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I =« Introcuction

The contract whosze results &re here summarized ran
from June 15, 1948 to August 31, 1953, Actual research,
under the contract, begzan in October 1948 using fecillities
already bullt up with the assistance of the Universi ty
of Wisconsin and the Wisconsin Alumni Research Founda-
tion. This assistance has continued arnd has proviced
most of the greatly improved and expanded permanent ro-
search facilities now available. The contract has made
important contributions of equipment and supplies and
providec the ma jor portion of the salary budget.

We have used x-ray spectroscopic techniques to
determine electron band structures in sollds and alsc
excited electronic levels of molecules in condensed
systems, The latter furnish information about bonding
orbitals and, indirectly, about the symmetry of nearest
neighbors around the absording atom,

Small angle scattering i1s a most useful tool in
determining the size and shape of colloidal particles
or in the analysis of the very large Bragg spacinss which
sometimes occur in organic crystals, Our principal
effort has been applied to the measurement of the slize,
shape and hydration of protein and virus molecules in
solution,

An interest in the quite different flelds of sollid
state and blophyslcs originally developed at this liabora-
tory because almost ldentical x-ray techniques could be
used in each., The double crystal spectrometer is en
excellent monochromator for spectroscopic use and also
for soms purposes, a very good collimator and analyser
in small angle scattering experiments. It was soon
found that new instrumentation was necessary for the
best work in small angle scattering. Such instrumenta-
tion was developed and the new fields opened up seemned
30 interesting and easily exploited that spectroscopy
became a minor interest.

In addition to the above fields the contract has
supported some purely theoretical solid state investl-
gations by D. L. Dexter and an investization of the x=-ray
scattering from liquid helium I and II by A. G. Tweet.
Dr. Tweet's measurements were confined to small angles
because of the equipment aveilable but an extensicn to
larger angles 1s belng plamed,

Very little use has heen made of technical reports
under this contract. The advantages of quick publica-
tion and detailed discussion which they afisord are of
less compelling importance in a program whase efforts
are duplicated at only a very few other laboratorles.

It is felt that too many contract and technical reports
of limited circulacion are a danger unless the lmpor-
tant results are also reported in the regular literature.




—
T

-3-

If they are so reported, the writing of a technical report
often represents an expenditure or {ime which might better
be used in pushing the research. The papers listed under
"ONR Supported Publications™ at the end of this report
will presont a complete record of the contract research.
All but one will be available in the standard journais.
The 1ist does not include references to abstracts of
papers presented before sclentific soclietles,

ITI X-Ray SpectroacOpy
A, Instrumentation

At the beginning of the contract a double calclte
crystal spectrometer was being used. It had been con-
structed in 1942 at this laboratory and was equipped with
a vacuum jacket for work between 2 and 6§ £. Such an in-
strument furnishes excellent resolution and fair inten-
sity. Geiger counters are used for detection,

In 1949-50 lir, George Mitchell bullt a curved crystal
vacuum spectrometer in the hope of increasing the avall-lle
intensity. This project was eventually abandoned and
iy, Nitchell completed his work on the double crystal
spectrometer., Our major difficulty was in obtaining suf-~
ficlently good crystals, It became apparent that a great
deal of effort would have to be spent in carefully grinding
and bending crystals., Curved crystal spectrometers are
in use at several laboratories, but the resolution even
under the best conditions 1s not as good as that which
can be very easlly obtalned with a double crystal spec-
trometer. The intensity advantages of the curved crystal
are appreciable, but our experiernce with rotating anode
x-ray tubes, which are quite simple and reliable, indi-
cates that the intensity problem may sometimes be more
easily solved by increasing the source strength,

B. Results

By 1949 our application of xe~ray spectroscopy was
larpgely confined to problems of chemical bonding., Vie
had observed earlier that the K absorption edge structure
of the absorbing atom or ion depended atrong§; on its
chemical bonding., In the simpler ionic compounds the
structure can be understoo¢ and the state of ionization
predicted from the position of the strongest absorption
line which in elements of the first transition series
corresponds to a 1ls —»4p transition. In some, but not
all, covalent commounds there 1s found an absorption
line at a position indicating that the absorbing atom
is neutral., This, of course, 1s not unexpected in a
covalent compound, However, the existence of the
absorption line also implies that not all the 4p
orbital has bcen used in bonding and tgua may be used
to distingulsh between tetrahedral sp Y and octahedral
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dza;P bondg which make full use of the 4p orblital and
square dsp~ bonds which leavelapme 4p orbital avallable
for absorption. MNr. Mitchell™" has run a numver of
nickel covalent complexes, some of square and some of
totrahedral symmetry and has summarized the evidence
available in the literature on other elements of the
first transition series. The interpretation outlined
above appears to be correct without exception. Thus
xeray spectroscopy may sometimes be of conslidorable

use in determining bonding orbitals,

Mr. Shurmanl® extended measurements to zeveral
cobalt compounds, to oxides of vanadium and coppeor and
to a series phthalocyanines. Azain the x-ray measurc-
ments were in agreement with chemical expectation,
V205 gave evidence of considerable covalent bdonding.

C. Madiaon Conference, October 23-25, 1S50

This Conference which was supported both by the
Office of Naval Research and the Wisconsin Alumni
Research Foundation attracteéd about fifty people to
Ladison including Profasaor Mott of Bristol, Profes-
sor Cauchois of Paris, Dr, Sandstrom of Uppsala, Dr,
Kiestra of Groningen and representatives of all the
active research groups in the United States.

The papers5 have been publishad by ONi and are
avallable as Report No PB 111027 from the Office of
Technicel Services, U.S, Dept. of Commerce, Viashington
25, D,C,

Although many hundreds of papers have been pub=-
lised in the general area of x-ray spectroscopy and
its applications to solid state rroblems, this Con-
ference was the fiist to bring together a larce fraction
of' those actively working in the field.

III Small Angle Scattering
A, Instrumentation

Our first experiments in small angle scattering
made use of the double calcite crystal spectromcter
with the crystals in the parallel position. The
scattering specimen is placed between the two cry-
stals and the scattered radiation analyzed by rotating
the second crystal, Because of a falrly high back-
ground scattering from the oryastal surfaces this
method is applicable only to strong scatters such as
dry colloidal particles in air or biological gpecimens
such as collagen having a regular periodicity 11,

Ritland and Kaesberg? developed a 8lit collimator
which avolded the high background of the double crystal
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method and permitted measurements on dilute solutlions

of proteins and viruses which are quite weak scatterers.
The collimator consists of two slits thirty to fifty
centimeters apart. These ccllimate the beam and illu-
minate the specimen which 1s placed fifteen or twenty-
five centimeters beyond the second slit. A second

pair of slits with the same separation as the first iso
placed on an arm which may rotate about an axis through
the specimen, These analyzing slits may be set at any
angle, up to about five degrees, with respect to the
incident beam., With the analyzing slits slightly away
from parallelism with the collimator only a small region
about the speclimen 1s simultaneously illuminated by

the collimator and sgen by the analyzer, Backgrounds
may be iess than 107 ° of the straignt through intensity.
Scattering chambers of this design have been used for
wcst of the work done under this contiract.

Some experiments 1,2 were done with a three crystal
analyzer., This device retains the very iiizh angular
resolution of the double crystal instrument but may lower
backgrounds by as much as a factor of ten, However, it
does not bezin to compete with the £lit collimator when
very low backgrounds are a consideration,

Within the last year a quite different type of
scattering chamber has been developed. This was donse
in order to avoid the troublesome slit corrections
which must be applied to data taken with a slit colli-
mator. With slits a rather considerable range of
scattering angles, about the nominal setting of the
instrument, is admitted. The new instrument uses
pinhole collimatlion which, of course, greatly reauces
the x=-ray flux hitting the sample. me of this 1is
regained by using a circular pickeup slit which admits
all the radliation scattered at a given angle by the
specimen, The picke-up slit slides back and forth on
a precision ground way with the center of the circular
slit always on the s of the collimating pinholes.
The scattering angle i1s varied in this manner, This
apparatus, ghich will be described by Rothwell, Leonsard
and Beemanl » has proved highly successful in & mumber
of scatterinz experiments,

The x-ray source in all except the earlier experi-
wents has been e continuously cooled rotating anode
X-ray tube ordinarily operated between 2400 and 3000
watts input to the tar~et. Without this equipment
most of the experiments on scattering from solutions cf
proteins and viruses would have been lmpossible, The
anode 1s a hollow copper cylindar about 4 inches in
dlameter and 1,5 inches high, It 1s mounted on a
hollow vertical steel which is driven at 900 R,.P.l,
by an electric motor outside the vacuum, The center cf
the shaft carries the cooling water to and from the
anode., A single linear O-ring provides the vacuum seal
around the steel shaft, The O-ring is kept wsell saturated
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with Octoil and quite satisfactory lifetimes of betwuen
200 and 400 hours may be obtained. The design and con~
struction of the x-ray tube will be described in refecrence

17.

For the detectian of the scattered photons we use
argon filled gelger counters from a commercial source., Adout
a year ago a proportional counter of a standard design wes
completed and when used with a single channel pulse height
discriminator hac proved somewhat more efficient than a
gelger counter with Hoss fiiters. 1n some experlmonts where
scattering must be separated from fluorescent x-rays the
proportional counter 1s a necessity.

B. Results
1. Dow latex Spheres

[
These are sphersus of polystyrene latex about 2700 A in
diameter which are widely used in electron miscroscony 2s
an internsl linear standard., Using the s1it collimator
previously described with very narrow slits e were able
to measure between 15 and 20 of the subsidlary maxima and
- minima of the scattering curve., Thls furnishes an accurate
| dlameter for the spheres which Leonard et al” place at o
2730 §. Electron microscopists had previously used 2590 i,
The difference is lmportant in some applications.

2. Multiple Scattering

Dexter * calculated the effect of multiple scattering
on the observed curves for spherical particles. The results
were applied to the partiecle size determination of carbon
blacks. The method is much more acocurate than the use of
single particle scattering functions. This is partilally
because it permlts better averaging over the particle size
distribution which 1s almost always present in artificlally
produced colloids,

3. Smaller Proteins

Our fiprst efforts in this field were due to Ritland
and Kaesberg”, The radiiof ation of lysozyme, P~
lactoglobullin, ovalbumin, bovine hemozlobin, ani bovine
serum albumin were measured using slit collimation and a
stationary anode x-ray tube, Because of intensity limita-
tions the results reported in ref. 3 must be ccnsidered as
- preliminary. A discussion of possible applications of the
| method was given, These include the determination of size,
, shape, hydration and average electron density of proteins
and viruses, In principle all the 1esults of light scat-
tering can be obtained by x-ray scattering plus the important
| information contalined in the shape of the scattering curve
| which is not obtainable rrom light scattering. In praciice,
light. scattering measurements are more convenient tc make,

f After the oconstruction of the rotating anode and an

%l



-'7-

improved slit collimator attention was_diverted to the
spherlcal plant viruses until Andsreggzlé undertook a
detailed study of serum &lbumin and serum albumin mer-
cury dimer. His work showed the necessity for careful
treatment of interparticle interference effects and,
therefore, for measurements at low concentrations., Thisz
i1s an inconvenience but not necessarily a misfortune
since a great deal of information can be obtalned frcm
a study of the intorparticle interference effects,

Anderegg obtelned a radius of gyration of 304 for bovine
’ sorum albumin and 31j; for human serum albumin, Human

A S . A VWAL

serum_albumin mercury dimsr has a radius of zyration
of 378 and the distance between fhe centers of the
monomer units in the dimer is 41X, These results when
taken in conjunction with other physical paramaters of
the mclecule indicate an oblate or triaxial structurs
with appreciable internal hydration., This is not in
agreement with current beliefs.

Rothwell20 has run bovine serum albumin and bovine
hemoglobin on the recently completed pinhole scattering
device. H1s results on serum albumin are in excellent
agrecment with those of Anderegg. Rothwell studied the
molecule over a wide range of concentrations and ionic
strengths and at pH's from about 3.2 to 6,0. There was
no evidence for a change of size or shape of the molecule
in this pH range. Hemoglobin has a radius of gyration
of about 26%. Its axial ratio is around 1.3 in agreement
with single crystal expectations., A first subsidiary
maximum is clearly seen in the hemoglchbin scattering
curve, No such meximum i1s observed with serum albumin
indicating that it deviates from a sphers considerably
more than does hemoglobin,

; FaesberglS has run x-ray scattering curves on

j bovine fibrlinogen using the slit collimator, The molecule
is prolate with a very large axial ratio, From the x-ray

data the axial ratio is about seven,

4, Spherical Viruses

There exist a mumber of spherical plant virusei_
. which are particularly easy to investigate with amal’
t angle scattering since the subsidiary maxima and minima

of the ar ierical scattering fungtion furnish ery precisc
inforiation on sizs., Leonard?,12 gnd Schmidtl? have had
primary responsibility for this work, Southern beam
mosaic virus, tobacco necrosis virus and tomato bushy
[ stunt virus were investigated by Leonard and turnip ysllow
mosaic virus by Schmidt. The hydrated viruges in dilute
solution have diametera between 280 and 300A. The dry
viruses have calculated dlameters much less than this,
therefore, the xeray measurements provide clear ovidence
for the internal hydration of these molecules, In the
case of turnip yellow mosaic virus the hollow sphere
model of the protein particle, first proposed by Markham,
was confirmed, '

l-.............-.................‘.-.I....l..IllllllIIiI-IIIIIlllllll..l..-.........l
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In all cases interparticle interference effects
were observed for solutions not at the 1soelectric
point. These indicated a collision diameter sreater than
the molecular diameter and thus the existence of repulsiva
forces betwsen molecules,

IV Other Research
Dexter, sither alonee, or in collabdboration with Sachs4,
has done two calculations on so0lild state procbloms, Helthor
of these was directly connected with the principal intercsts
of the contract, but were important in broadsning Dr,
Dexter's experience in solld atate theory which was his
main interest.

Doxter® also did a short calculation on the fluorcscencs
yield of argon, This helped to clear up a disagreeuent
between two conflicting measurements in the literature and
1llustrated an interesting method of calculating fluores-
cence ylelds.

Twootld measured the amall angle scattering, using
slit collimation, from liquid helium I and II in the
temperature range 1.5°K to 4,2°K, As expected the scat-
tering followed closely ithe thermodynamic relationship
with the isothermel compressibility., Atthe lowest termpera-
ture the observed scattering was somewhat too great and
at 4.2° there was an appreciable decrease in the scattering
betweon 0° and 5° scattering. This is similar to the
scatt:ring behaviour of gases near their critical polnts.

Concurrently with the experimental work on scattering
from proteins and viruses we have caloulated a mumber of
scattering functions for particles of various shspes, both
with pinhole and slit scatter geomstries, _These will
be summarized by Andsregg, Schmidt and Dexterl9,

V Conclusions and Recommendations

There remain a nmumber of excellent problems in solid
state apoctroacop{. In fact, it has been suggested that
most of the excellent problems remain. However, it appears
. that these are best done at longer wavelengths where better
! energy resolution is available. It also appears that a small
! research group cannot effectively do long wavelength solid state
spectroscopy s one of several interests. The experimental
techniques are difficult anc the equipment not well adopted
to more than the ons pursuit.

We- ars strongly oconvinced of the importance of the
general fleld of diffuse x-ray scattering from solutions
and other non=crystalline mmcromolecular preparations,
Even the minimum program of determining radii of gyration

; furnishes a parameter which 1s a very useful addition to
{ the commonly measured macromolecular constants. The data

T ——
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are vastly easier to interpret than the data of x-ray
crystallosraphy although, of course, the ultimate posslibi-
lities are not so creat. The necessary equipment 13 not
svallable commerclally but 1s relatively easy to assemble
if cood shop facilities are at hand.

We believe that other laboratories should undertake
prosramns in this field. In only a very few places have
there been continued efforts to make these measurements
with the necessary precisicn, The field is quite new and the
reaults badly in need of cross checking from several in-
depencent sources.

Finally we would 1like tc pocomuend to other x-ray
leboratories in this country their serious consideration
of the rotating anode x-ray tudbe. There are many experi-
ments, particularly in the measurement of diffusely scate
tered x-rays, which are borderline, because of low intensity,
with a stationary anode. An increase of a factor of four
or five in intensity may spesed up data taking by much more
than this by lifting one well abuve background levels.

For photographic work the microfocus x-ray tube seems
to be the simplest answer to the intensity problem since it
is the brilliance of the focal spot which is important,
However, i1f the necessity of accurate intensity msasurements
requires the use of seiger or proportional cocunters, then
it will usually be found that the total flux Irom the focal
spot 1s the important parameter and a rotating anode 1is
indicated.
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