data shows a somewhat larger maximum and 
minimum range during the particular season. As pointed out earlier, 
there is no northern latitude winter data available for direct com­
parison. 

The mean density profiles in figure 6 show quite clearly the 
progressive decrease in density from swmner to winter (or v~ce versa) 
at both stations. It is also evident from figure 6 that the seasonal 
variability is small at WSMR and quite large at F'l' CH. This consoli­
dated plot again points out the near absence of latitudinal vari­
ability in the summer and the considerable increase in latitudinal 
variability in the fall and also implies possibly even more latitudi­
nal variability in the winter. 

Figure 7 presents the maximum and miniDlllD as well as the 
mean of all the data. The overall variation be~ins to be quite large 
above 150,000 feet, varying between 40 and 50 percent up to 200,000 
feet. The overall mean generally agrees quite well with the Air 
Research and Development Command (ARDC) ·standard atmsphere for 
density profile. However, the indication is that the atmosphere 
above 14o,OOO feet is slightly less dense than the ARDC model (9). 
It shuuld be pointeu out that in all the figures the extreme high end 
of the data is not representative because of the relatively few 
samples of data at those altitudes. 

The small amount of interim data presented in figure 8 is 
generally consistent with what would be expected between seasons. 
The September data were taken during an "International Geophysical 
'Interval." The Fort Churchill April and May (Spring 1960) data also 
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included in figure 8 represent the mean of two low-altitude shots ob­
t ained during that period. 

c, 

Although primary emphasis is on density, the general feature; 
of the pressure variability are presented in figures 9 and 10 since 

~ pressure data are obtained in the density derivations. The seasonal 
and latitudinal variation of pressure follow essentially the same 
pattern as does the density variability and therefore will not be 
discussed in detail. 

III. METHOD OF REDUC'I'ION 

With the reduced temperature data, density and pressure val­
ues are calculated using the hydrostatic equation and the equation of 
state. The computations can be made quickly for immediate applica­
tion. 

The hydrostatic equation, d-p = -pgdz 

is modified by substituting from the equation of state, 

dp = -~ dz 
RT' 

where T' is the virtual temperature. The equation is then integrated 
from the highest pressure measure~nt p0 at height z0 obtained from 
the balloon-borne radiosonde taken in conjunction with the rocket 
firing, to the height z, having the pressure P1, as follows: 

dz= 1n p 
;l 
- o 

p = p e -~1zl 1 o R 1 ~ 
~T' z zo 

or as further solv , and reduced for computer use 

where R' = R/m, the gas constant for dry air, and T~ is the mean 
virtual temperature in absolute degrees Kelvin through the layer 
(z1 - z0 ). As used here, T~ is just the equally weighted mean 
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temperature through the layer, 5ince variations in compo~ition at 
these altitudes is considered negligible. 

The heights are geometric and are known quite accurately 
from radar data. An arbitrary layer thickness of 5,000 feet is used 
for these calculations and g is the gravity valu~ ot the mean height 
of the layer. 

The computation is reiterated , with each succeeding calcu­
lated pressure ( P.1) and height ( zL) at the top of the layer becoming 
the new :90 and z0 , to the maxir.n.un7leight zn of the temperature mea­
surement. 

Having computed the pressure!> a.t the top of each layer, the 
density at each of these levels is calculated using the equation of 
state for dry air, 

P = p 
R'T 

where Tis the ~asured telJI!)erature in aosolute degrees Kelvin at the 
}'")art i cular level. 

The complete problem has been programmed for use with the 
Philco S-200O digi tal computer. The input data consist of the 
initial pressure :r,0 (dynes per square centimeter), initial height z0 
(feet MSL), maxinn.un height zn (feet MSL), t~ (0c), values for each 
layer and t (0 c) values at the level representing the top of each 
corresponding layer. Gravity values, the height increment (5,000 
feet), the gas constant for dry air, and conversion factors are pre­
programmed. 

It should be pointed out here that while the density values 
represent a specific calculation at each level, some detail evidenced 
between levels is omitted. The method of calculation outlined above 
was used for convenience at the time. However, a system based on the 
significant levels of temperature is presently being progranmed that 
will result in density information in as much detail as is available 
from the temperature data. 

IV. ERROR ANALYSIS 

Although the primary intent of this paper is to present and 
discuss some of the data derived from Areas meteorological rockets, 
it necessarily follows that at least some attention should be given 
to possible sources of error, as well as the probable range of known 
errors. 

Of primary importance with the method of calculation used 
here, is the availability of a reasonably accurate "tie-on" pressure 
obtaj_ned from an associated balloon-borne radiosonde measurement. The 
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time and space variability of such a supporting measurement is 
necessarily inherent and cannot be accurately resolved. Every effort 
is made to obtain a pressure measurement at 100,000 feet within 30 
minutes or the firing. In support or the data contained in this 
paper, approximtely one-third or the measurements at balloon-burst 
altitude were within 30 minutes, two-thirds within an hour, and all 
within two hours. 

While the support radiosondes are released in t.he vicin1.ty 
of the rocket launchin~ area, the s:r,ace variability at burst can be 
considerable. However, it could normally be expected to be within 50 
miles with a probable maxinrum of 100 miles. 

Several radiosonde measurements ~re made dail~ from differ­
ent locations at White Sands Missile Ranee, am a close inspection of 
several sets of these data (a set 1s all of the measurements on a 
given day at the same altitude) reveals differences of only two- or 
three-tenths of a millibar in the vicinity of 100,000 feet. 

Errors due to time and space variatility, when using com­
patible radiosonde data, are assumed to be insignificant. The overall 
accuracies of radiosonde measurements are dis~ssed at considerable 
length in references (10,11,12,13,14). 

Whenever possible, the pressure measurement is ob t ained 
with a hypsometer type radiosonde (10) which is generally acknowledged 
to be the most accurate system now available for field use. 

The pressure values are determined as closely as pos~ible to 
a tenth of a mjllibar for application in the computations. A quick 
inspection of the data will show that in the region of 100,000 feet, 
a one-tenth millibar error is approximately one percent which, of 
course, produces a one-percent error in the density calculation. 

Next, it is necessary to consider the only other significant 
source of error -- the temperature measurement. A theoretical study 
by Jehn, Wagner and others (4,15) of the thermistor and instrumenta­
tion used, indicates that the temperature can be measured to within 
one degree up to 57 kilometers. Abov~ this altitude the data become 
somewhat uncertain and a satisfactory technique for correcting the 
data has not yet been determined. However, from comparativP. data 
available, it appears that the temperature measurements are accurate 
to within 5 degrees from 57 kilometers up to approximately 68 kilo­
meters. 

The effect of small temperature errors relative to the 
computed density is not large. A two-degree temperature error will 
result in a density error of approximately one percent. 
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Up to an altitude of 57 kilometers, the canputed densities 
are considered to be at least as accurate as density data derived 
from balloon-borne radiosondes. 

Although accuracies within two percent are probable for 
more than half of the density data presented, all data are considered 
accurate to within five percent. 

Of general significance is the uniformity of a particular 
group of data, implying that any possible errors are at least syste­
mabic, and do not detract materially from the overall value ot the 
results from a comparison stampoint. 

• V. SUMMARY AND C<lfCWSI<lfS 

By using the method previously described, density and 
pressure data can be obtained :from 30 kilometers to at least 6o kilo­
meters economically and on a timely basis tor direct application to 
space programs, forecasting, etc. Accuracies within two percent are 
presently attainable umer ideal circumstances. However, the data 
presented here are considered to be accurate within five percent up 
to an altitude of approximately 68 kilometers. 

These data tend to verify many of the significant features 
of the atnx>sphere between 30 and 6o kilometers that have been evident 
from previous experimental data (16,17,18,19,20,21,22,23) such as 
the wider seasonal range at northern latitudes, the greater variation 
in winter at both stations, and the overa11 ·var1ations -- as much as 
fifty percent. The need for both seasonal and latitudinal standard 
atmspheres where standards are necessary is clearly demonstrated. 
For an overall standard, the total data indicate that both density 
am pressure are slightly lower, from 40 to 60 kilometers, than the 
ARDC Standards. Doubtlessly, the increasing volume ot data becoming 
available through the Meteorological Rocket Network will more 
accurately define these parameters in the upper atmsphere. 
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• 

· PURPOSE: 

C 

EXPLCIUNG THE ANTARCTIC WITH ICE-SOONDING RADAR 

AMORY H. WAITE,* JR., and STANLEY J. SCHMIDT* 
CPLORATORY RESEARCH DIVISI~ "C", INSTITUTE FOR 

EXPLORATORY RESEARCH, U. S. ARMY SIGNAL RES~~CH 
AND DEVELOFHENT LABORATORY, FORT Maa.OUTH, N. J. 

Thie paper presents a brier history of Signal Corps radar 
ice-depth sounding, discusses past, present and proposed measuring 
techniques, and details the first ice-depth survey fiights ever 
attempted operationally. These, conducted at thirteen points along 
1,000 miles of Antarctic coastline in early 1962 discovered several 
previously unknown geographical features through 1,000 feet of ice 
in an aggregate flying time of less than seven hours. 

INTRODUCTION AND HISTORY: 

Exploratory research, directed towards the determination of 
the basic factors that govern the behavior of radio waves as they 
pass through and over the thick ice and frozen terrain of both polar 
areas, was initiated· within the Anny by Signal Corps Arctic anrl Ant­
arctic Research Teams in 1946. Prior to that time much work had 
been done by civilian scientists across the world, but it was not 
until large peacetime military expeditions began to organize after 
World War II that applications of the early findings could be evalua­
ted in the field. 

The first large scale research effort, Operation Highjump 
to the Antarctic, experienced some of the first indications ot the 
excellent dielectric characteristics of thick ice when bare-wire 
antennas were found to lose little power when dragged behiJ:id surface 
vehicles and others completely buried in the snow proved capable or 
sending and receiving signals over great distances. Later, the 
Signal Corps, participating in the International Geophysical Year 
program, launched eight research projects that produced excellent 
data relative to high latitude propagation. One of these made opera­
tional measurements horizontally through a mile of Antarctic ice for 
two seasons to clearly demonstrate the radio-wave t1ansparency or the 
new mediwn at frequencies from 2 to 400 megacycles, • Another, 
carried out by men working long periods at low temperatures in hand-
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dug, thirty toot deep pits, shoved that the value ot the dielectric 
constant ot natural ice agreed almost exactly with that obtained from 
man-made samples in a laboratory 10,000 miles avq 1, 2. Others 
measured ducting Just above and below the surface using figures tore • 
denai ties, temperatures, and anovtall obtained on location trClll glaci­
ological and meteorological apeci&lista. Yet, because the objectives 
of that period were concerned exclusively vith the improvement of 
electronic equipnent intended tor cold weather operation, it came 
about that no Signal Corps polar measurements were made mre than a 
few feet under the surface ot the ice until 1957. 'Dlere was little, 
it an;y, interest in pien(llDena that might exist 5000, 1000 or even 
100 feet below. 

A change 1n this viewpoint occurred near the close ot the second 
year of IGY, however, vben reports from two widely separate fields 
of endeavor began to trickle in. Pilots of high latitude aircraft 
vere occesionally reporting serious errors in the height indications 
of their radar altimeters when operated over thick ice. And, seiam:>­
logists, traversing sane ot the earth' e millions of square miles ot 
ice-covered terrain, were being considerably retarded by the time­
consuming blasting of gun-powder and stretching-out of the long 
geophone cables indispensable to their sound-wave ice-depth measuring 
techniques. 

Normally, altimeters are a _responsibility of the Air Force, and 
ice-depth measuring systems, though interesting to electronic engi­
neers, are comparatively remote trom them in the field of geophysics. 
In this case, however, the Signal Corps Antarctic Research Team had 
just proven that ultra-high-frequency radio waves could be propagated 
several thousand feet through continental shelf ice and was extremely 
interested in the safety of the Arm:,' s small Air Force. 

FIRST SOUNDINGS--ALTDmrER ERRORS 

A new research program was implemented, therefore, in the 
austral sunmer of 1957-1958, whose directed objective was to estahlish 
the safety limitations of over-ice radio altimeters for the Arn\Y's 
low-flying cold weather pilots, and, (after verbal discussions with 
A:rrrq Research Office) to investigate the possibilities of a radio 
ice-depth measuring technique in an attempt to achieve another 
scientific, though somewhat non-military, goal. 

In any event, two slightly modified, 400 megacycle altimeters 
were obtained and the first attempts to intentional~ send radio 
signals vertically downwards through Antarctic continental ice in 
January 1958 obtained good depth indications from rocky D>raine 
beneath 500 feet of land-borne ice. These, when corrected with a 
velocity factor that was based on a widely known value for the di­
electric constant of fresh-water ice2, agreed within five percent 
of sound-wave measurements made in the same area by trained seismolo-

e 
gists. More importantly, indications of approximately 1000 feet ot 
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altitucle were registered by the •asuring altimeter when mounted on 
a vehicle 1111 than five feet above the surface. Thia proved beyond 
question that ailllilar inatrwnenta operating on aircratt,at frequencies 
of 400 megacycl11 or lower, could produce potentiall.J fatal accidents 
and world-wide varnings to that effect were innediately i1aued. More 
unfortunately, repeated attmpts that seaaon brought no return from 
the supposedly highly renective 11a-vater beneath 800 feet of the 
Rosa Sea ahelt near Little America. Thia, since no other opportuni­
ties to meaaure through noating ice preaented theuelna unt,il 
recently, produced one misconception that has cauaed no little con­
fusion uaong theorists tor 11veral years. After the11 events the 
work speeded up and it vaa soon recognized that the ability to 
estimate the depth to which a signal of known frequency and power 
could penetrate, refiect tram the bottom, and be received back on 
the surface again by a receiver of known aenaitivit7, depended 
entirely on: 

(a) The gradients ot dielectric conatant and diaaipation factor 
that exiat between the ice* surface and the bottan. 

(b) The size ot the ice crystals that c0111po11 the measured maes 
and might cause signal loH through scattering. 

( c) The dielectric constant ( usually € • S to 10) , the wetness 
and the contour of the sub-ice terrain. 

STUDllS IN 1959--FIRST MOBILE SOONDINGS. DENSITY, DIELF£TRIC QON- -. 
stltts, DISSIPATicl° and VELcftff FACTCES, and SCATTERING. 

The Team moved to the Arctic in 1959 and made several new series 
of measurements working with the scientists ot the Anrry Engineer 
Corps'· Snow, Ice and Pennatrost Research Establishment. These 
gentlemen, subsequently, furnished invaluable intonnation on sub­
surface trperatures, pressures, and ice crystal sizes to depths ot 
1000 feet, while their survey teams provided very accurate bottan 
and surface profiles of a local tl}ree mile long ice-ramp that ranged 
from 100 to 800 feet in thickness. The Team then achieved its 
second important milestone when it sounded the ramp in leas than two 
hours and found that the radio soundings agreed wit~ the much lower 
frequency sound-wave depths within the reading accuracy of the in­
strument employed (i.e., 25 feet) . This eatabliahed tor the first 
time the speed and accuracy at which ice-depths could be measured 
with the mbryo system. In addition, since their was no apparent 
deviation between the radio and seismic profiles over the depth 

* The term ice is used loosely, but may mean either snow, ne've, or 
hard ice depending on its specific gravity. Thia varies trm 0.1 
to 0.4 for snow, from 0.4 to o.8 tor ccnpacted crystalline ne•ve 
and f'rom 0.8 to 0.92 for hard ice which is almost as dense as water. 
Dielectric constants are approximately 1.6, 2.6, and J.2 respectively. 
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range of 100 to 800 feet, the minutene11 of the change in dielectric 
constant from top to bottom was demonstrated. 'l'hia constant ia 
importani since ._it establishes the velocity at which a radio wave of 
any frequency will pa11 through a given medium. ror snow, the di­
electric constant, epsilon, is about 1.6 and for clear, hard, fresh­
water ice is approximately 3.2. Similarly, the ramp survey showed 
that the characteristics of the underlying terrain were such that 
they reflected both low-frequency sound-waves and ultra-high-fre­
quency radio waves equal~y insofar as the velocity factor was concer­
ned. Thia, either in ice or rock, varies inversely as the s•uare 
root of the dielectric constant just discussed. The existence or 
non-existence of water at the ice/rock interface is unknown, although 
the low temperature present, -10°c, denies this possibility. In 
this connection, it must be stated that several glaciologists S 
dispute the existence of melt-water beneath glaciers, and that 
temperatures in polar ice masses support this theory since they are 
several degrees colder than those necessary to cause melting at 
existent depths and pressures. 

A series of substitutions of known values of antenna circuit 
attenuators also provided data on dissipation factor characteristics 
which allowed the authors to prophesy that the 400 megacycle test 
system should reach a specific depth of 1230 feet. This was later 
borne out in practice in three separate ice masses within 2 percent 
of the figure calculated. The dissipation or loss factor is a 
measure of the goodness of any dielectric which controls the attenua­
tion suffered by waves passing through it; for ice the figure of 
0.001 is representative. This factor varies almost directly with 
temperature and density and inversely with frequency. No ice has 
been observed in either the Arctic or Antarctic in which the crystal 
size was large enough to cause loss from scattering. Such losses 
can therefore be disregarded until much higher sounding frequencies 
are employed. 

·BASIC SYSTEM AND ALTIMETER OORRECTION FAC'rollS 

Figure 1 clearly outlines the basic elements of the radar 
sounding system. Pulses, at the rate of 100,000 per second, sent 
dOWl)wards through the ice to bounce off the terrain below, return to 
the receiving antenna and thence to the receiver. Some energy is 
reflected from the surface so that should the system be airborne, 
subtraction of the surface indication shown on the oscilloscope 
(Figure 2) from the bottom indication will give the thickness of che 
mass being surveyed when corrected for the in-ice wave velocity (0.53-
0.59). This cannot be accomplished from a surface vehicle because 
the grourld pip on the scope spans 250 feet. A typical 1000 foot 
deep sounding situation is indicated on the scope as 1725 feet and 
the losses suffered by the radio wave are approximately 70.0 db 
because of "free space loss" down and back, 40 db from "absorption" 
in the ice itself, about 0.8 db "refraction losses" entering and 
leaving the air/ice/air interface, plus approximately 15 db at the 
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ice/rock junction. Thia totals 125.8 db in a system that baa an over'­
all gain or 130. The resultant signal level is l.O microvolts which 
is ample tor a good scope pip indication. 

The project thus reached a state by the spring or 1960 where 
curves could be drawn that anticipated depth-measuring signal lo11ea 
in ice at freqgencies from 50 to 4000 megacycles and at depths up 

#' • 

to 30,000 feet. Quickly applicable correction tactors, with which 
the height indications nonnally registered by ice-sounding altimeters 
could be converted to read ice-depth, were also available. For 
example, the wave velocity in an, medium is, C, the velocity in tree 
space, divided. by the index or refraction or the Mdium, n. Since 
n is equal to the square root of the dielectric constant, epsilon, 
by definition, and epsilon tor hard ice is approximately 3.2, as 
stated above, we tind the wave velocity in ice to be 186,000 or 
104,000 miles per second. The altimeter correction Y 3.2· 
factor is thus 1041000 fice). o,56 or 56:C, Scope indications 

186,ooo ar, ' 
therefore, multiplied by this figure give ice depths directly in feet. 

FIRST SOONDIN~ IN FLIGHl' 

The Team returned to the Arctic in the s\llllller ot 1960 with 
lower frequency and more powerful units that were expected to pene­
trate much thicker ice than the earlier 400 megacycle ones. It 
then made several new series or measurements which, briefly summa­
rized, showed that (a) 100 megacycle systems with canmensurate 
antennas should be adopted tor future sounding activities; (b) that 
altimeters operating at 4300 megacycles were much safer than 400 
megacycle ones, but even the higher frequency units penetrated the 
surface as much as forty feet in summer and probably farther in 
winter when it was not wet with melt-water; and (c) that the moditied 
7 watt, 400 megacycle, pulsed Radar Altimeter SCR-718, still used in 
many present-day aircraft and throughout all early ice-depth studies, 
could be relied upon tor soundings in solid blue ice up to 1200 feet 
thick. Radio ice-depth sounding equipnents were also .flown in heli­
copters that season to prove that the bottom could be outlined 
beneath ice as much as 1000 feet thick at high speeds. 

ANTARCTIC PLAN-1962 

Only a rev successful radio soundings through sea-=borne ice and 
a series of comparisons with seismic data previously acquired by the 
National Science Foundation in Antarctic ne•ve, were needed by July 
1961, to canplete the project's list of required basic data. The 

, Team, therefore, joined the Navy's Operation Deepf'reeze and sailed 
to the Antarctic on the U. s. s. Glacier in November 1961. It 
planned to: 

(a) Test a high p011er, low frequency unit that might reach the 
bottom ot 4000 or 5000 toot deep ice where National Science 
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Foundation (NSF) data had alrea.d1 been taken so that canparisons 
would be possible; 

(b) Measure through fioating ice and thus prove or disprove 
the 1957 reflection tailures;and 

(c) Canpare readiDga made through thick ne•ve, with those of NSF, 
to achieve the dielectric value that was needed to canplete the 
data curves • 

'lben, if the deep-sounding 100 megacycle equipnent operated 
satisfactorily, long nights into the interior would be arranged. 
It not, the Team would acC01Dpa,1V the U.S. S. Glacier on its pro­
posed 1000 mile exploration cruise along the Marie Byrd umd coast 
to evaluate a 400 megacycle system under operational conditions 
for the first time. 

F,QUIPMENT 

'!be equipnent needed for the expedition vas assembled and 
throughly tested before departure frail the United states. It 
included: · 

(a) Two 400 megacycle altimeters, with 100 percent spares, which 
were taken for all measurements on or near the Antarctic coastline. 
They were mounted on single, two foot square, wooden panels to fac:ll.1-
tate quick installation in either aircraft or surface vehicles. 
'lbeir 4 foot square anternas were split and shipped in special cases 
to pemit rapid assembly on location; 

(b) Two 4300 megacycle units which were m::,unted similarly, but 
with their antennas arranged for quick placement outside of an open 
helicopter door; and 

(c) A newly designed 100 watt 100 megacycle system equipped 
with high gain Yagi antennas, and a highly sensitive receiver. 

Preliminary calculations showed that this system should receive 
reflections back from the bottom under 5000 feet of ice, the 4300 
megacycle systems should prove adequate as surface indicators to 
pemit rapid and accurate profile work, and the 400 megacycle units 
should be able to sound any landborne ice up to 1200 feet in thick­
ness without difficulty. Later, it was fowid that the Glacier's 
helicopters were already equipped with 4300 megacycle units so the 
Signal. Corps sets were used only, as spares. The 4300 megacycle 
system was found to have an average penetration of 25 feet into 
mst of the Antarctic ne' ve flown over ,.in 600 miles of testing, but 
there were occasions when badly deceptive altitudes were observed. 
These have caused the authors to advise against reliance on equip­
ment of this frequency over thick ice until further study has been 
undertaken. The 100 megacycle system was tested throughly on 
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three separate occasions 1n areas where a ver, weak signal should 
have brought reeults, but no signal was received. 'Dle equipnent has, 
therefore , been set aside tor future improvement though the princjple 
and deep sounding obJectivea remain unchanged. '!be tvo 400 megaeycle 
units continued operating without tail throughout the trip: as did 
the laboratory constructed 12 volt 00 to 115 volt 400 cycle AC power 
supplies. One 171tem has now been loaned to the Navy for the 
training of future survey teams. Such training tor a smart high­
school graduate should make him a radio surveyor in 10 dqs, but 
the technical maintenance of the equipnent requires trained repair-
men. 

Alfl'ARCTIC SURVEY FLIGBTS-1962 

The authors, with the outstanding cooperation of Captain 
Edward Grant, USH, the officers and men of the U. s. S. Glacier: and 
Lcdr. Ernest Burks, USN, the pilots and their crews of Helicopter 
Squadron-4, NAS, Iakehurst, N. J., completed a total of thirteen 
radio sound1Jig tU.ghts between December 1961 and. February 1962. 
These and the results they made possible form the major interest of 
this paper. They started in Mcr.hrdo Sound and ended 1000 miles to 
the Eastward as shown by the map 1n Figure 3. 

Flights 1 and 2 were made south of Ross Island on thick floating 
ice (Fig. 4) and. immediately established much stronger reflections 
from sea water than had ever been received from underlying rock. 
On Flight 2 a line of flags four and a half miles long, placed by 
Nev Zealand scientists to measure ice drift, was sounded at .the 
rate of 5 minutes per nag. Depths varied from 560 to 620 feet 
and were later verified by a second run. This area was 20 miles 
fran the ship and required a round trip of 45 miles. 

Flight 3 traveled 50 miles from the ship to prove !utter Point 
to be 400 feet deep at the famous British gasoline cache, and then 
sur-1eyed the three mile wide Ferrar Glacier with 5 soundings to show 
its average depth to be approximately 190 feet. This is much less 
than was previously believed possible and indicates that the glacier 
is probably decadent. The soundings of this flight and also 1 aild 2 
were made by lifting the plate-type antennas out of the helicopter 
(Fig. 5) and placing them directly on the surface. Results were 
clear and instantaneous • No thick ice was found eastward of Ferrar 
where the glacier edge noated,as shown on current Hydrographic 
Office Chart ]6666. 

Flights 4, 5, and 6 were made (Fig. 6) with the plate antennas 
munted fore-and-a.tt under the boey of the helicopter for the first 
time so that landings were no longer necessary. This procedure 
greatly speeded up the sounding process, which was simplified 
further when Flights 4 and 5 proved that laborious barometric 
altimeter readings could be elininated when pips were registered on 
the scope that adequately profiled the surface. Surface contours 
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could not be achieved without sane means ot eatabliahing the 
plane's abaolute elevation above sea-level, but accurate baranetric 
altimeters carried to the Antarctic tor the purpose were found 
unaatistactoey tor mappiJJg. They do provide reasonable eat:lmatea 
it careful.ly calibrated at frequent intenal.e, however. 

Flight 4 (Fig. 7) tested the 100 Mc equipnent at NZ flag 14 
south ot Ro11 Island and proved it inoperative. Attenuator sub­
stitution tests on the 400 Mc unit then undertaken at this point 
gave a depth ot 580 feet and a reserve signal ot 29 db. Thia again 
proved the unit capable of a total depth of 1230 feet. 

Flight 5 (Fig. 7) surveyed the northeastern tip or White Island 
with four parallel 5 mile legs which definitely established a 
hitherto unknown ridge. Depths varied from 200 to 450 teet and 
agreed very closely with seismic soundings made earlier by Crary 7. 

Flight 6 (Fig. 7) surveyed 80 miles or the 10 to 40 toot thick 
McMurdo Sound bay-ice in an attempt to find a thick enough area 
for a new base on which to land wheeled aircraft. This was made 
at the request ot Rear-Admiral SchiJm ot the Navy. No suitable 
landing area was found, but the experience gained on this iong, low 
fiight made it worth while and acquainted both the Navy and the 
United States Antarctic Research Project personnel with the Signal 
Corps'new capability. Several conferences with scientific 
per1ormel ot both the American and New Zealand groups outlined 
several tentative sounding areas which might prove profitable to 
the Team. One ot these, the Tasman Glacier near Mt. Cook in 
New Zealand was not sounded as planned during the Christmas Holidays 
because no air transport could be obtained by Victoria University 
and New Zealand's Department ot Scientitic and Industrial Research. 
Nevertheless, as the ship moved eastward in January 1962, several 
U. S; Antarctic Research Project suggestions were followed. Ylights 
5 and 6 belong in this category as did-

Flight 7 (Fig. 7) which sounded the Ross Shelf ice east of Cape 
Crozier on Ross Island. A strip five miles long was nown in 7 
minutes with excellent results that showed the ice comparatively 
thin near the wann volcanic island and tapering downwards from 
220 to 330 feet thick in five miles. Accurate measurements from 
the bridge of the ship showed the ice above water to be slightly 
more than 16 percent of the total mass as experienced by earlier 
geopl\Ysicists. These height values added weight to the radar 
soundings obtained, which were taken every minute as W'lder nonnal 
conditions. As the helicopters invariably new at a speed or 60-65 
lmots, this worked out as one reading per nautical mile. 

The Ross Shelf ice thickened rapidly eastward of the area where 
Flight 7 was made (Fig. 8) and continues along most ot its 350 mile 
width at a thickness that varies between 800 and 1000 feet. 
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Flight 8, intended to rechart the area near Mmiral Byrd's 
Original Camps on the shores of the historic Bayot Whales, surveyed 
54 miles in 57 minutes (Fig. 9) • Depths not only agreed very 
closely with those reported by Poulter in 19538_. but the inland. end 
of this flight definatel.y indicated the demarcation line between 
sea-bome and land-bome ice at the northem edge of Roosevelt 
Island and also clearly registered every large ice canyon that the 
helicopter passed over. . The ice was de:f'ini tely thinner where 1 t 
rose up the northern slopes of the island. This flight was beyond 
question the most interesting one of the expedition since it not 
only proved the early findings which had been questioned by many 
recent authorities , but also rediscovered Byrd's first Little 
America. Towers constructed 34 years ago were still show:lnB above 
the drifts. 

Flight 9 vill be discussed vith Flight 13 later. 

The ship left the Btzy of Whales, visited the IGY Little America 
at Kainan ~, briefly , then proceeded to Okuma B~, qape Colbeck 
on Edvard VI! Peninsula, and then sailed eastward to explore a.l.m::>st 
500 miles of the Marie Byrd Land Coast vhere no ship had ever been 
before. The three flights made after the visit to Cape Colbeck 
were carried out at the specific request of the Task Force Comnancer 
who was accurately mapping the area. 

Flight 10, (Fig. 10) intended to locate the dubiously mapped 
edge of the continental shelf ice off the Rupport Coast, flew 19 
miles from the ship inland in poor visibility, turned eastward tor 
4 miles, and then swng back to the ship again, having mapped over 
forty miles of the surface and the bottom in forty minutes . The 
edge of the 1000 foot thick shelf was clearly defined and so were 
the edges of three massive icebergs. Clear delineation between the 
shelf and a large submarine rock ridge vhich pished up into it for 
several hundred · feet was also observed. This flight recorded obser­
vations at such short intervals (15 seconds) that they outlined the 
effects of melt on the bottom of the seaward edge of the shelf for 
the first time. This degree of melt has been of interest to 
glaciologists for many years . There was also evidence that one of 
the three bergs seen was grounded showing the presence of another 
rocky pinnacle. Lastly, 1 t was veey interesting to note that the 
shelf seemed to thicken inland of the anchoring •ridge vhich ~ 
with study prove to be an indication of the shelf's age. Obviously, 
the forward motion of the 1000 foot thick shelf (weighing 990,000, 
000 tons per square mile) was being slowed up by the rock ridge. 
This.flight also sighted a mile-long rocky island standing 600 feet 
above sea level and ten miles SE of the southwestern turn. 

Flight //=11 (Fig.11) zigzagged on five mile legs across the 
mapped edge of the Getz Ice Shelf to attempt to draw the actual 
coastline beneath 1000 to 1300 feet of ice. It was veey successful 
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and will be used to change exiate"lt, maps. Ten miles of the coast 
was mapped in less than 10 minutes while a total of 65 miles vu 
flown 1n an hour to get this data. 

Flight 1;12 {Fig .11) was the last night made on the eastern leg 
of the joumey because the ship was ordered home tor emergency ice­
breaking 1n Mclvhrdo Sound vhen Mt. Siple, a major objective, had 
just become visible on the horizon. 97 miles av,q. A snow mound, 15 
miles from the ship, appeared at this time to be an islant, but was 
doubted by the navigators. Permiasion to make one last flight vu 
asked by the discoverer and granted by the Glacier's Captain, and 
a tour mile wide island was both proven and profiled 1n 15 minutes 
flying time. Its contour is clearly ahovn 1n Figure 11 which agrees 
exactly with soundings accomplished by the ship's sonar nearby. 

The ship then returned rapidly to Kainan Bq where Flight 13 re­
ran most of the surface observations made earlier in Flight 9, vhen 
East Cape, Camp Coldbottom and Little America were sounded accurately 
at points where Cr&r'/7 had made his seismic survey in 1957. Another 
short traverse vas made out over the Byrd land trail area to compare 
in-fiight to on-surface radar depth soundings. This flight produced 
figures that ~d within 10 :t'eet o:t' Crary's measurements in several 
places and exactly matched those acquired by actual drilling by 
SIPRE3. They also al.loved a de:t'inite determination ot the dielectric 
constant and loss factors to be used 1n 900 foot thick ne've' and 
these have been employed for all computations in the last chapter of 
this paper. 

C0NCWSI0N 

The capability of sounding through ice, vi th radio waves, in 
either the Arctic or the Antarctic, is now a proven fact,. Slightly 
modified standard stock items, alreaey installed on m&n1 aircraft, 
can be utilized to map sub-surface :t'eatures through up to 1400 feet 
of ice by alert enlisted men vi th brief training as fast as aircraft 
can fly. The project has reached a point where inlllediate action can 
be taken to perfect the means and thereby to increase attainable 
depths. The basic research is practically complete. 

'nle flights reported herein surveyed more than 300 linear miles 
through ice that ranged :t'rom 200 to 1300 feet 1n thiclmess in less 
than 7 hours total flying time and only two men were involved. 

The authors believe the inmediate future will witness 5000 foot 
deep soundings being taken by over-ice pilots as part of normal e 

flight routine while recorders roll the data into compact cartridges 
for later scientific review. Greater depths are similarly within 
view, but these imcy- require as much as two or three seconds delE\)" for 
each sounding. 
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Fig 1. Basic Ice-SoWlding Radar System 

Fig 2. Equipment Installat:lon on Weasel,M-29-C 
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Fig 5. Sowiding on the Ferrar Glacier 

r: : ll iC:tt i il1:K IJlf"I~ 

1 \ 1, •1: 

Fig 6. Antenna Installation on Helicopter, H04s 
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Fig 7~ Chart of Flights 4, 5, 6 and 7 

Fig 8. Typical Ross Shelf Ice 
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A MAmDIATICAL MODEL FOR A BALLISTIC K>CUl' 

DR. EVERffl L. WALTER 
U. s. AIMY SIGNAL MISSILE SUPFORI' AGfflCY 

WHITE SANOO MISSILE RANCE, ~ MEXICO 

I. INTR)IlJCTION 

In designing, testing, or firing a rocket, the use or some 
type or mathematical model which approximates the rocket's flight will 
result in a savings in time and cost. We present such a model for a 
ballistic rocket (i.e., a rocket for which there is no guidance after 
it is launched). T'ais roodel was recently developed and is presently 
used at the u. s. Army Signal Missile Support Agency (USASM8A) at 
White Sands Missile Range (WSMR) in support of firing operations. It 
consists of a set of simultane~us differential equations which can be 
numerically solved rather quickly on a high-speed computer, and has as 
its output, information which accurately describes the hypothetical 
trajectory of the rocket. By a hYJ>Othetical trajectory we mean the 
trajectory which would result if the rocket were perfectly aligned and 
if the rocket and atmospheric data were exact. Because of the gener­
ality of the equations, there is no hope for an analytical solution; 
hence, a high-speed computer is necessary to integrate them numeri­
cally with sufficient speed and accuracy. 

In the design of a mathematical model it is necessary that 
the hypothetical trajectory have accuracy sufficient for the intended 
purwse, but at the same time the model must not be too complex for 
the available computing facilities, nor so complex that the time and ' 
cost are excessive. One would d~sire also that the model be flexible 
enough to permit its application to many different types of rockets in 
any foreseeable environment. In many instances., it is desirable to 
have different models, each intended for a specific purpose. 

It is felt that the model presented here is adequate for the 
support of the firing of most ballistic rockets provided that neither 
the range nor the height exceed 300 miles. Its original purpose was 
to predict accurately the impact point of a rocket when its flight 
parameters and the atmospheric data were given. That the model had to 
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be somewhat detailed, is seen by the tact that the effect of the winds 
alone upon the impact point ot an Aerobee-Bi rocket has been known to 
be greater than· 50 miles • Since well over 100 Aerobee-Bi rockets, as 
well as countless other types ot rockets, have been tired at WSMR 
alone, the inrportance ot a good, working model for ballistic rockets 
is apparent. · 

SUch mdels as indicated in {l) or {2) have been used suc­
cesstully at USASteA 1n the past, and still ·serve their purpose. ~ere 
are many models more accurate than these, but each has the disadvantage 
ot beillg more complex. We present such a model 1n this paper. 

In Section II, the equations of motion which describe the 
flight path of the rocket are given without proof. How sc;,-called 
"perturbation equations" can be deriveti easily for various purposes and 
how they can be used to accelerate certain calculations are indicated 1n 
Section III. 'Die numerical solution of the equations of mtion and the 
perturbation equations on a computer is explained 1n Section IV. In 
Section V we discuss how the model could be used in the support ot an 
actual firing. Finally, Section VI indicates the future applications 
planned by USASJ.SA. Computation time required for the model as well as 
the amount ot personnel time required to write the program are indi­
cated also. 

II. mE ~ATIONS OF MOTION 

Many attempts have been made to set up equations of motion 
with the thought of solving them analytically. All of these must make 
some assumptions on the properties of the rocket and the atmosphere 
which will cause some errors in the resulting hypothetical trajectory. 
In many applications, especially for the larger rockets, these errors 
are intolerable. To minimize these errors, we shall present a set of 
six equations of motion in which very few assumptions or approximations 
have been made. This, of course, implies that these equations {which 
are simultaneous, second-order differential equations) must be solved 
by numerical integration (and certainly on a high-speed computer in 
order to get results within a reasonable time and yet retain the de­
sired accuracy). These six equations describe the position in three 
dimensions, the attitude, and the spin rate of the rocket. Because we 
do not insist upon an analytical solution, we may include the effect':l 
of' the Jet force due to the main rocket motor (considering variable 
atmospheric pressure); the Jet damping due to this force~ the moments 
due to spin rockets; the aerodynamic forces (i.e. , drag and lift); the 
moment due to the aerodynamic forces (called the restoring moment); 
the moment created by canting of the fins; gravity, using the inverse 
square law, and considered not as a parallel force, but as a central 
fo-rce; Coriolis force and the centripetal force due to the rotation of 

--~ earth; the apparent thrust and moment due to loss of mass; the 
force and moment due to a changing angle of attack (the so-called 
"cross-spin" force and moment); the winds; the gyroscopic effects of 
spin and of tumblinp-• a variable speed of sound; a variable air pres­
sure; and other ef' ... -ds. 
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lfo proot or developnent ot the equations ot motion will be 
given here. For a detailed developaent, see (3). !&>st ot the neces­
sary physics can be tound in such texts as (4). Betore writing the 
equations we shall give allot the necessary definitions and notation. 

(x,y,z) - The position coordinates of the center ot gravity of the 
rocket relative to the launcher; x east, y north, z verti­
cal (as measured by a plumb bob at the lawicher). 

8 - The zenith angle (in radians) ot the rocket axis. 

a 

• 
f3 

- 1!le azimuth angle ot the rocket axis measured counter­
clockwise trom the x axis • 

- nte rate ot spin of the rocket about its axis; positive it 
the spin vector is directed (using the usual right hand 
rule) along the positive rocket axis (i.e., from tail to 
nose). 

- The distance from the nose to the center ot the aero­
dynamic pressure {a tunction of Mach number). 

- The distance from the nose to the center of gravity (a 
function of time). 

(u ,u ,u) - 1be velocity vector coordinates of the wind, indicating 
x Y z (to be consistent with standard meteorological practice) 

the direction from which the wind is blowing • 

p 

d 

h 

CD 

. - The measured value ot gravity under some average point in 
the trajectory (such as under the expected peak) which 
has been corrected to sea level. 

- The latitude of the launcher. 

- The sea-level radius of the earth at the launcher. 

- The angular velocity of the earth about its axis. 

- The density of the air at the present rocket position. 

- The diameter of the rocket. 

- The length of the rocket. 

- The coeffi~ient of drag (defined by the equation 
D = CD ova 2 d2 where D is the force due :to drag and v a is 
the velocity or the center of pressure relative to the 
surrounding air) . The value of Cn is given as a function 
of Mach number. 

- The coefficient of lift, defined by the equation 
L = Crfv/42 sin'6, where Lis the lift force (i.e., normal 
to the velocity vector, va) and '6 is the so-called angle 
of attack, defined later in the paper. 

S - The spin moment created by canting of the fins which is a 
function of the size and shape of the fins, the amount and 
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T s.l. 

pa 

s s.l. 

8 

m 

k 

k 
0 

r 
0 

• 
direction ot the cant, Mach number and p. !ftle sign ot s 

• is positive it the canting tends to increue p algebrai-
cally, and otherviae is negative. 

- The thrust ot the Min rocket motor plus the torward 
thrust ot any- spin rockets, meuured at an atmospheric 
preBSure ot P 

1 
(possibly a function ot time) • s .. 

- The atmospheric pressure (a tunction ot rocket position). 

- The spin 11011ent due to spin rockets meuured in an atmos-
pheric pressure ot P 

1 
(poss ibl.y a function ot time) • 

8. • • 

- The sign ot S 
1
· , positive it S 1 tends to increase p s. • s •• 

algebraically, and negative otherwise. 

- The total area ot the spin rocket exit nozzles. 

• The proJection ot As on a plane normal to the rocket axis. 

- The area ot the main rocket exit nozzle (plus Ap it spin 
rockets are used). 

- The mass of the rocket (a function ot time). 

- The radius ot gyration about an axis through the center 
ot gravity and normal to the rocket axis (a function of 
time). 

- The radius of gyration about the rocket axis (a function 
of time). 

- The distance from the rocket axis to the spin rocket exit 
nozzle. 

- The radius of gyration of the plane surface ot the exit 
nozzle of the Min rocket motor about the rocket axis. 

With these definitions ve define the following auxiliary 
ceefficients for the equations of motion. 

p = cP - cg 

t = s1n8•cosa; ~ = s1n8•s1na; t = cose r r r 

v = x + u • p(e•cose-cosa - a•sine•sina) • p•t 
X X r 

• • • • 
v = y + uy - p(e.cos8•s1na + a•sin8•cosa) - p•~ Y r 

• • • vz = z + uz + p•8•sin8 - p•tr 

V = (v 2 + V 2 + V 2yt 
a X y Z 

t = V /v. n = V Iv. ~ = V /v !ta x a' ·•a T a' ~a z a 

cos8 = iair + ~a~r + tatr 
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sinE = ~R •sin).•cos)./g 
0 0 

(7) 

A • CLpd2v 2sisn(cos6)/m r a 
(8) 

A = • crfd2v 2 /m - A cos6 a a r (9) 

"- = - ,.1ru2 (10) 

Af = s/t1Jko 2 (ll) 

Bt = [Ts.1. + (Ps.l. • Pa) ~e] /m (12) 

B a [m (h • C )2 • 2m (h • C ) 0 • mk2 • 2JDkk] /mk2 
j g g g (13) 

B = lmr 2 + 2mr i- - * 2 
- 2m1t i 1 /mk 2 

r o oo o oo o 
(14) 

B = s[S l + (P l • P )(A 2 • A 2 )i•r] /mk 2 
s s. • s. • a s p s o (15) 

• g R 2 sin (>. + E) 
(16) ~- oo 1 sin>.[x2 + (y- R Bin€)2 + (z + R COSE:)2]57 

0 0 

C = w[2•y•s1n(). + €) • 2•z•cos(). + £) + w•x] 
X 

(17) 

C =CR sine - sin().+elw{2x+w[z•cos().+e)-y•sin().+e)+R cos).]]] y WO 0 
(18) 

C = e R COSE + COS ().+E)(w(~x+<a>[Z •COS ().+E)•y-sin().+e)+R cos).]}] 
Z WO 0 

(19) 

C = k 2 /,,,_a n o (20) 

In equation (6), 6 11 the angle ot attack, defined as the 
angle between the positive rocket axis and the velocity vector (rela­
tive. to the surrounding air) ot the center ot pressure. In equation 
(7)i, is the small angle between the z axis (as measured by a plumb 
bobJ and the pure gravitational force (f.e., with the centrifugal 
force due to the rotation of the earth removed). 

Using the above definitions and auxiliary equations, the con­
servation laws of linear momentum and angular momentum give the 
desired equations or motion: 

•• x = Aa~a + Artr + Bt~r + ewx + ex .. 
y = Aa 11a + Ar1lr + Bt 1lr + ey1 + ey 

z = A C + A t + Btt + e z + e aa rr r w z 

(21) 

(22) 

(23) 

8 = .Am(facos8•cosa + 1lacos8•siza • Casin8) (24) 

+ Bje +(a•cose + en~) a•sin8 
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a• Am(~acosa - laB1na)/s1D8 + Bja • (2a•coa8 + Cn~)e/sin8 (25) .. . 
8 = 'r + Br~ + B8 (26) 

In these equations, the 'A' terms are non-zero only in the at­
mosphere, the 'B' terms are non-zero only during burning phases, but 
the 'C' terms, representing the ettects ot gravity, Coriolis force, 
centripetal force due to the rotation ot the earth, and the gyroscopic 
ettects, are never zero. 

~Jt·ot the rocket data and atmospheric data Will usually be 
· given in table hforin. ·ibe values ·'ot Cn, Ct, CD,~and S are usually 

given as tunetiona ot Mach number; tfie values ot Cg, m, m, k0 , k, 
T 1 , and S 1 , as functions of time; and the values of u .. , uy, u_, 

Se • Se • JC -Z 
p, Pa,and the velocity of sound, as :f'unctions of height. All of these 
quantities must be stored within the computer and, if' given in table 
form, some interpolation routine used to find their values at specific 
points along the traJectory. 

For many applications, these equations are more elaborate than 
is necessary. In these cases, some silllplification is possible. For 
example, if one has a rocket which spins very slowly or not at all 
the effects of spin can be remved by deleting equations (11), (14}, 
(15), (20), and (26) and the ~ terms of (24) and (25). In most cases, 
the approximation, c = O, instead of equation (7) does not alter re­
sults appreciably. ~e main reason for making such approximations is 
to decrease the time and cost of computation. 

A word of caution should be given concerning these equations. 
They can accurately compute the hypothetical trajectory which Will 
approximate an actual trajectory only to the extent that the atmos­
pheric and rocket data are exact and the rocket itself' is perfectly 
aligned. 

III. mE USE OF PERIURBATION BiJATIONS 

In many applications of the equations or motion one will find 
that he is interested in calculating many hypothetical traJectories 
which deviate only slightly from one hypothetical trajectory already 
calculated. This sort of thing will occur when making a statistical 
study using Monte-Carlo techniques, for example. 

This will occur also when one is interested in computing a new 
trajectory which deviates from a previously calculated one because of 
a small change in one or mre of the atmospheric or rocket parameters. 
In these situations, the use of perturbation equations is suggested, 
Pwrturbation equations describe the changes from the original trajec­
tory rather than define a new hypothetical trajectory. The reason for 
doing this is two-fold. First of all, the perturbation equations can 
usually be made simpler than the original equations by making certain 
first-order approximations. Secondly, some of' the calculations which 
have been made in computing the original trajectory can be used in the 
perturbation equations. 
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The specific perturbation equations to be used. depend upon the 
pirpose for which they are intended. i!le derivation ot the desired 
perturbation equations from the equations of mtion is usually done by 
using ordinary differential calculus and by making certain approxima­
tions. The perturbation equations are accurate only tor small d.en.a­
tions from the original hypothetical traJectory. What constitutes a 
small deviation is govemed by the problem. 

For explanation of the general ideas 1n perturbation theory 
the reader is referred to (5). 1-t>re elaborate sets ot perturbation 
equations can be derived which use second-order (or higher) variations; 
i.e., one uses not first but second-order approximations. To do this, 
however, yields much DK>re complex perturbation equations. The author 
feels that linear approximations offer the most efficient equations for 
the purpose. For the d.eri vat ion of perturbation equations which de­
scribe the deviation of a trajectory due to changes in the wind profile 
see (6). 

In general, perturbation equations will accelerate computation 
time greatly. However, one should realize that they are inherently 
not exact, but only approximate. Before using this technique one must 
test the accuracy of the perturbation equations. ibis is done by com­
paring results with the results one would get if he used only the equa­
tions of motion for the entire problem. Of course, the perturbation 
equations are, by their nature, more accurate for small perturbations. 

IV. 'IHE NUMERICAL INTIDRATION 

Since the equations of DK>tion of Section II and the perturba­
tion equations of Section III are simultaneous, non-linear, differen­
tial equations and since the coefficients used in these equations are 
not constant (and in many cases not even easily expressed analytically) 
one is required to integrate them by strictly numerical methods. Many 
numerical integrating techniques can be found in the 11 terature. Each 
of these has its advantages and disadvantages. For applications to 
equations of motion it is felt that the Runge-Kutta integration 
scheme is best. 

There are several reasons for choosing the Runge-Kutta tech• 
nique. First, the six equations of motion, being somewhat different in 
form, require an integration technique which is flexible enough to 
handle all of them simultaneously. Second, the size of the integration 
interval., At, to be used need not be constant. For accuracy and time 
consideration, At should be small during the initial part of the tra­
jectory, while during the latter part 1 t may be increased. The Runge­
Kutta technique lends itself nicely to this problem, a feature that 
most other integration schemes do not have. Third, since any numerical 
scheme will have inherent errors, some measures should be taken for 
controlling them. Again the Runge-Kutta scheme seems best. For de-

· tails of this technique see (7) and (8). 
For a mathematical model to be as effective as possible, one 

should make provisions in the computer program for changing rocket 
parameters a.t a number of arbitrary points along the trajectory. This 
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is necessary if he wants to calculate hypothetical traJectories for 
rockets which have one or more boosters, or tor various reasons might 
have some of their parameters cbanged instantaneously during flight. 
Tbe ultimate goal is to have a program which, in one operation, will 
yield the entire trajectory. Also, the program should be general 
enough tor application to various types of rockets. such a program 
has been written· at USASMSA which has all of the above features ( ex­
·cept the teatures ot spin). MJre wili -be said about this Jrogram in 
the sumary. 

• V .- ·· PRACTICAL APPLICATmN 

Because ot the complexity ot the equations of D>tion, it seems 
that any statistical study made on the trajectory of a rocket must, in 
the final analysis, involve Monte-Carlo techniques. a>ughly, this 
means that one must compute a number of traJectories, the cross sec­
tion of which would represent the probable population of trajectories. 
This immediately suggests the use ot perturbation equations. 

One example is the calculation or the statistical parameters 
involved 1n the results of (9), which gives the theory for computing 
the dispersion pattem of a giYen trajectory parameter as a function 
dispersion of the wind profile, 

As a practical application of the equations of n:,tion and the 
perturbation equations, we show how they are used 1n the support of 
the actual firing of a research rocket. We first make the assumption 
that the rocket is perfectly aligned and that all of the rocket and 
atn:,spheric data are exact. Because of the turbulence of the wind at 
various points along the expected trajectory, it is exceedingly diffi­
cult to predict what the wind will be at a specific point along the 
trajectory and at the precise time that the rocket will be at that 
point. That is, the turbulence causes a certain amount of unrelia­
bility in the wind prediction, and hence in the impact prediction. We 
wish to compute not only the most probable impact point (MPIP), but 
also the size and shape of the area within which the rocket has, say, 
a 99 percent probability of falling. This first MPIP is computed from 
the equations of motion (21)- (26) using the most probable wind profile 
(MP,IP) which has been predicted at some time prior to the proposed 
firing time. From the turbulence data, one can compute many wind pro­
files, the aggregate of' which will represent the probable distribution 
of the predicted wind profile about the MP,JP. Using the perturbation 
equations, which describe displacement due to a change in the wind, 
with each of the wind profiles in the aggregate, one gets a distribu­
tion of the rocket impact point about the MPIP, But all of this data 
collection and calculation takes a certain amount of time, during 
which the wind will have changed. If' one now measures the wind and 
makes a new prediction on the MPwP, he can use the perturbation equa­
tions to get a new MPIP, With the assumption that the turbulence has 
remained the same, he can simply translate the impact dispersion pat­
tern to the new MPIP, 
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Thia nov gives the range satety otticer a complete picture ot 
the variability ot the traJectory due to the variabilit=,_ot the Vind 
only. !!he same word of caution that vu given at the e ot Section II 
applies here. i!lat is, the results, being ·hypothetical, are accurate 
only it the atmospheric and rocket data are accurate and the rocket is 
correctly aligned. 

VI. SUll4ARY 

This model has been progrllllled at USASIEA using a fourth•o·rder 
&mge-Kutta integration technique With all of the features indicated 
in Section IV. It vas written tor the Philco 2000 Complter and re­
quired about 500 an hours to vr1 te. Most ot this time vu spent in 
making the program general enough to compute in one operation the hy­
pothetical traJectory of any unguided rocket (with range less than 300 
miles) Vi th any combination of boosters. All that is necessary as in­
put is the pertinent rocket and atmospheric data. 

As mentioned in Section IV, any numerical integration 3Cheme 
has inherent errors. In the program at USASIEA, these errors can be 
made as small as desired, at tht expense of computer time. To give an 
example of computation speeds, for a typical Aerobee rocket which has 
a time of flight of about 7 minutes, the error ( due 5 to the numeri­
cal integration inaccuracies) at the impact point can be made to be no 
greater than 100 feet with a computing time of less than 20 minutes. 
With a proposed modification to the computer this time should be re­
duced to less than 5 minutes. It is anticipated that perturbation 
equations for a typical Aerobee flight can be integrated in less than 
2 seconds. 

The model together with the computer program has many applica­
tions at ~. One of these was discussed in the previous section. 
It could also be used for prel1m1nary studies to determine the feasi­
bility of firing a given rocket from a given range. 

Another application is to test various theories concerning 
rocket flight. One of these is the effect of certain wind profiles on 
the stability of the rocket. A closely related study is to test the 
effects of so-called acoustical turbulence suggested in (10 j. In 
testing such theories a mathematical model 1s mch more economical than 
an actual rocket firing; in fact, in many cases (for example, the two 
just mentioned) this is the only vay. 

In general, regardless of whether -the athematical model used 
is the one proposed in this paper or some other, its use will usually 
result in an appreciable savings 1n time and cost. It can be used 1n 
support of rocket design and firing and in testing certain theories ot 
rocket flight. 
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AN APPARATUS FOR MEASUROO THE BULK K>DUWS 
OF SOLID PROPELLANI'S 

NEAL C. WOOSLAND 
Ballistic Research laboratories 

Aberdeen Proving Ground, Maryland 

INrRODUCTION 

The mechanical behavior of the propellant is of consider­
able importance in the design of a solid-propellant rocket because 
the propellant must be sufficiently stiff to minimize creep during 
storage and yet must not be so brittle that it may crack under the 
pressures at which it burns. Some solid propellants are homogeneous 
compounds while others are composite mixtures of crystall ine oxidi­
zers and other additives in a srrall amount of bi1der. Both types of 
solid propel l ant, however, are predominantly viscoelastic in their 
mechanical behavior. 

The basic methods for solving problems in stress analysis 
are well established for elastic materials. The classical theory of 
elasticity is limited almost entirely to situations in which the 
strains are small. The strains set up within an elastic material 
are linear functions of the stresses under all conditions of loading, 
provided the elastic limit is not exceeded; that is 

s:re:s = constant (modulus of elasticity). (1) s ran 

When the strains are small, only two elastic constants are required 
to describe the mechanical behavior of a material that is homogeneous 
and isotropic. If, for example, the shear modulus (modulus of 
rigidity), G, and the bulk modulus, K, are determined, then Young's 
modulus, E, and Poisson's ratio, v, can be calculated from the 
relations 

9KG 
E = 3K + G 

~ and v = bif+'"'2G (2, 3) 

which have been given by Southwell (1) a: _., --thers. Any of these 
moduli may be replaced by their correspc~.. g recipr_oca.ls, 1/J, 1/B, 
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and 1/D, where J is shear compliance, Bis bulk compliance (compressi­
bility), and D is tensile compliance. The shear and bulk moduli may 
be regarded as the fW1damental elastic constants from a physical 
point of view because the former measures the resistance of a material 
to change of form W1accompanied by change of volume and the latter 
measures its resistance t 0 change of volume unaccompanied by change 
of form. 

The stress analysis of viscoelastic materials is somewhat 
more complicated,not only because these-materials are time-dependent, 
but also because they deviate measurably from the behavior predicted 
by the Boltzmann superposition principle (2, 3) on which the theory 
of linear viscoelasticity is based. For small strains, however, this 
deviation can be neglected for many materials and calculations can 
be based on linear viscoelastic behavior. In the final report of.the 
Committee on Nomenclature of the Society of Rheology, Leaderman (4) 
stated that the relations between the complex moduli and compliances 
for dynamic viscoelastic behavior are the same as those existing 
between the corresponding moduli and compliances of classical elasti­
city theory. 

Stress analysis problems involving viscoelastic materials 
frequently can be formulated in terms of Volterra integral equations 
if the moduli are known (5, 6). An alternate method sets up analogies 
using mechanical models consisting of suitable combinations of Hookean 
springs and Newtonian dashpots (7, 8). In current applicat ions of 
linear viscoelastic theory, the distinction between moduli measured 
under adiabatic and isothermal conditions usually is ignored because 
this difference is in most cases negligible. Although this difference 
is entirely negligible in shear and the moduli seldom differ by more 
than a few percent in bulk, Ferry (3) has inferred on theoretical 
grounds that the adiabatic bulk modulus can exceed the isothermal by 
2oi or more for some soft pulymeric solids. 

At the Ballistic Research Laboratories, a study is being 
conducted to determine to what extent the theory of linear visco­
elasticity can be applied to the stress analysis of solid propellants 
(9) To correlate theory with experimental results, apparatus are 
being devised to measure the bulk and shear moduli under various 
cond~tions. Preliminary study has indicated that the equilibrium 
bulk modulus is satisfactory for quasi-static problems such as the 
slow deformation of a propellant in storage. However, the adiabatic 
bulk modulus is better for approximate solutions of dynamic problems. 

The apparatus described in this paper was built to measure 
the equilibrium bulk modulus of solid propellants and other visco­
elastic materials under hydrostatic pressures of Oto 2500 psi (gage). 
It was built after preliminary tests had indicated that such an 
apparatus was feasible (10). Very little information has been 
reported in the scientific literature concerning hydrostatic modulus 
or compliance testing in this pressure range. Bridgman (11) has 
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worked with several viscoelastic mater:f.als, but only at very high 
pressures. Sweeny and Bills (12) have made a few pressure-volume 
measurements on solid propellants. Milloway, Burland, and Skulte (13) 
have recently reported that the composite propellants used in their 
testing are sufficiently isotropic in hydrostatic compression that 
bulk modulus can be calculated from uniaxial displacement measurements. 

APPARATUS AND EXPERDfENTAL PROCEIXJRE 

This apparatus _is designed to determine the bulk modulus of 
a solid by substituting the solid for some of the liquid in the test 
chamber, measuring the net compressibility of the solid plus the 
remaining liquid, and applying differential methods to separate their 
compressibilities. The intensifier principl~ is utilized to obtain 
high sensitivity in measurement of the volume changes produced by 
variation of the hydrostatic pressure. The test sample is placed 
directly in the high-pressure chamber of the intensifier to minimize 
the volume of fluid required and therefore minimize the influence of 
the fluid on the test data (Figure 1). A test chamber of approxi­
nately 1 cu. in. was selected so that small propellant samples (up 
to 1/2 in. in diameter by 3 in. in length) can be tested effectively. 

The apparatus was designed for operation at pressures from 
0 to 2500 psig because this range covers the pressures that occur 
during the burning of most solid-propell ant rockets. However, the 
intensifier principle could be used for much higher pressures (or 
larger chamber volumes) with appropriate design. The piston seals 
are a modification of Bridgman's (11) unsupported area seal. The 
slipperiness of the teflon seals permits observation of pressure­
volume data at pressures close to O psig even though the seals are 
preloaded to minimize leakage at these low pressures. 

In addition to the pressure intensifier, the bulk modulus 
tester utilizes auxiliary equipment and instrumentation including a 
sight-glass system, hydraulic pumps, valves and fittings, a dial 
pressure gage, a pressure transducer, a strain indicator or recorder, 
a thermocouple, a microvolt amplifier, and a strip-chart recorder. 
A photograph of the system is shown in Figure 2. 

The total volume of the test chamber and its connecting 
passageways was obtained by measurement and calculation. The 
relationship between the volume change in the chamber and the sight­
glass reading also was calculated. The pressure transducer was 
calibrated in conjunction with the strain-indicator and a standard 
dead-weight tester. The chromel-alumel thermocouple was set up to 
measure the temperature change within the chamber. The temperature 
scale of the recorder chart was established from thermocouple data 
sheets since they provided sufficient accuracy for this test. 

During the initial setup of the apparatus, a vacuum pump 
is used to evacuate each chamber as it is filled with hydraulic fluid. 
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Hercoflex 6oo hydraulic fluid has been used with solid propellants at 
the BRL. Hercolube A or Dow-Corning :OC-550 probably would be equally 
satisfactory. If necessary, the test sample may be given an imper­
meable coating to prevent penetration of the fluid into the pores or 
to prevent a possible chemical reaction. When a sample is prepared 
for testing, the test chamber is filled to overflowing before install­
ing the closure so that no air will be entrapped. Thjs precaution 
is essential because a major problem in an apparatus of this sort is 
the complete elimination of air in the test chamber. For critical 
tests, much of the air dissolved in the working fluid can be removed 
by boiling under vacuum prior to filling the system. 

The apparatus was calibrated by measuring the pressure and 
volwne changes for steel samples of different sizes. With the sample 
in the high-pressure chamber, pressure is applied to the low-pressure 
chamber by a hand pump. The pressure is intensified as it is trans­
mitted to the smaller chamber by the double-faced piston,and as the 
piston moves, the excess fluid enters the sight glass from the middle 
chamber. Measurement of the volume displaced by the low-pressure end 
of the double piston provides a very sensitive measurement of the 
volume change in the high-pressure chamber. During isothermal test­
ing, an interval of approximately 10 minutes is allowed prior to 
recording the data for each pressure so that temperature equilibrium 
will be reached. The second pump is used to return the piston to its 
starting position after each test is completed. 

To obtain adiabatic data, the system is quickly pressurized 
from O psig to a desired pressur~ and the pressure-volume-temperature 
data is recorded immediately. The pressure is then dropped to O psig 
and the system is allowed to return to equilibrium temperature. The 
cycle of operation is repeated for each additional pressure that is 
needed. 

ANALYSIS AND DISCUSSION 

As previously stated, this apparatus was designed to 
measure the equilibrium bulk modulus of solid propellants and other 
viscoelastic materials. The bulk modulus is the ratio of the volu­
metric stress (hydrostatic pressure) to the volumetric strain 
(volume change per unit volume), 

(4) 

The negative sign is introduced because hydrostatic tension is 
normally considered positive and the application of a hydrostatic 
pressure produces a decrease in volume. In the direct measurement 
of the bulk modulus of a solid by immersion in a liquid, differencing 
techniques are applied to correct for the compressibility of the 
fluid and for the distortion of the test chamber. The initial volume 
of the chamber is equal to the sum of the sample and fluid volumes, 
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V = V + Vf. 
C S 

(5) 

When pressure is applied by movement of the piston, the new chamber 
volume is 

2 
Ve+ !::.Ve= Vs+ !::.Vs+ Vf + 6Vf' =Ve+ C'!::.P - L:isnr , (6) 

where C' is a constant that accounts for the pressure effects on the 
chamber itself (expansion of chamber, pressure gage, and connecting 
passageways; compression of seals), 6s is piston travel, and r is the 
radius of the piston. Second order effects are small in the pressure 
range W1der consideration, and their effect on the data are minimized 
by the differencing technique described he~ .in. The volume change 
per unit pressure is 

6V 6V 6V .£1 C"",._ 
c S l uu C' 

6P = & + & = - 7 + ' (7) 

where 6h is the change in the height of the sight glass column and 
C" accounts for the nagnification of the piston motion by the sight 
glass system. 

Combining Fiq. (4) and Eq. (7), the bulk modulus of a test 
sample may be written 

(8) 

The bu.lk modulus of the sample is determined from the measurements of 
the sight glass reading,&, and the applied pressure,&, after the 
other items have been established. The initial volume of the chamber, 

• V , is detennined by measurement and calculation. Measurement of the 
C 

initial sample volume, V, then yields the initial volume of fluid, 
s 

Vf • . The sight glass magnification constant, C", is calculated from 

the sight glass and piston diameters. The bulk modulus of the fluid, 
Kf, and the chamber expansion constant, C', are determined during 

calibration of the apparatus. 

The apparatus is calibrated by using various sizes of test 
samples with a known bulk mcxlulus. The reference samples that were 
used were made from cold-rolled steel, which has a bulk ~odulus of 
approximately 23.1 x 106 psi (14), 1iearly 100 times that of the 
transmitting fluid. From F,q. (8), it is seen that the equation 

C"& Vs Vf 
7 - K = if" + c ' 

s f 
(9) 

is an equation of the linear form y = mx + b. On a plot of Vf vs 

t::.V/&, the above equation represents a straight line with a slope of 
1/Kr and an intercept on the 6V / !iP axis of C ' • The measurement of 6h 
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and AP for two different fluid-sample combinations is sufficient to 
determine the slope and the intercept. In practice, seven combina­
tions were used and the method of least squares was applied to obtain 
the best. average slope and intercept. 

During the tests of samples of various materials, the mini­
mum number of observations per test was six and the method of least 
squares was again applied to obtain the best average slope &/tiP. 
The bulk modulus was then calculated from F,q. (8). F,quilibrium bulk 
moduli of several viscoelastic materials and the transmitting fluid 
are tabulated in Table I for two pressure ranges, 0-2500 psig and 
500-2500 psig. 

TABLE I. EQUILIBRIUM BULK K>OOLI, Ill PSI 
OF SEVERAL VISCOELASTIC MATERIALS AT 77 ± 1~ 

M:1.terial 

Hercoflex 600 Fluid 
Polystyrene (commercial rod) 
Teflon (commercial rod) 
Polyurethane (pluracol base) 
Propellant No. 1 (cast double base) 
Propellant No. 2 (composite double base) 
Propellant No. 3 (composite) 

Pressure Range, psi (gage) 
0 - 2500 200 - 2500 
249,000 
472,000 
363,000 
258,000 
432,000 
583,000 
834,ooo 

252,000 
476,000 
367,000 
267,000 
438,000 
621,000 
882,000 

The bulk modulus of each material is quite linear between 
pressures of 0 and 2500 psig when there are no voids. However, 
porous materials show large differences between their average moduli 
over the two ranges tabulated here because the voids undergo consid­
erable compression at low pressures. With soft composite propellants, 
the effect of voids on the compressibility can be ignored above 
approximtely 100 psig. The tabulated moduli for the propellants are 
taken ~rom the second compression cycle for each ma.terial because the 
initial cycles were very non-linear while the voids were being com­
pacted. The stress-strain relationship observed with teflon, a 
fairly dense material, is illustrated in Figure 3. In contrast, 
Figure 4 shows a composite double-base propellant with an initial 
porosity of approximately 0.33%. The propellant is compacted on the 
firct test cycle, resulting in a porosity of less than 0.05% on the 
second rm, which was ma.de several hours later. 

As indicated in the preceding paragraph, the porosity of a 
soft viscoelastic material can be determined with this apparatus. 
The intercept of the observed stress-strain curve with the strain­
axis at zero applied stress provides a measure of the strain result­
ing from closure of voids. The porosity of the material is the ratio 
of this strain to the initial sample volume. Porosities of 0.01% can 
be measured by this procedure. The effect of voids on the compres­
sibility data can be observed closely at low pressures because the 
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slippery teflon piston seals permit the piston to creep in the 
cylinder at applied loads considerably below the preload on the seals. 

Actually, 1 the volumetric stress-strain ratio for a material 
is not linear because its resistance to compression increases as its 
volwne is reduced. Bridgman (11) and others have verified through 
extensive testing that, except for a few rare cases, the compressi­
bility decreases with increasing pressure, as would be expected • 
.This can be observed on the curves of Figure 3, where the data points 
are connected by a smooth curve, and Figure 4, where the points are 
represented by straight lines. Further analysis of the experimental 
data indicates that the tangent bulk modulus increases linearly with 
pressure in the manner predicted by the Tait equation of state for 
liquids (15), 

~ 
-~=~+b, (10) 

where mis a constant, bis a function of temperature only, and 
-~/dV = K/V [f4. (4)]. The constants are easily established by 
graphical or analytical methods. Isothermal data from tests of the 
fluid, a teflon sample, and a propellant sample indicate that the 
Tait equation provides an accurate fit to the experimental data after 
the voids, if any, are closed. This equation should also be useful 
in correlating isothermal and adiabatic data. 

The prec is ion of measurement of this apparatus is such that 
changes of .00001 cu. in. in the volume of the chamber are readily 
detected and changes to .01 cu. in. can be measured with tne present 
sight glass. These measurements compare with the initial chamber 
volume of .942 cu. in. and a maximum sample size of .57 cu. in. 
larger volume changes could be measured with a glass of larger dia­
meter, but at a sacrifice in precision. The use of two sight glasses 
in tandem would permit testing of very porous materials, using the 
larger glass for porosity data and then switching to the precision 
glass for modulus data. 

The accuracy of the bulk moduli measured with this apparatus 
has not been established because a search of the literature has not 
revealed a suitable reference standard for this low pressure range. 
Based-on a 95% confidence level, the bulk modulus of a test sample 
should be repeatable within 2%. However, this does not account for 
the deviations during calibration and systematic errors in measuring 
the dimensions of the sight glass and test chamber. There also is 
the problem of measuring the initial volumes of test samples having 
irregular shapes. A sample of an unknown atuminum alloy, which 
should have a bulk modulus close to 10 x 10 psi (about 30 times 
that of the transmitting fluid), was tested while running the calibra­
tion tests with the s~eel samples. Its modulus appeared to be 
between 9 and 12 x 10 psi. This implies accuracies within ±2% for 
viscoelastic materials, which is questionable. 
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The hydraulic fluid and viscoelastic samples are very 
sensitive to temperature changes. When a sample of max:f.mwn size (61i 
of chamber volume) is under test, the thermal expansion of the fluid 
(3~) for a temperature rise of 1°F is as great as the volwne reduc­
tion of the aluminum sample at 2500 psig. The thermal expansion of 
the test sample may increase the total expansion by another 50i. 
Therefore, extremely close control over temperature must be exercised. 

Although this apparatus was designed specifically for equi­
libriwn (isothermal) tes~ing, the measurement of temperature change 
inside the test chamber in conjunction with the P-V data pennits 
determination of the adiabatic bulk modulus of the transmitting fluid 
and estimation of the adiabatic bulk modulus of the test sample. The 
modulus of the fluid is separated from the equivalent modulus correc­
tion for the apparatus through differential analysis of the calibra­
tion test data, as has been done for the isothermal testing. This 
same technique is then applied to estimate the adiabatic modulus of 
the test sample. Since these results are quite inaccurate, adiabatic 
testing has been limited to exploratory runs. A larger apparatus, 
in which a thermocouple is imbedded in the sample and the fluid 
volwne is minimized, would be more desirable for adiabatic 
measurements. 

A major problem in this apparatus was complete elimination 
of air in the pressure chamber. A preliminary apparatus (10) assemb ed 
from standard high-pressure laboratory equipment was only partially 
successful because of this defect. The new apparatus was designed to 
permit evacuation of the test chamber, and the other chambers, from 
one side while filling from the other. Each individual test was set 
up with great care to insure the reliability of the test data. 

This compressibility apparatus is relatively safe since it 
avoids the danger associated with the large kinetic energies of gas­
filled pressure bombs. If any sudden surge of pressure should occur, 
it would cause the pressure transducer to fail without danger of 
flying metal fragments. However, with minor changes, the system 
could be set up for remote operation. 

SUMMARY AND CONCLUSIONS 

This apparatus provides a measure of the equilibrium bulk 
modulus and compressibility of solid propellants and other visco­
elastic materials at pressures between O and 2500 psig. The test 
sample is placed in the high-pressure chamber of a pressure intensi­
fier. As hydrostatic pressure is applied, measurement of the volume 
displaced by the low-pressure end of the double piston provides high 
sensitivity in the measureir.ent of the volume reduction in the high­
pressure chamber. The measured isothermal modulus is sufficiently 
accurate for use in the quasi-static stress analysis of solid­
propellant rockets. In addition, the adiabatic bulk modulus can be 
estimated from pressure-volume-temperature data. Porosities as small 
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as o.01i also can be measured for soft viscoelastic materials and the 
rapid initial rise in the pressure-volume curve shows the effect of 
voids on the bulk modulus. Test results indicate that porous 
materials do not fully recover from the compacting effect of hydro­
static pressure, thus indicating that such a procedure might be used 
to increase the density of porous propellants. 

This apparatus is quite satisfactory for the measurement of 
the bulk modulus of small samples (up to .1/2 in. in diameter by 3 in. 
in length) and it is especially applicable to the testing and screen­
ing of the small samples normally available with newly-synthesized 
experimental propellants. The principle weakness of this ~pparatus 
is the masking of the properties of the test sample by the transmit­
ting fluid, which fills at least 39i of the test chamber, is 1 to 3 
times as compressible as the sample, and has a relatively high coef­
ficient of thermal expansion. However, the apparatus is safe and its 
operation is fairly rapid because it employs a continuous reading 
method. Where more material is available for test samples, a larger 
test chamber could be utilized. To provide for greater accuracy in 
both isothermal and adiabatic testing, the volume of fluid should be 
minimized and a the:nnocouple should be imbedded in the test sample. 
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The Problem 

A FLUID AMPLIFIER HEART PUMP 

K. E. WOODWARD, T. G. BARILA, D. E. NUNN, 
G. MON,, and H. H. STRAUB 

DIAMOND ORDNANCE F'UZE LABORATORIES 
WASHINGTON, D. C. 

The advent of open heart surgery has presented to the medi­
cal. profession the opportunity of repairing damaged or diseased 
hearts that other-wise might soon fail completely. Many devices are 
involved in this type of surgery. One important apparatus is a pump 
that can asswne the heart I s role while the heart is being repaired. 
Existin pumps are fairly complicated both in design and in the 
methods of control. 

Fluid amplification (ref 1, p 22), recently invented by a 
team of Army scientists, offers the possibility of extreme design and 
control simplification for pulsatile types of extracorporeal. heart 
:pumps and a more accurate duplication of the heart I s physiological. 
pumping functions. Because all moving control parts and electronics 
can be eliminated, reliability can be measurably improved and pro­
duction costs can be significantly reduced. These unusual. qualifica­
tions recommended such a pump to the Army Medical Service for field 
use. 

Application of the pump might be expanded to include the 
support of failing circulatiorn, and hearts damaged or diseased, which 
with support could recover. 

Consequently the problem was to design an extracorporeal. 
heart pump powered and controlled by fluid amplification principles. 
This paper describes the development effort to date. 

Design Requirements 

The requirements for any extracorporeal. heart pump may be 
broken down into three major categories. The pump must: 
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a. Duplica·te the heart I s essential. pumping functions; 
b. Possess adequate reliability and life; 
c. Be appropriately packaged. 

Each of these will be considered in detail. 

a. Physiologl.cal. Requirements 

The pump must obviously possess enough of the es­
sentia.l. f'unctiona.l. pumping characteristics of the human heart to sus­
tain life. Furthermore, irreversible blood damage can not be toler­
ated either during or after the pumping run. From an examination of 
the literature and existing pump designs, it appears that a single 
set of 1\m~tional requirements for extracorporeal pwnps in general 
has not been established. The authors in developing the fluid ampli­
fier pump considered the following heart functions important: 

(l) Output Pressures and Flows 

Certainly the pump must be capable of 
adequate perfusion of the subject. Moreover it seems desirable to 
have a single pump satisfy the needs of a relatively large range of 
subjects rego.rdless of age or size. The pertinent cardiovascular 
pump parameters (pressures, flows, age, size, pulse and activity 
level) for the human male from age l through 80 are summarized in 
Figure 1. The ordinate is a cardiac flow index relating mean blood 
flow rate to total body surface area. Since the parameters of Figure 
l are collated from several medical texts, the information lacks a 
high degree of statistical significance. However, it does establish 
the general output requirements for the pump. For operating room 
application, only basal or resting conditions are of concern. 

(2) wad-Matching Capabilities 

Reference 2 suggests that the human 
heart may recognize the flow resistances of the cardiovascular ~ircu­
lations and then exert Just enough myocardial (muscle) force per 
stroke to achieve the necessary blood flows. Excess force causes ex­
cessive blood damage. An index of such trauma is the increase in red 
cell destruction. This index is called hemolysis. To control hemoly­
sis and other blpod damage the pump should be designed to propel blood 
with minimal force application. 

(3) Pu.1.satile Blood Flows 

Disagreement exists among cardiovascu­
lar experts relative to the need for pulsati.le blood flows for extra­
corporeal pumps. The technically easier constructed nonpulsatile 
pumps are currently most popular but both pulsing and steady-flow 
pumps presently function successfully for short periods - one to two 
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hours. It may be, however, that long-term peri'usion requires pulsed 
flows. Reference 2 suggests that resonant principles may operate in 
the cardiovascular system and may, amollg other things, enhance body 
tissue perfusion. If ao, the pumping system (including the catheter) 
must then be capable of duplicating the subject's normal pulse to ex­
ploit the elastic responsts of the circulatory ~ystems. 

(4) Vasoconstrictive Considerations 

T'ae heart is a relatively constant myo­
cardial. force pump because of vessel distensibillty and the vasocon­
stricti ve -characteristics of the cardiovascular system. Flow re­
sistances are made to vary autonomously by the nervous and endocrine 
systems to suit the physical. and emotional. needs of the individual.. 
To minimize the pump forces propelling the blood and to al.low the 
pump to regulate its output in response to vasoconstrictive changes 
in flow resistance, output flows must decrease with increased flow 
resistance and vice versa. To preclude packing or depletion of the 
two circulation systems, the output flow must also be made to increase 
with increased filling pressures, as in the case of the human heart. 

(5) Other Functional. Requirements 

Filling of the human heart ventricle is 
achieved mainly by the difference between atrial and ventricular pres­
sures during the period the difference is maximal.. However, atrial 
contraction plays a small but significant part in the filling process 
(ref 31 p 244) and serves to increase the flow rate of the heart by 
both increasing ventricular distention and compensating for valve re­
sistance. For these reasons and if cannulae* resistances are sig­
nificant, it might be desirable to cause the pump to suck slightly in 
diastole. Additionally if the pump is to be used as an augmentation 
device for failing heart patients, the pump should be capable of 
synchronizing its pulses with that of the diastol:l,c phase of the 
heart. By pumping blood during diastole, both peak myocaxdial forces 
and the work of the heart are diminished. 

The pump should also cause as 11 ttle 
blood damage as that caused by presently available commercial p'Wllps. 
Blood damage arises not only from the use of unnecessarily large pump 
pressures, referred to above, but also from a variety of'other phe­
nomena, such as turbulence and shear, that are influenced by the 
mechanical design of the pump. 

b. Reliability and Life -Considerations 

High reliability is an obvious necessity. It 
should be measurable and predictable and as independent as possible 

*Cannulae are small tubes inserted into the body cavity through which 
blood passes from and to the pump. 
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of operating conditions, the type of personnel responsible for the 
pump, and the kind of power source used. In the event of power 
failure, the pump should be designed to operate on stored energy. 
The pump should require minimum maintenance. 

c. Packaging 

The following design attributes would be gener­
ally desirable for the pump. It should be: 

(1) 
(2) 

(3) 

(4) 

(5) 

(6) 

(7) 
(8) 

(9) 
(10) 

Simple to operate and maintain, 
Controllable with respect to pulse and 
stroke volume, 
Fabricated out of transparent materials 
to a.ll.ow visual observation of per­
fonnance. (Impending ventricle fail­
ures can be observed.), 
Sterilizable preferably by autoclave 
methods, 
Functional with negligible heat 
liberation, 
Fabricated out of materials compatible 
with the blood, 
Easily transportable, 
SeaJ.able to preclude blood contami­
nation and air embolism, 
Inexpensive to ~anufacture, 
Operable with low audible noise levels. 

Existing Designs 

Existing pumps and their performance capabilities offer to 
the designer a valuable source of experience and knowledge. Their 
advantages anj disadvantages are considered in this section. 

Present extra.corporeal pumps may b.e classified with resp.ect .. 
to the type of flows they produce, i.e., pulsatile or essentialJ.y 
nonpulsatile. Nonpulsatile pumps are the more unifonn in design. 
They·usually consist of a plastic or rubber tube or sleeve wrapped 
around or within a nonflexing cylinder. A roller driven by an elec­
tric motor squeezes the tube as it rolls around the cyl:j.nder. Blood 
is forced ahead of the roller. This type of pump has the following 
advantages: 

1. Valves are eliminated 
2. Minimal propelling pressures exist 
3. Control mechanisms are relatively simple 

Disadvantages may be: 
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1. A relatively short ventricle life 
2. A lack of compactness 

· Pulsatile pumps are less uniform in design. They usually 
consist of a plastic or rubber ventricle squeezed by electric motors, 
pistons, electromagnets or pressurized fluids. Valves are required 
to control the blood flows. Such pumps have the following adv ant~: 

1. Compactness 
2. !Dng ventricle life 
3. Pulse duplication potentialities 

Disadvantages may be: 

1. Excess propelling pressures 
2. Valves which are both hemolytic and short lived 
3. Relatively complicated control mechanisms 

Exceptions certainly exist for both classes of pumps. 
Consideration of existing designs was found valuable in the develop­
ment of the fluid amplifier pump particularly 'With respect to factors 
affecting hemolysis and ventricle life. 

The Fluid Amplifier Pump 

Figure 2 shows a recent R&D fluid amplifier heart pump. 
It consists of a fluid amplifier attached to a housing containing a 
plastic ventricle and two plastic tricuspid semi.lunar valves. Two 
gages attached to the housing measure the amplifier and power supply 
pressures. Control valves to regulate stroke volume and pulse rate 
have al~o been introduced as well as a control to adjust the flow 
range to the resistance of different blood circuits. These pennit 
adjustment of th~ pump's output to the individual needs of the sub­
ject prior to or at the be~nning of the pump run. (If the pump was 
intended to perfuse only a single subject 'With known peripheral re­
sistances, the essential elements fo1• satisfactory operation would 
be those shown in Figure 3. In this case the amplifier would be de­
signed to accommodate t ~1e n~eds of t he subject and the power supply 
without valves.) 

a. Operational Description 

With the aid of the pump schematic shown in 
Figure 4, operation may be described as follows: 

A fluid (air) enters the fluid amplifier 
after passing through a valve (the stroke volume control-A) which 
regulates the amount of air flowing. Upon leaving the power nozzle 
as a high velocity stream, the flowing air begins to entrain ad­
ditional air. Because the walls adjacent to the power jet in the 
interaction region - the region bounJed by the power and control 
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Jets and receivers - are not symmetrically spaced with respect to the 
power Jet, entrainment on the side with the closer wall is impeded, 
Because replenishment of air is more difficult a drop in ambient 
pressure results, The power stream is forced to deflect slightly 
toward the closer wall as a result of the unbalance in pressures. 
Replenishment of air on this closer side is further impeded with de­
flection of the power stream creating still lower ambient pressures 
in this regl.on and greater stream deflections. Eventually the power 
stream is caused to "lock on" to the closer wall. The pump will 
start to pulse regardless of the walJ. chosen by the stream to lock on 
initially. 

If the power stream locked on to the left 
wall upon admission to the interaction region, it would subsequently 
flow through the left receiver into the housing where the increase in 
air pressure squeezes the ventricle, as show in the side view in 
Figure 41 until the upper port is uncovered. Air then flows through 
the deflection qontrol line and by virtue of an exchange of momentum 
between it and the power stream, the power stream is deflected to the 
right receiver. In this process of squeezing the ventricle by air 
pressure, a cardiac systole has been duplicated, 

After power stream switching has occurred, 
blood, forced by gravity, begins to fill the ventricle and in so 
doing closes the deflection port. The entrainment process begins 
with air being draw both from the now closed deflection control line 
and through the left receiver from around the ventricle. AB long as 
the ventricle is expanding, air is supplied in suffic!ent quantities 
to satisfy entrainment, and the power stream remains locked to the 
right wall. When the ventricle has been completely filled, air re­
plenishment is impeded on the left side of the power stream. In the 
opposite control jet the±low resistance control (B) permits a metered 
amount of air to enter to prevent entrainment from dropping the pres­
sure below a predetermined level. A pressure difference builds up 
between the control jets. When it becomes sufficiently great, a flow 
occurs in the right control jet great enough to deflect the power 
stream back to the left receiver. The cycle is now complete. 

The pulse rate control (C) in the right re­
ceiver serves to create a variable load for the amplifier, and, as a 
consequence, pulse rate can be controlled. The fixed uleeder bypass­
ing the pulse rate control precludes back pressures from building up 
great enough to switch the power stream. Control is achieved over 
the pump's stvoke volume by metering the amount of air entering the 
ventricle chamber. The stroke volume control performs this function. 
Adjustment of either the pulse rate or stroke volume control affects 
the otherrs function to some degree. To compensate for increased 
flow resistances presented to the pump, the flow resistance control, 
by regulating entrainment in the right control jet, al.lows receiver 
pressures to build to higher values before the power stream switches 
on back pressure. The flow resistance control, the fixed bleeder, and 
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the pulse rate control open to atmospheric pressure. 

Output blood flows are made to vary directly 
with filling pressures by causing corresponding changes in the filled 
volume of the ventricle. By limiting the residual. volume of the 
ventricle in systole, the desired effect is produced. This charac­
teristic provides a regulation of filling pressures without elec­
t~onic or other. level sensing devices. Because of energy conser­
vation, the output flows vary inversely with the flow resistances 
presented to the pump. 

Minimal propelling pressures are realized by 
controlli.ng entrainment in the right control Jet and by having the 
power stream control both stroke volume and pulse frequency. The 
fact that stroke volume and pulse are controlled by the power stream 
offers the possibility of exploiting with a fair de~ree of precision 
the elastic responses of the vascular system J:,y dupl.icating stroke 
volume and pulse for any particular value of flow resistance and rate. 
The present pump approximates this over a very narrow range of flow. 

Atrial contraction dunng diastole can be 
approximated by having the power stream entrain air through the left 
receiver from arowid the ventricle to produce slightly negative 
pressures. 

An unusual charact~ristic of the pump is .., 
that a pumping mode similar to ventricular fibrillation can be pro­
duced. For flow conditions of the power stream above certain energy 
levels (these levels can be varied), the power stream switches from 
receiver to receiver rapidly at about fibrillation frequencies, proba­
bly because of excessive receiver back pressures. Blood flows fall 
to zero • . 

b. Reliability and Life 'Charapteristics 

The fluid amplifier pump desiga should result in 
improved reliability and longer life for the following reasons: 

(1) Apart fro::n ventricles and valves there 
are no moving parts to wear or electronic co:mponents to fail. The 
passageways are too large to clog easily. 

(2) T'ne basic fluid amplifier components 
can be reproduced with consistent accuracy - possibly photographicall~ 

(3) Maintenance is minimal. Lubrication is 
unnecessary. 

The ventricle has been designed for negligible 
stress. One ventricle has been tested at a two liter per minute 
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water flow and 190 mm Hg blood pressure equivalent for 11 500 hours 
without failure. 

c. Packaging 

The packaging aspects of the pump are excellent. 
It consists of thirteen basic parts exclusive of assembly screws, 
pressure gages and valves. Apart from the fluid amplifier, dimen­
sional tolerances are large. Both the housing and amplifier can be 
fabricated out of clear sterilizable plastics. Molding techniques 
can be used in the production of al.l pump elements. If required, 
the ventricle and valves can be throw away after each use because 
of their low cost. 

The complete pump weighs 7-3/ 4 pounds and has 
overall dimensions of 7-5/ 8 x 6-3/ 4 x 5 inches. It produces a 
muffled audible pulsing noise when operating. Quantity production 
costs for the coui,LJlete pretested pump in its final design should be 
quite low when compared to the costs of available pumps. 

Performance Results 

Neither the engineering nor medical. evaluation tests of 
the pump I s capabilities have been completed. The pump would appear 
to have the following performance characteristics: 

1. It can produce blood pressures from near Oto 
about 500 mm Hg. 

2. Blood flows of about 1/c. 11 ter/minute to nine or 
ten liters/minute are possible depending on circuit flow resistances. 

3. Pulse rate can be varied from about 20 cpm to 125 
cpm. The upper limit depends on flow resistance. 

The hemolysis rate appears to be less than that caused by 
two commercial pumps employed in compariso~ tests. The promising 
features of design discussed above have proved functional and ade­
quat~ during both partial and total heart bypass proof-test. 
experiments with animal.a. 

lt has been observed that autonomous changes in the periph­
eral resistance of the animal cause the output of the pump to change 
accordingly without adjustment of controls. Increases in peripheral 
resistance cause decreases in the pump I s pulsing freql~en·cy and vice· 
versa. lf the increase in circulatory resistance is great enough, 
the pump stops pulsing altogether. It starts to pulse again when 
the animal's resistance has lowered to a preset level. 

Decreases in filling pressure cause the pump to pulse 
rapidly with negligible output flows - a condition similar to 
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ventricular fibrillation. When the f.UJ.1ng pressures return to a 
predetermined level, the pump automaticall.y res\llles normal pulsing. 

Through adjustment of propelling pressures (the flow re­
sistance control - Figure 4), the duration of the pump's systole 
can be varied. This reflects in the maximum systolic-minimum dias­
tolic blood pressures and these changes have been observed in the 
arterial. system of an animal. 

Problem Areas 

Apart from design improvements intended for future pro­
duction models, two design problems need better solution in the R&D 
prototype described herein, One problem concerns valves. The ll.fe 
of the tricuspid semilunar types produced for the pump is relatively 
short, al.though their hemolytic characteristics are good. Other 
valve designs are being considered. The second problem involves an 
insufficient· range of frequency adjustment wen high resistance 
catheters are used with the pump. For arterial. blood pressures of 
less than 200 mm Hg the upper frequency llmi t is about 100 cpm, 
This limit drops below 60 cpm for cathete~s less than 16 French in 
diameter. If resonance phenomena are important in the cardio­
vascular system, this upper frequency limit needs to be raised, This 
can be done by reducin0 stroke volume, 

No attempt has been directed toward causi~g -the pump of 
Figure 2 to synchronize its pulses with those of the subject's heart. 
This may pose future problems. 

Conclusion 

A heart pump using fluid amplification principles has been 
designed that can approximate many of the human heart's pumping 
functions. It operates without moving control parts or electronics, 
Without such parts, reliability and life are measurably increased 
and production costs significantly decreased. Pumping and hemolytic 
characteristics are at least equal to those of available blood pumps. 

Of particular importance to the Army in the field is that 
the pump can be transported by hand, it can be completely disas­
sembled and reassembled in minutes, and except for ventricles and 
heart valves all parts can be autoclaved. Its rugged construction 
should permit good toleration of rough handling. Power can be pro­
vided by tanks of compressed gas or eventually perhaps even by 
exhaust gases from internal combustion engines. 
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EFf,ECT OF FOOD INTA!CE ON PrnFOmte.NCE CAPABILITIF.S 

DONALD R. YOU NG 
Ql-1 FOOD AND CON1'AINER INSTI'll'.Ti: FOR THE ARHill FORCE'S 

QM RESEARCH JJffi ENGINEERING COl··ii"i!Nil, U .s. AftlY 
CHICAGO, ILL!lf:IIS 

A belief that an unusual state or robust health and 
increased work performance capacity mieht be attained by special 
nutriti.on has stimulated man in his quest for salubrious diets 
(1) since antiquity. The idea that perfonnance is sanehow commen­
surate with the food we consume is certainly not new. It was implied, 
in fact, in an aphorism of Hippocrates: "In which cases is food to 
be given once or twice a day, and greater or smaller quantities; 
something must be conceded to habit, season, country, and age. 11 It 
would appear that Hippocrates had pondered, at least, the signifi­
cance of amount and time or food intake on physical well-being. 

The problem of the relationship of rrutrition to perronnance 
is not easily answered. Consistent improvement or perfonnance 
capacity by abundant supplementation with various known rrutrients 
(1, 2, 3) has not been demonstrated. Some reports indicate, in fact, 
that perfonnance is stable even during an austere period or under­
nutrition that leads to an 8 - 12% body, weight loss (4, 5). 

Much of the available inf;nnation regarding nutrition and 
performance is contradictory. Typi.cal or the conflicting reports 
are the studies with phosphates, quoted by Keys (1): Apparently 
confinnatory studies conducted with police officers in 1919 led to 
the widespread use or foods and drinks rich in phosphates to improve 
muscular endurance and for a large variety of disabilities. Despite 
a growing skepticism, scientific tests were contim.ied until 1942. 
At present, the underlying assumption that intake of phosphorus leads 
to improved physical capacity is subject to considerable question. 
:aJt in the meantime it is interesting to note that some college 
athletes are rediscovering the early reports and strongly advocating 
phosphates to allay fatigue and increase endurance. Similar 
conflicting reports (3) may be found on the subject of special 
vitamin, protein and amino acid supplements. 
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A study or perronnance in relationship to nutrition is, 
however, much more than a search tor single nutrients which 
il'liividually or when fed in combination might enhance human 
capabilities. There are other important parameters. In our 
approach ( 6) we have included studies or such factors as effect or 
environment, frequency and periodicity or feeding (7), food 
.deprivation (8), over-feeding (9),. and effect or water and special 
rrutrient supplements (10, 11); we have combined these studies with 
basic studies or physiology and metabolism during the stress ·or 
physical work (12, 13, 14, 1$, 16). In addition, since we feel that 
mental alertness and judgment ability are important components or 
fitness, we have investigated these variables as well. The capacity 
for gross physical work does not alone, we believe, give the complete 
picture. 

Although our interest is principally in human performance, . 
the exploratory nature of the studies arrl the stress and strain or 
the tests has required that many of the experiments be undertaken 
with experimental animals. Perhaps the most important finding has 
been that recent intake of food can actually impair physical work 
capability. This finding, of course, requires some elaboration. 
Specifically, our evidence supports the conclusions that (a) where 
physical exertion is involved, the body responds best after a period 
or fasting, but (b) where mental processes are concerned, there is a 
decrease in efficiency as fasting progresses. 

EXPER:0-1ENTAL 

All tests described below were conducted with male, pure­
bred beagle dogs, 1 - 2 years of age, and weighing 8 - 12 kg, 

Studies of physical work capacity were undertaken in the 
Perfonnance Laboratory, Quartermaster Food arrl Container Institute 
for the Armed Forces, Chicago, Illinois, These tests followed a 
conunon plan or aerobic work on treadmills driven at a speed of 
3,6 mph, figures 1 and 2. The degree of incline was adjusted for 
individual differences in body weight in order to establish a 
constant work load of 200 kg-m/min. fypically, the environment 
provided a dry bulb temperature of 65° F., 50% R,H., with a wind 
velocity (predominantly laminar flow) of 100 ft/min. Lighting and 
noise level were held constant. Work capacity expressed in kilo­
calories was determined as the product of total running time and rate 
of energy expenditure. The dogs were considered to be exhausted when 
they refused to continue running after 6 consecutive shocks from an 
electric barrier mounted at the rear of each treadmill. 

During work., respiratory gas exchange was detennined by 
using specially constructed respiratory masks for collection of a 
series of 2-minute samples of expired air in chain compensated 
gasometers. Rubber respiratory face masks were fitted to each dog 

438, 

., 
. \ .• 



' 

• 

YOUNG 

and designed to permit minimum discomfort and maximum ventilation 
during work, The mask covered the snout and extended well past the 
angle or the jaw. An internal race nange padded with foam rubber 
sealed effectively the commissures or the lips within the mask 
without interfering with vision, swallowing, or circulation to the 
lips and sort tissues of the muzzle, The internal valve system 
minimized the respirator--1 dead space. o2 consumption and CO2 
production were detennined by analysis or expired air samples in the 
Beclanan Oxygen Analyzer and Haldane apparatus, respectively, 
Calculations or energy· expenditure were made from the tables or 
ZUntz (17), 

Blood and urine samples collected during the periods or 
observation were stored and analyzed for various metabolites by 
standard procedures (18). Usually six to eight dogs were used for 
evecy experiment, and each animal served as his own control. This 
provided sufficient data to test statistically for significant 
differences and treatment effects. 

Stt!dies of sensory discriminative ability were conducted 
under contract (DA 19-12.9~-1539) by Dr. Jack Arbit, Northwestern 
University, Chicago, Illinois. The tests were conducted within a 
small compartment constructed in a soundproof environmental chamber. 
All studies were done at ambient air temperatures (70° - 76° F,). 
ThP. visual stimuli consisted of 7 white six-watt bulbs arranged 
horizontally. The bulbs were wired in a manner which pennitted their 
presentation in any combination. In addi iic11, ti1ey ~ere wired tc a 
rheostat so that light intensity cot:ld be controlled. Sin1vltaneous 
with the onset of the lir;hts, ~uditory cues were presented and a 
timer was started.. When the aniiral depr~ssed a bar, the sound and 
lights were extint,'U ished au tor,-,atica.lly, the timer was stopped, arrl 
food ( small r.its of mackerel) was dispensed to the anin,al, In most 
of the tests, the cer.ter light with a high tone (2500 cps) was 
arbitrarily designated the rewarding stimulus. Responses to the 
peripheral lights with a low tone (lSOO cps) were unre1'arded or 
resulted in electric shock. The lieht signals were programmed to 
appear in a random order and the duration of each light stimulus was 
10 seconds. Four to six anin.als were used in each experilt;ent, and 
each anin:al served as his own control. 

RESJLTS 

Physical ~ork Capacit1 

Physiologic responses to work. A comparison cf the 
responses of sedentary dogs, restricted to their respective cages for 
20 hours, and active dogs runnine contir.uously for 12 hours is shown 
in table 1. In working dogs, the avercige gross enerey expendittre 
was 2100 Cal and approxi?r1ately 3 ,; times greater than that mensured 
in sedentary animals. Increa~ed heart rate and respiratory rate 
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reflect the differences in the states or physical activity. It will 
be noted that there is no oxygen debt nor is there an accumulation of 
blood lactic acid in the work test we employ. Physical activity 
modified only three or the relatively large rrumber of canponents 
examined in blood and urine samples. Thus, continuous running 
depressed the blood glucose, increased the blood level of non-protein 
nitrogen, and increased urinary potassium excretion. The differences 
are significant at the 1% level or ,:onfidence (p • .Ol). The results 
indicate (a) a tendency towards a depletion or the carbohydrate 
reserves during wcrk, (b) an increased breakdo•m or body tissue 
leading to increased blood levels or nitrogen; the nitrogen, however, 
is retained by the body and not lost in the urine, and ( c) urinary 
elimination or t.l'1e potassium liberated during tissue breakdown. 

}letabolism and water requirements during work. Basic 
studies were undertaken to determine the metabolic requirements 
during work. Energy metabolism was examined durinf sub-maximal work 
following the intake or a standard meal (Purina Chow) known to 
maintain daily body weight balance. It will t:e noted in table 2 that 
during work administered 4 hours following the intake or 6oo kilo­
calories, the percentage of calories derived from carbohydrate, fat, 
and protein oxidation is 70, 24, and 6%, respectively. Seventeen 
hours after feeding, the percentages of energy derived fran 
carbohydrate, fat, arrl protein are significantly different, p(..01, 
and in the ratio of 48, 50, and 2~, respectively. Thus, in the 
postabsorptive state, the calories derived from the oxidation of 
carbohydrate, fat, and protein are in the ratio 48/50/2; feeding a 
meal relatively high in carbohydrate and protein increases 
carbohydrate and protein oxidation and reduces fat oxidation. 

Sir1ce dehydration is a principal cause of fatigue, studies 
were initiated to ascertain the water requirements and effect of 
variations in fluid intake on the perfomance test scores. For this 
purpose, the animals were allowed to drink from stainless steel pans 
during exhaustive work. The effect on work capacity of consuming O, 
480, 820, llLO, and 1675 cc of water during treadmill running was 
studied. These data are shown on a sanilogarithmic plot in figure J. 
The relationship between water intake and work capability was • 
predominantly linear; the product-moment coefficient of correlation 
between the two variables is +.85. Additional tests showed that 
provision of water in excess of 2 1. did not increase further running 
capability. On the basis of the results presented, it is concluded 
that (a) provision of approximately 1.2 - 1.6 1. of water is required 
to exploit the ft11l work potential of the animP.1, and (b) during work, 
factors other than ave.ilable drinking water will limit, pert onnance 
eventually. 

Relationship between work capacity and food intake. Studies 
were undertaken to follow maximum work capacity during treadmill 
running administered at various periods following the consumption of 
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a standard diet ( Purina Chow). '!be earlier metabolism studies had 
shown that intake or food provided the necessaey fuel tor muscular 
work and spared the body stores or pre-formed carbohydrate. Further­
more, roentgenographic studies showed that at 4 to 6 hours after 
reeding, most or the incested food had passed into the large 
intestine, and therefore it was likely that digestion and absorption 
had been completed. On the basis or ocr knowledge or water require­
ments, we felt that at 6 hours after feeding and with an unlimited 
supply or drinking water available, the animals would be in the most 
advantageous physiologic state for maximum work capacity. 

Separate running tests were administered 2, 4, 6, 17, and 
120 hours after intake or a 200 g. meal. The relationship between 
work capacity and recency or reeding is shown in table 3. During 
the first 6 hours after feeding, the average .~rk capacity was 7$0 
Cal with a standard deviation or 275. Seventeen hours after the 
last meal, work ce.pacity was 2200 Cal and significantly (p~.01) 
higher than values measured during the preceding periods. Finally, 
at 120 hours (5 days) after the l~st meal, work capacity was ·4100 
Cal am significantly (p ~.01) greater than all other scores. 
Indeed, during the latter trials one dog ran 140.4 miles uphill over 
a period or 38.7 hours. We feel this is an unofficial record £or 
continuously sustained perfonnance. 

To establish .t\Jrther a relationship between work perfonnance 
and the foods consur.ied, additional tests were undertaken to identify 
specific nutrients associated with decrement in performance capacity. 
In these studies, whole milk with added copper and iron was used as 
the control to study the comparative effect on performance· of 
providing either no supplement, water, or separately pure solutions 
of protein, cartohydrate, fat, cellulose derivatives, phospholipids, 
or water soluble vitamins to postabsorptive animals. These 
substances are common to all diets canposed of natural foods; they 
were given in aqueous solutions to prevent the dehydration usually 
occurring during work. With the exception of the solution containing 
1.,% carboxymethylcellulose, all other fiuids were similar to milk in 
their content of: a) protein; b). carbohydrate; c) rat; d) phos­
pholipids; and e) niacin, pantothenic acid, riboflavin, thiamine, and 
pyridoxine. The mitrient composition of the solutions tested is 
sholm in table 4. Supplementation with cold solutions was initiated 
after 1 hour of running and continued· on an ad libitum basis until 
the te:nnination of work. 

The percentage change in perfonnance as a result of supple­
mentation with the various nutrients is shown in table 5. Total 
fluid intake during the individual trials was similar (1 1.). Average 
work capacity of animals consuming milk, and solutions of corn oil, 
vitamins, phospholipids, and carboxymethylcellulose was 901 + 287 Cal. 
In contrast, animals consuming only water, or solutions of protein 
or glucose showed a maximum work capacity of 1700 ! 326 Cal. The 
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dii'ference in the means is significant (p • .01). The results 
indicate thet consumption or whole milk, fat, vitamins, phospho­
lipids, and cellulose derivatives during periods of physical 
activity can impair perfonnance capacity. Glucose and protein are 
apparently neither beneficial nor detrimental. 

Extensive blood studies were undertaken to determine the 
mechanisms whereby intake or the various nutrients might aftect 
performance. In -general, however, there was no systematic relation 
between the blood components (glucose, fructose, pyruvate, urea) 
studied and work capacity. Surprisingly, the level of blood sugar 
was unarfected by intake or glucose. For example, in dogs consuming 
only water during work, thP. final level of blood glucose was 
51 + 5 mg.i; in dogs fed the sugar solution, the level of blood 
glt1co5~ was 57 + 11 mg,%. With the exception of a lactosemia and 
galactosemia found in the milk-supplemented animals, most of the 
Llood components were in the normal range as shown in table 1. 

Similarly, there were no significant differences in the 
respiratory or cardiovascular variables. 

Rapid rise in body temperature, however, appeared to be 
associated with decreased work capability. For example, for all 
tP.sts, runnine time varied from 175 to 920 min,; rectal temperature 
showed a systenatic, although nonlinear, rise during treadmill 
running and at the terminrtion of work was 41° c. or approximately 
2° C. higher than the rest,ine temperature. Thus, the animals showing 
poor performances (th~ shorter runners) attained elevated body 
temperatures more rapidly than rlid the loneer runners~ Preliminary 
studies employine dogs wit~ fistulae and thoracic duct cannulae 
suggest that intake of certain solutions, particularly fat, results 
in decreased intestinal motility and water absorption. Therefore, it 
is possible that the effects we have oLserved are due to failure or 
water absorption am a resulting functionAl dehydration. Additional 
stlldies are in progress to test this hypothesis. 

Psychomotor Performance 

Effect of food derivation on sensor discrimination. 
Systematic studies were undertaken to fo ow st u us genera ization 
over various periods of food deprivation. The results of earlier 
tests indicated that during the stress of induced anxiety and fear or 
72 hours of food withdrawal, discr~ninatory responses were sienifi­
cantly modified in that the animals responded more frequently to 
unrewarding (incorrect) stinruli. In consequence, we felt that 
additional tests were required to evaluate more fully the breakdown 
in discrimination as well as the. perceptual-motor processes. 

Typically, the animals were maintained on a standard 
laboratory dog ration and examined at various periods following the 
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last meal, The effect or 1, 2, 4, 8, 17, 72, and 120 hours or food 
deprivation on frequency or responses and reaction time is shown in 
table 6. Here we see a relative constancy in responses and reaction 
times during the first 17 hours or rood withdrawal, Thus, during 
this period the average frequency or incorrect responses and 
reaction time was 19% and 7,2 sec., respectively, with very little 
variation rrom the mean. At 72 hours or deprivation the dogs 
respomed more frequently (35%) and raster (3,2 sec,~ to incorrect 
cues. Finally, after S days without food there was a 100% response 
to the unrewarding stimuli and reaction time was less than 0,1 sec. 
'!be latter score differs significantly (p~.01) from the results 
obtained during the first day or rood withdrawal. From these data 
it may be concluded that (a) hunger or 1 to 17 hours duration has no 
effect on judgment ability, (b) disorganization or behavior begins 
after approximately J days or food deprivation, and (c) is particu­
larly marked after S days without food. 

Further tests were undertaken to examine intensity 
discrimination under nonnal conditions and during 72 hours or rood 
deprivation. 'lbe response times (for rewarding stimuli) to five 
different light intensities ranging from the brightest oo full orr 
are shown in figure 4, It will be noted that tliere was a general 
tendency for the stressed animals to respond more quickly to 
rewarding stimuli or graded intensity. Thus, unlike the finding or 
oreakdown anct disorganization in selective behavior for spatially 
oriented cues, intensity discrimination showed a relative sharpening 
under stress conditions, 

CONCllJSIONS 

'!be studies reported above agree in demonstrating an 
important relationship between food intake and perfonnance 
capability. Two problems are recognized with regard to gross physi­
cal work. Physic al capacity is redu c•ed by recent intake or a 
nutritionally balanced meal and by selected components or natural 
foods. Factors tentctively associated with impaired capabilities 
are elevated body temperature and systemic dehydration as a result 
of delayed water absorption. Secondly, a more basic problem of 
tissue adaptation to food deprivation is implicated. Thus, 17 hours 
after reeding when the intestinal tract is anpty, work capacity is 
2200 Cal; after 5 days or food deprivation work capacity is 
increased to 4100 Cal. The pe:nnissive effect of such treatment is 
or considerable interest, am. the search for the underlying 
mechanisns or action is underway, 

Judgment ability is modified in a different direction by 
food withdrawal, As the period or fasting progresses, the responses 
become more rapid and the probability or e1Tor increases. Our tests 
show a general breakdown in discrimination ability after 3 days 
without food which becomes increasingly severe on the $th day. 
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Ability to modify perf'onnance by control or food intake and 
dietary regimen has obvious appeal. For example, feeding schedules 
may be developed to maximize perronnance tor particular tasks, 
mental or physical. However, bet ore the full potential or maximizing 
pertonnance by dietary control can be realized, more research is 
necessary w establish the validity or our initial observations tor 
man. 

Certain problems that arise 1n feeding active subjects have 
been presented. These problans must be answered if the advantages 
assured by a high level or pertonnance capacity are to be attained. 
Not w seek the answers is to assume that the limitations imposed by 
diet on performance can be overcane by sheer will power. Such an 
assumption is invalid since a tit subject.can be identified from 
among his companions and his operating characteristics appraised in 
the most rigorous tenns. 
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Table 1. Physiologic Characteristics or Work, Blood Chemistry 
and Urinary Excretion in Postabsorptive Dogs 

Energy Expenditure, Cal/min 
Gross Energy Expemiture, Cal 
Heart Rate/min 
Respiratory Rate/min 
Venous 02 cc/100 ml 
Oxygen Debt 
Blood Glycogen, mg% 
Blood Glucose, mg% 
Blood Fructose, mg% 
Blood Pyruvate, mg% 
Blood Lactate, mg% 
Blood NPN, mg% 
Blood Acetone, mg% 
Urinary NPN, fl1ll 
Uri.Mry Urea N, ~ 
Urinary Creatinine N, mg 
U rinaey Acetone, mg 
Urinary Sodium, Meq 
Urirutry Potassium, Meq 
Urinary Phosphorus, mg 

Sedentary1 20 hrs 

o.so + .04 
600 + JO 
90 + 15 
25 + 4.0 
16 + 1.0 

None 
2.2 + 1.5 
72 + ,.o 

.3.3 + 0.9 
2,1 + 0.5 
.3.0 + 1., 

31 + S,2 
2,0 + 0,7 
2,2 + 0.7 

1,69 + 0.4 
75 + 32 
12 + s.o 
22 + ;".o 
12 + 2,5 

195 ! 44 

Values are means+ Standard Deviations, 

Active1 12 hrs 

J.JS* + 0.3 
2100* + 210 
235* + 12 
210* + 15 
15.9 + o.8 

None 
2,8 + 1.6 
SS* +' 6.o 
2.8 '+ o.6 
2.0 + 0.4 
4.0 +' o.a 
SD*+ 10.0 
3.0 + 1.4 

1.89 +' o.6 
1.50 + O.S 

51 + 1.3 
18 + 7.8 
24 + 3.0 
18*-+ 2.s 

183 • -JO -
* Differ significantly from values obtained with sedentary dogs, 

L 
p • .01. 

Table 2. Energy }letabolism During Work in Dogs Following 
Intake or a Standard Mixed Dietl 

~* (6 Cal) 
'wi.1* 

(600 Cal) 

Respiratory Quotient .91 + .01 .as + .05 
Calories from CHO,% 70 + 10 48H + 1$ 
Calories from Fat,% 24 + 10 SOH + 16 
Calories from Protein, % 6,5 .!-2,1 2,3*'"'-.! o.6 

Values are means+ Stamard Deviations, 
1 Purina Chow (600 Cal), Calorie composition: Carbohydrate, 

53%; Fat, 19%; Protein, 29%, 
* Work at 4 or 17 hours following food intake. 

iHt- Dif'f ers significantly from values measured 4 hours after 
reeding, p < .01. 
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Table 3. Relationship Between Work Capacity and Recency ot 
Food Intake in Dogs1 

Time After Last Feeding, hrs 

2 
4 
6 

17 
120 

1 200 g. Purina Chow. 

Work Capacity, Cal* 

850 + 250 
600 + 275 
700 + 300 

2200 + 219 
4100 ! 300 

* Values are means+ Standard Deviations. -
Table 4. Nutrient Composition of Solutions Tested 

Lactalbumin, gm/100 ml 
Glucose, gm/100 ml 
Corn Oil, ~/100 ml 
Phospholipids, wn/100 ml 
Water-soluble Vitamins, mg/1.* 

Niacin 
Pantothenic Acid 
Riboflavin 
Thiamine 
Pyridoxine 

3.5 
5.0 
5.0 
0.35 

3.0 
3.0 
0.75 
0.36 
0.36 

* Containing additionally Inositol 17 mg/l., 
Choline 17 mg/1., p-aminobenzoic acid 8 mg/].., 
Folic acid o.<13 me/1.., Biotin 0.02 mg/1., and 
13i2 0.02 mg/1. 

Table 5. Et'fect or Nutrient Intake During Treadmill Running 
on the Work Capacity or Dogs 

Nutrient 

Milk 
Com Oil 
Water-soluble Vitamins 
Plant Fbospholipids 
Carboxymethylcellulose 
Glucose 
Lactalbumin 

Percent change in work capacity* 

-61 
-JB 
-31 
-40 
-60 
<-1 
+ 4 

* Compared with consuming only water. 
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Table 6. Percent of Incorrect Responses and Reaction Times 
During Food Deprivation 

Time al'ter last Responses to Reaction time, 
feeding, hrs unrewarding Sec. 

stimuli1 % 

1 17 7.2 
2 22 7.8 
4 21 6.9 
8 18 7.3 

17 16 6.9 
72 35 3.2 

120 100 <.O.l 
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