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The final report of U. S. Naval Weapons Laboratory, Contract
Number N123(60530)10049A entitled Test Equipment for and Evaluation
of Electromagnetic Radiation consists of four volumes.

Volume Title Classification

I Application of Evaporated Thermocouples Unclassified
to Detection of rf Power in Bridge Wires
of Electro-Explosive Devices

11 Application of Thermistors to Detection Unclassified
of rf Power in Bridge Wires of Electro-
Explosive Devices

III Methods of Detecting rf Power in Bridge Unclassified
Wires of Electro-Explosive Devices and
Instrumentation Problems

Iv Investigations of rf Power Transfer to Confidential
Bridge Wires of Electro-Explosive Devices

ABSTRACT - VOLUME 1

A review of the development and a discussion of the present status
of vacuum deposited thermocouples are given.

Measurements of thermoelectric powers and resistivities of
evaporated films are given as a function of age for various thicknesses.
Also presented are the effects of heat on film resistances and thermo-
electric powers and studies of "alumel" films. A multiple beam inter-
ferometer capable of measuring film thickness to £ 20 A has been con-
structed and a description is included.

Improvements in vacuum deposition methods and thermocouple
fabricatior are described.

A reference heat source capable of providing steady heat output
as well as chopped radiation up to 100 cps is described. Results of tests
attempting to determine aging characteristics, effect of humidity and
effect of thermocouple coating materials for various types of lead con-
nections and combinations of materials are presented. In addition, tests
of the effects of organic solvent vapors are reported. Thin film substrate
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iii

thermocouples having time constants of about 10 milliseconds which
have been developed are described. Results of measurements of Mk 1
squib bridge wire temperature rise above ambient as a function of cur-

rent are given with corresponding vacuum deposited thermocouple
sensitivities.
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ABSTRACT - VOLUME II

Thermistor parameters and uses are described briefly. Theo-
retical analyses of thermistor bridge circuits and the resulting design
equations are presented. Experimental drift data of thermistor bridges
have been included and reasons for drift are discussed. Thermal time
constant measurements of thermistors are given, and two methods of
reducing the response time of a thermistor bridge system are presented.

Techniques for mounting thermistors to detect heat from various
bridge wire configurations have been developed, and operating charac-
teristics of thermistor instrumented EED's are given., Both dc and ac
thermistor instrumentation units have been developed to indicate tem-
perature rises above ambient in bridge wires of electro-explosive
devices.
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ABSTRACT - VOLUME III

Problems concerning the application of photoconductors to meas-
uring bridge wire temperature in electro-explosive devices have been
investigated, and some data and conclusions are presented. Miscellane-

ous methods {(not including thermocouples or thermistors) for instrument-
ing electro-explosive devices are discussed.

Results of comparisons of instrumented electro-explosive devices

at the 50% firing power as determined by Bruceton tests for dc, 8Mc and
1.2 kMc are given.

Allied problems pertaining to instrumentation required by various

temperature sensors and miscellaneous problems pertaining to electro-
explosive devices are included.
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ABSTRACT - VOLUME IV

A description of the Denver Research Institute of the University
of Denver antenna measurements range is given, and results of its use
to measure radiation patterns of the FFAR 2. 75 Rocket are presented.

Documentations cf preparations for specific shipboard and field

tests to measure hazards to ordnance by electromagnetic radiation are
presented. Procedures and results are included for some tests,
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I. INTRODUCTION

This report describes the work of Denver Research Institute of
the University of Denver on the HERO program for the period 15 March
1957 through 30 November 1960,

Denver Research Institute of the University of Denver entered
into contfact with NOTS/ China Lake in March 1957 for the design of
test equipment to be used in evaluating electromagnetic radiation hazards
to ordnance items., From this study the need for a detector to simulate
electro-explosive devices (EED's) became evident, The first detector
used was a thermocouple attached to a one ohm bridge wire by a ceramic
bead for simulation of the Mk 1 squib, The detector was enclosed in a
glass envelope and evacuated., However, the large time constant due to
the vacuum and long leads made this detection method undesirable. In
an attempt to reduce the time constant, the vacuum thermocouple was
filled with hydrogen to enhance the exchange of thermal energy between
the bridge wire and thermocouple, This hydrogen filled detector had a
shorter time constant but also less sensitivity than the vacuum detector,
These methods of detection did not reduce the time constant to the de-
sired value and other methods of detection had to be found. A serious
objection arose to the proposal of removing the ceramic bead and con-
necting directly to the bridge wire, as little was known about the in-
fluence that this operation might have on the rf characteristics of the
device, Two very stringent requirements thus dominated the develop-
ment of new detectors, namely, the necessity of a short time constant,
(i.e., one comparable to that of the EED bridge wire), and the isolation
of the detector from the bridge wire.

During 1958, three major methods of detection were investigated,
Two of these were developed sufficiently to be used in the instrumenta-
tion of weapons for field tests, The method which has met with the
greatest acceptance and which is still in wide use is that of the vacuum-
deposited radiation thermocouple, This technique utilizes thin films
forming thermoelectric junctions which are of low mass but wide enough
to absorb a relatively large portion of heat from the bridge wire, These
thermocouples were used for two shipboard tests in 1958, four in 1959,
and several in 1960,

The second detector which has been relatively successful is the
thermistor, a small semiconducting solid with a very high negative tem-
perature coefficient of resistance. The first application of thermistors
was in the form of printed circuits supplied by Barnes Engineering Co.
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These proved to be inadequate for this application, and investigations
were performed at Denver Research Institute of the University of Denver
to develop thermistor bridges with the desired properties of high sensi-
tivity and low drift. A field test at the Marine Air Station at Cherry
Point, North Carolina, April 1959, proved this method of detection to be
satisfactory. The third method, and one which has received less atten-
tion is the quantum detector or photoconductor.

Approximately four man-years were expended at DRI on the HERO
project while under the direction of NOTS/China Lake. In November,
1958, official administration of the DRI contract was transferred to the
U. S. Naval Weapons Laboratory. Since that time, but concurrent with
the necessary field preparation, the effort has been directed at three
major goals:

(1) To improve the existing thermocouple and thermistor detectors.
Some of the vacuum deposited thermocouples had been found to
have sensitivities which vary radically with age. There had been
little success during fabrication of the thermocouple in deter-
mining the controlling reliability factors, but recently some im-
portant advancements have been made toward obtaining uniformity
and reliability (Volume I of this report.) Improvements of the
thermistor detectors have been chiefly in the ability to control
noise and drift (Volume II of this report. )

(2) To seek other methods for detection which will provide the re-
quirement of higher sensitivity and/or faster response, One
example is photoconductor instrumentation which is desirable
because of its fast response, The problem here is complicated
by miniaturization. Radiation choppers are essential to reduce
drift an- noise, and the cost of developing suitable choppers
seems to be excessive, The photoconductor and other detectors
such as the electron emission detector, Hall effect probe and
toroid detector are described in Volume III of this report,

(3) To determine whether detectors and instrumentation are suscep-
tible to rf pick up from bridge wires., It is necessary to know
whether instrumentation perturbs or is perturbed by the rf ex-
citation of electro-explosive devices and what degree of pertur-
bation exists as a function of frequency. This requires a system
for measuring and controlling power into the bridge wire at all
frequencies so that dc and rf detector outputs - an be compared at
some level of excitation (usually the 50% fire ievel.) Discussion
appears in Volume III of this report,

DENVER RESEARCH INSTITUTE — UNIVERSITY OF DENVER



At the beginning of 1960, it was felt that investigations concerning
the application of thermistors to instrumenting electro-explosive devices
had reached a logical completion considering that the feasibility and prac-
ticability of thermistor instrumentation has been demonstrated, The
largg repertoire of data and knowledge about thermistors which has been
accumulated was organized and recorded in a special report, This re-
port has been brought up-to-date and is the substance of Volume II of
this report,

Also at the start of 1960 it became apparent that large quantities
of instrumented electro-explosive devices were necessary for ordnance
testing. The acute demand for hundreds of thermocouples prevented
channeling of effort aimed at achieving a basic understanding of the oper-
ation and possible means of failure of evaporated thermocouples, Very
little progress in perfecting evaporated thermocouples could be expected
with these circumstances., For that reason, the U, S. Naval Weapons
Laboratory undertook to supply the large number of thermocouples needed
for ordnance testing to allow Denver Research Institite of the University
of Denver to concentrate on research and development leading toward
their perfection.

Evaporated thermocouple development has proceeded in three
phases. First, fundamental investigations were directed toward the goal
of determining and understanding the basic properties of evaporated films.
Second, improvement of the technology of evaporation and fabrication has
resulted, including a major achievement of improving thermocouple re-
liability. Third, testing and evaluation of thermocouples has been accom-
plished to establish relationships between thermocouple properties and
parameters in evaporation and fabrication,

Past use of thermocouple instrumented electro-explosive devices
indicated the need for discovering reasons fcr failure and variation in
calibration of some devices., Many tests have been made in an attempt
to isolate the major causes of failure and calibration variation, The use
of inert squibs as a reference heat source for thermocouple comparison
and testing was impractical because of the random spread in bridge wire
characteristics due to manufacture and the possible change in character-
istics due to repeated heating. In addition, use of small bridge wires as
heat sources calls for close thermocouple spacing, thereby making ther-
mocouple placement quite critical. For these reasons it was necessary
to use a reference heat source. Use of a reference heat source not only
eliminated confusion in discovering how fabrication procedures affect
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thermocouple characteristics but also facilitated thermocouple testing.
The reference heat source developed for this purpose was made suf-
ficiently versatile to be useful for photoconductor measurements also.

Tests have been designed to determine how various types of
thermocouples change in output and resistance as a function of age,
humidity and exposure to organic solvents. The results of these tests
were used for changing methods of fabrication to obtain optimum charac-
teristics, Time constant measurements have also been made and effort
to minimize time constant has been fruitful, Recently thermocouples
having thermal time constants equal to those of bridge wires were
developed.

DENVER RESEARCH INSTITUTE — UNIVERSITY OF DENVER




II. THE PRESENT STATUS OF EVAPORATED THERMOCOUPLES

The first models of thermocouple detectors were made by machin-
ing a plug of plexiglass and machining small terminal connectors or pins
which were inserted in holes in the machined plugs. These pins formed
terminals to which the vacuum deposited films were attached. Mylar
film was stretched over a void machined on the end of the plug and this
film served as a base for deposition of the films. This basic idea was
quite sound but the construction details were found to be impractical.

For example, it was found that the machining procedure took too long
and was too costly to produce the number of detectors that would be re-
quired on the program. The terminal pins tended to loosen in the plexi-
glass plug which resulted in open circuit connections, Also the deposited
films did not bond adequately to the terminal pins and high contact re-
sistance or open circuits developed.

Effort was placed on the redesign of the detectors which resulted
in the presently used technique of casting the plugs of polyester resin in
metal molds., The wire leads and terminals are cast in place and the
only machining required normally is to face the end of the plugs before
cementing the Mylar film in place. Use of silver conductive ink to make
contact with the ends of the lead wires and to act as a broad base for a
more positive contact to the deposited films was introduced. The above
changes resulted in a practical, easily produced plug on which the vacu-
um deposited thermocouple elements could be placed. Molds have been
made to date to accommodate many different electro-explosive devices,

The first deposited films for thermocouple junctions were bis-
muth and tellurium. When using tellurium it was very difficult to con-
trol the resistance of the deposit and the tellurium film exhibited some
very radical changes in resistance due to aging for several hours, and
this aging continued for days with no indication that the resistance
would ever stabilize, Since tellurium is a semmiconductor and impurity
doping is important, considerable technology and know-how must be
developed before adequate control of evaporation of films can be achieved.
It was therefore deemed advisable to temporarily abandon use of telluri-
um until sufficient time could be spent on the development of its tech-
nology. Tellurium is attractive due to its extremely high thermoelectric
power of 400 microvolts /°C, but it does have the disadvantage, in com-
mon with other semiconductors, of an inherently high resistivity, This
latter property conflicts with the need to produce thermocouples with an
overall resistance of less than 10 ohms to drive 30 ohm recording
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galvanometers directly. Study of literature available on thermocouples
indicated that the combination of bismuth and antimony should be quite
desirable. This combination exhibits lower resistances and lower
voltage outputs for a given temperature, but sensitivity is nearly the
same. The lower resistance is important for efficiency in driving low
impedance recording galvanometers.

The bismuth-antimony combination can be vacuum deposited
easily and many thermocouples were made using these materials.
During this period the rate of production was still slow and the demand
for thermocouple detectors was intense. As a result the detectors were
shipped out immediately after fabrication and preliminary calibration.
This proved to be unfortunate, since it was later discovered that the
thermocouples exhibited the same aging characteristics as had been ob-
served with tellurium but to a lesser degree.. Also control of vacuum
deposition was then not adequate and it was not realized that what seemed
to be small variations in the manner in which deposition was made had
a substantial effect on thermocouple performance and aging characteris-
tics. Therefore, detector reliability in the field suffered.

At this time the project was still under pressure to instrument
field tests, so an intensive program was launched to study the literature
and to conduct experiments on vacuum deposition, especially bismuth
and antimony. There had been two basic types of failures in the detec-
tors. The first was poor adhesion of films to the Mylar. This was par-
ticularly true for antimony. Sometimes the film would show cracks im-
mediately after deposition as though rupture were due to mechanical
stress and often the Mylar film would be deformed or appear slightly
crumpled. Other times the films would stand up for a period of hours
or days before developing a "mud cake'" effect. This effect consisted
of a frost appearance of the film and under a microscope tiny flakes of
the film could be seen. These flaked areas could be brushed off readily
and these areas resulted in open circuits or very high resistance.

It was determined that the crumpling of the Mylar film and the
open cracks immediately after deposition were probably due to over-
heating of the Mylar film and heat stresses in the deposited film during
deposition and subsequent cooling. The source of the excessive heat
was the filament used for evaporation. This type of difficulty was mini-
mized by increasing the distance of the evaporating filament from the
detector body and controlling the amount of heat applied to the filament
to evaporate the material., The poor adhesion characteristics of the
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film were eventually traced partially to the lack of proper cleaning of the
Mylar film before deposition and partially to the rate of deposition of the
material. The cleaning problem,once it was apparent, was solved by con-
sistent and proper use of ionic cleaning by a high voltage glow discharge
prior to deposition. The effects of rate of deposition still need further
investigation. However, it appears that too fast a rate, which results

in a very dense stream of material traveling from the evaporating fila-
ment to the detector body, cause the particles to collide with one another
and change direction and velocity. The net result is that the deposit is
more like the settling of a cloud than a stream of particles. Also when
high densities are present during evaporation, chances of particles col-
liding with oxygen molecules still present in the bell jar are increased.
Thus the first particles deposited may be oxidized and form a poor sur-
face for adherence of the rest of the deposit. It is possible to use a
shutter operated from outside the bell jar to interrupt the first evapora-
tion particles until oxygen molecules are either driven away or used up
and then the shutter can be moved from the path and deposition of clean
material can take place. However, control of the rate of evaporation

has substantially eliminated the poor adhesion characteristics of the
films.

The second major type of failure of the thermocouple detectors
was a progressive increase in resistance with time. This is not a catas-
trophic failure but did result in the characteristics of the detector wander-
ing from the usable range with passage of time. There was also a lack
of consistency in characteristics of detectors produced under supposedly
identical conditions. Early attempts at the solution of this problem were
directed at more accurate control of the amount of material loaded onto
the filament for deposition, rate of deposition and distance. During this
time it was noticed that the detectors which had the lowest original re-
sistance and changed least with time were those which had thicker film
deposits. A series of tests was then performed in which the amount of
material in the bell jar for evaporation was increased gradually. Results
were affected by the rate of deposition to some extent. But primarily it
was found not only that lower original resistances were obtained with
films two to three times thicker than previously usedbutalso that the
thicker films tended to have much less change of resistance with time.
Empirical values for deposition parameters of amount of material, rate
and distance were obtained experimentally. This resulted in thermo-
couple detectors having original resistances ranging from 6 to 8 ohms
up to 15 ohms. After 3 to 4 weeks, the magnitude of resistance increase
was of the order of 2 to 5 ohms., This was considered to be quite accept-
able for the immediate purposes of instrumentation tests and many detec-
tors were produced and made available for field tests.
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During 1960, DRI was relieved of the task of supplying vacuum
deposited thermocouples for field testing. This enabled concentration
on problems heretofore unsolved. Fundamental studies were initiated.
These consisted of measurements of resistance and thermoelectric
power of vacuum deposited films as a function of thickness. Also the
effects of aging and heat on these films of various thickness were studied.
It was necessary to develop some specialized equipment for these studies;
for example, the thermoelectric power probe and the multiple beam inter-
ferometer for measuring film thickness. Results have been quite a
valuable asset in thermocouple improvement.

Evaporation and fabrication of thermocouples has steadily been
made more efficient. This has been due to feedback of information re-
sulting from fundamental studies and thermocouple testing as well as
improved equipment and handling procedure. Thermocouple testing
and evaluation has been extensive; aging, humidity and organic solvent
tests were performed. Here again special equipment had to be developed;
for example, the reference heat source. The reference heat source has
enabled large numbers of thermocouples to be measured for output and
time constant and quickly compared. Most recent effort has evolved a
thin film substrate thermocouple with a time constant approaching that
of the bridge wire, which tends to overcome a major problem in ther-
mocouple application.

The DRI vacuum deposited thermocouple has become the most
practical sensor of joule heating in the bridge wires of electro-explosive
devices. (See Figure II-1) Advantages are compatibility to automatic
recording, adequate sensitivity, adaptability to any type or size electro-
explosive device and low cost. Three developmental problems are sig-
nificant. One, there has been the problem of thermocouple character-
istics changes and failure in the field. Two, there is need to determine
the degree of perturbation in the instrumentation circuit caused by rf
excitation in the bridge wire. Three, the time constant should be re-
duced to a value much smaller than the bridge wire time constant. In-
vestigation of aging and failures has already had considerable attention.
Combination of fundamental studies and measurements and thermo-
couple testing has brought about understanding of possible mechanisms
for past failures and verified thermocouple reliability. This informa-
tion has made thermocouple fabrication more efficient and enabled the
number of failures to be reduced to zero by avoiding their cause.
Reasons for calibration changes have been investigated and more effort
is needed to minimize or eliminate them. Although thermocouple instru-
mentation has been shown to be unperturbed by rf bridge wire excitation
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Figure II-1 Mk 1 Type Vacuum Deposited Thermocouple Bismuth -
Antimony on Mylar Substrate (smallest division = 1/64 inch)
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of 8 Mc and is believed to be unperturbed by rf excitation to the UHF
region, at microwave frequencies serious effects may occur. There-
fore, it will be necessary to develop and perform calibration tests at
microwave frequencies, so that thermocouple instrumentation can be
altered to minimize perturbation, if necessary. Recent reduction in
thermocouple time constant has given thermocouple instrumentation
more favorable status. Indications are that thermocouples can be
made to have time constants equal to bridge wire time constants.
Here again, more development work is necessary.
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III. FUNDAMENTAL STUDIES OF VACUUM DEPOSITED FILMS

Early tests performed with electro-explosive devices instrumented
with thin-film thermocouples resulted in cccasional maifunctions or com-
plete failure of the thermocouple. Some of the failures were traced to
the use of ohmmeters, such as the popular Simpson Model 260 multimeter,
for checking continuity through the thermocouple. But for the others,
it was apparent that failure was not a result of mishandling or burn-out.

In still other instances, instrumented squibs were calibrated and checked
from time to time, and the variations noted. Sometimes calibration
drifts were observed which were not attributable to changing character-
istics of the bridge wire itself. The need for a careful study of the fab-
rication process, as well as of the metal films themselves, was thus
evidenced. This section deals with the research performed on the metal
films in an effort to understand and thence improve the characteristics

of thin-film thermocouples.

Basic aims in the study of thin-film properties have been the
following:
(1) To determine the variation of film resistivity with thickness

(2) To learn whether the thermoelectric powers (TEP's) of the
films vary appreciably with thickness relative to the bulk
values over the range of interest

(3) To investigate both resistance and TEP as a function of film age
(4) To study the effects of heat on resistivity and thermoelectric
power

The results from this study aid in selecting the proper limits on
film thickness for thermocouple fabrication. They also help to point
out the causes of thermocouple failure with age by establishing the be-
havior of the films themselves, apart from small junctions, contacts,
and thin substrates.

A. Thin Film Resistivity

1. Background. Occasionally, anomalously high resistances
were found in thin-film thermocouples, and were often accompanied by
poor response. It was uncertain whether the high-resistance couples
were a result of poor films, of poor contact between films, or of poor
lead junctions. Since there was no precise knowledge of the various
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film thicknesses, it was impossible to say how seriously this parameter
affected the thermocouple. Moreover, the resistance of a given thermo-
couple becomes significant when the read-out device is one of relatively
low resistance; therefore, it becomes important to keep the thermo-
couple resistance at a minimurmn. * Table III A-1 lists the metals or
semiconductors which have been used for constructing thermocouples.
The bulk electrical resistivity is listed for these at room temperature.

TABLE III A-1

Electrical Resistivity of Some Common Thermocouple Materials

Material Resistivity (micro-ohm-cm)
Tellurium 200, 000

Antimony 39.0

Bismuth 106.8

Chromel 100

Nickel 6. 84

Iron 9,71
Constantan 49,0

Silicon 100,000 (?)
Germanium 89, 000

Those materials with high resistivity generally have a very high
absolute thermoelectric power, so the relative usefulness of one com-
bination of films over another will be determined by the read-out equip-
ment.

2. Technique. An important study is determining the variation
of thin-film resistivity from that of the metal in bulk form. For this
purpose, several depositions were performed of each of the above metals
onto glass microscope slides as substrates. The slides were prepared
by dipping in aqua regia, washing with distilled water and acetone. Glow
discharge was used in the vacuum chamber for final cleaning. Generally,
for each evaporation, three glass microscope slides were used. One of

*If the open~-circuit output voltage of a thermocouple is ey and the resis-
tance of the thermocouple and of the read-out device are Rt and Ry, re-

spectively, it is easily shown that the apparent output as seen by the de-
vice will be

1
€= e°<1 n Rt/Rr>'
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these was prepared by evaporating a thick layer of copper on each end,
with a one-centimeter gap remaining bare in the center. A mask was
then used across the gap to form a 1l cm by 3 cm film of the metal to be
studied. The resistance to be measured was then that of a 1 cm square.
Film contacts with the copper were also 1 cm square, insuring low con-
tact resistance.

Eccobond solder was applied at the ends of the slide to form lead
contacts from the copper strips to a General Radio impedance bridge.
Total extraneous resistance was in each case about 1.2 ohms, generally
small compared with the film resistance.

A second glass slide was carefully weighed before placing in the
vacuum system. After evaporation this slide was weighed again, and
the film thickness calculated from the gain in weight, assuming the film
to have a density equal to that of the bulk metal. The weight difference
was usually but a few milligrams, making this method rather unreliable,
especially for the thinner films. The third slide was partially masked,
so that a smooth ""step' was formed in the evaporation., This slide was

13

used later to measure the thickness directly by optical methods. {Cf. Part D

of this section.)

3. Results. Figures III A-1 to -5 represent the results of the
resistivity measurements on antimony, bismuth, tellurium and alumel.
For a check on reproducibility, antimony was studied twice (Figures
II1 A-1 and -4.) Agreement was fairly good, although the results in
Figure III A-4 show a more rapid increase of resistance with decreasing
thickness below 1000 angstrom units. Slopes of these curves vary con-
siderably with film thickness especially for bismuth and antimony. Tel-
lurium, which has a much greater resistivity even in bulk form, does
not vary in resistance as rapidly. Reasonable lower limits of thickness
appear to be about 2000, 3000, 8500, and 700 angstroms for antimony,
bismuth, tellurium and alumel, respectively. However, the results on
alumel are still indefinite. Thicker films should be studied, but dif-
ficulties are experienced when trying to evaporate this alloy. (Cf. Part
B, "Thermoelectric Power.'')

4. Effects of Aging. The resistances of the slides prepared as
described above were monitored as they aged to determine if any major
changes occurred. In general, it was observed that those films having
a high initial resistance exhibited the greatest proportional changes
with time. These films were usually the thinner ones, so that surface
oxidation would be most likely to affect the observed resistance.
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Representative of these measurements are those made on the antimony
and alumel films. The following table gives the change in resistance of
these slides, together with the percentage change, for a period of four
months. It is concluded that if the resistance variations of these films
represent the variations which would be observed had the films been de-
posited on Mylar, then the aging of the films themselves is not likely to
cause failure of a thermocouple unless the initial film resistance is in-
ordinately high.

TABLE III A-2

Variation of Thin Film Resistance with Four Months' Aging

Final Resistance

Initial Resistance (Ohms) Percent
Antimony Slide # {Ohms) (as of 11/15/60) Change
2A 6.3 6.5 + 3
3A 6.7 6.0 - 10
4A 6.5 6.1 - 6
5A 5. 64 5.5 - 5
6A 4,2 3.64 - 13
T7A 4,45 3.95 - 11
8A 12. 05 11.95 - 1
9A 7.69 8.6 + 11
10A 8. 34 8.55 + 2
11A 62.0 76.5 + 23
12A 27.5 31.7 + 15
13A 49,5 58.5 + 18
14A 4,67 3.07 - 34
15A 6.79 7.0 + 3
Alumel 16A 1200 2400 +100
17A 47.3 57.2 + 21
18A 65.4 73.0 + 11
19A 9200 40000 +334
20A 52.3 52.3 --
21A 1620 2950 + 82
22A 12,7 13.1 +
23A 77 76.5 - 1
24A 11.4 9. 25 - 19
25A 4.4 4.3 - 2
26A 105 125 + 19
27A 9.7 9.6 -1
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TABLE III A-2 (Cont. )

Variation of Thin Film Resistance with Four Months! Aging

Final Resistance

Initial Resistance {Ohms) Percent
Alumel Slide # (Ohms) (as of 11/15/60) Change

28A 9.6 - 9. 85 + 3

29A 4.5 4.3 - 4

30A 11.2 12.2 + 9

31A 67 83.5 +25

32A 34 40 +17

33A 7.8 7.7 -1

34A 15. 2 15.7 + 3

35A 17.6 19.6 +11

36A 79 98.5 +25

37A 9.5 9.75 + 2

38A 8.7 8.9 + 2

39A 6.0 5.55 - 7

40A 8.8 8. 85 + 1

41A 34.5 39.2 +14

B. Thermoelectric Power of Evaporated Films

1. Description of Seebeck Effect. When two dissimilar wires

are joined and the junctions held at different temperatures, a thermal
emf arises, whose value depends on the materials and on the two tem-
peratures. The open-circuit emf is called the Seebeck effect, and the
rate of increase of the Seebeck voltage with temperature is called the
Seebeck coefficient. It is often referred to as the thermoelectric power

(TEP). Thermoelectric powers vary widely with the two materials chosen.

Usually, pure lead is arbitrarily taken as the reference material, and
other materials are reported relative to it. Thus, the relative TEP of
a given material may be either positive or negative. Tables exist which
list the TEP of most of the common metals and alloys in bulk form.
Some of the more important for this work are listed below.
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TABLE III B-1

TEP of Some Common Materials at 0°C. Relative to Lead

Thermoelectric

Power
Material (microvolts per °C.)
Tellurium + 370
Antimony + 35.58
Bismuth - 74.42
Alumel - 10
Chromel + 30.30
Nickel - 19
Iron + 16
Constantan - 38.10
Silicon -408. 5
Germanium +302.5
Copper + 3.1

2. TEP Measurements on Thin Films of Sb, Bi, and Te. The
actual TEP of the various films used in making radiation thermocouples
was initially unknown. It had been assumed that the TEP for an evapo-
rated film was substantially less than that of the bulk metal, but there
was no assurance that the TEP did not vary greatly with film thickness.
To investigate the TEP behavior of thin films, a hot copper probe was
devised from a small soldering iron which could be used to determine
the TEP relative to copper. The probe was first used against lead in
order to check its purity. The observed thermoelectric power was +2.9
microvolts per degree centigrade at 30°C for the copper, in close agree-
ment with the value of +3.1 microvolts per degree listed in the Hand-
book of Chemistry and Physics. This value must be added to the ob-
served TEP to obtain the power relative to lead. Figure III B-1 illus-
trates the method. Both cold junctions are at room temperature, and
it is presumed that the difference in temperature between the two cold
junctions is negligible, Thermoelectric emf's were measured at probe
temperatures of 13°C, 30°C and 49°C above ambi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>