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CLIFFORD G. SHULL

I was born on September 23, 1915 to my parents, David H. and Daisy B. 
Shull, in the section of Pittsburgh, Pennsylvania, known as Glenwood, which 
obviously relates to their selection of my middle name. I was preceded by an 
older sister, Evalyn May, and an older brother, Perry Leo, so that I grew up 
as the baby in the family. Both my father and mother had origins in rural, 
central Pennsylvania, in farming sections of Perry County. After moving with 
his then family to the big city, Pittsburgh, my father started a small business 
that evolved into a hardware store and an associated home repair service.

My early years of growth were entirely normal and happy ones and I had 
the usual collection of friends and buddies, who were often seen on the ball 
field or on roller skates. Grade schooling was nearby, a few blocks from our 
home, and this led later on to junior high school in the adjoining Hazelwood 
section but still within walking distance of our home. Following this, I had 
decided to go to Schenley High School for the remaining three years of 
school work and this required a more troublesome commute of 45 minutes 
by public street car. My first interest in physics as a career speciality came 
during my senior year at Schenley when I took the physics course taught by 
Paul Dysart. Somewhat older than the usual high school teacher and with a 
PhD degree in his background, he was a very impressive teacher who deligh­ 
ted in demonstrations from his laboratory and in explaining the principles 
behind them. Thereafter my original interest in aeronautical engineering 
was in heavy competition with physical science.

It seemed natural, in view of limited family financial straights, that I should 
continue into college study by living at home and commuting to the 
Carnegie Institute of Technology (now Carnegie Mellon University). 
Carnegie Tech was also located in the Schenley Park district of Pittsburgh so 
that essentially the same commute was called for and it offered good, repu­ 
table curricula in the engineering and physical sciences. I was pleased when 
offered admission to the fall term of 1933 and particularly so when given a 
half-tuition scholarship in view of my good high school record. Once there, 
my interest in physics as a major subject sharpened quckly, helped along no 
doubt by the brilliant lectures in my freshman physics course given by Harry 
Hower, the chairman of the Physics Department. Hower was more aptly labe­ 
led an optical and illuminating engineer than a physicist, because of his 
extensive consulting activities in coastal lighthouse lens design and other 
architectural problems, but his lectures were delightful, inspiring and not 
often-to-be-missed by his students.
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Shortly after my admission at Carnegie Tech, a family crisis developed when 
my father died unexpectedly in January, 1934. By this time, my sister had 
married and, with her husband, were living at home along with my brother 
(who had just finished college as an art major), my mother and myseelf. My 
brother decided to forego his art teaching and operate my father's business 
and this continued until I had finished Carnegie Tech in 1937. The four 
years spent there were entirely pleasurable ones, in spite of the time-consu­ 
ming commute, and I enjoyed the association with my fellow students and 
professors in the department. I was able to work in the summer periods at 
jobs both on and off campus and this helped to meet my rather minimal 
expenses during the year. Among the professors, I valued very much the fri­ 
endly encouragement and counsel offered by Emerson Pugh during my juni­ 
or and senior years, leading to my continuance into graduate school at New 
York University in the fall of 1937.

New York University was then a very large university, perhaps the largest in 
the nation, with several distributed, more or less autonomous, campuses. I 
was located with the Physics Department at the University Heights campus in 
the upper Bronx section of New York City and my teaching assistantship pro­ 
vided living subsistence, teaching meaning laboratory course help and pro­ 
blem assignment grading. We graduate students were encouraged at an early 
stage to join and help in one of the half dozen or so ongoing research pro­ 
jects within the department. I became associated with a nuclear physics 
group headed by Frank Myers and Robert Huntoon, who were in the process 
of building a 200 keV Cockroft-Walton generator for accelerating deuterons. 
Much valuable experience was obtained with this exposure by Craig 
Crenshaw, another graduate student, and myself and we were able to help in 
the initial experiment with this accelerator, a study of the D-D nuclear reac­ 
tion.

During the third year of my graduate study, the Department decided that 
it could support the construction of a new 400 keV Van de Graaff generator 
to be used for accelerating electrons. Frank Myers took on this responsibili­ 
ty with me as his assistant and the thought that it could be used to repeat the 
electron-double-scattering (EDS) experiment as a possible thesis topic for 
me. This EDS type of experiment loomed important at the time because it 
was considered a direct test that electrons have a spin or polarization. Several 
earlier experiments had given either negative or inconclusive results and it 
seemed worthwhile that the experiment be performed again under new con­ 
ditions. The construction and testing of the new facility went smoothly and I 
turned to getting ready for my thesis EDS experiment. By this time, Frank 
Myers had decided to take his overdue sabbatical leave with Robert Van de 
Graaff at MIT. I was fortunate in getting Richard Cox, a senior professor in 
the department, to supervise and offer expert and friendly advice on my 
efforts. Finally after four months of data collection and analysis, the experi­ 
ment was successful and I was able to prepare a thesis and take my PhD 
degree in June 1941.
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Among the other research programs being pursued by the NYU department 
was the study of neutron interactions with materials as started by Alan 
Mitchell and carried on by Martin Whitaker. Using a Ra-Be neutron source 
surrounded by a paraffin howitzer, a modest beam of thermalized neutrons 
was available for experimentation and, during my period at the Heights, this 
was directed towards a search for the expected paramagnetic scattering from 
certain materials. Theoretical prediction of this had been given by 
O. Halpern and M. Johnson and their students in the Department. I was 
familiar with this problem through my contemporary graduate student 
William Bright who worked with Whitaker on the experiment and indeed 
found myself working on the same problem a decade later.

I have neglected to mention an important event that occurred in my first 
year in New York City. Through my good friend Craig Crenshaw, I was intro­ 
duced to a young lady, Martha-Nuel Summer, who had recently come from 
South Carolina to the graduate school at Columbia University to study early 
American History. Our friendship flourished during the years of our profes­ 
sional studies and we married shortly after I took my degree and had a job 
in waiting. She has remained my loving companion to the present and along 
the way we have been favored by three fine sons, John, Robert and William, 
who have beautiful families of their own.

I had arranged for a position at Beacon, NY with the research laboratory 
of The Texas Company, and Martha and I set up housekeeping there in July 
1941. This laboratory addressed problems associated with the production 
and use of petroleum fuels and lubricants and included a small group of phy­ 
sicists. I was asked to study the microstructure of catalysts using gas adsorp­ 
tion and x-ray diffraction and scattering as tools for characterizing the phy­ 
sical structure of these materials. These catalysts were used in the production 
of high-performance aviation fuel and this area of investigation became 
increasingly important after the US entry in the World War in December 
1941. Of singular significance to the scientific community in the first year of 
our wartime activity was the growth of the Manhattan Project dealing with 
the development of an atomic weapon. Many scientists had been drawn into 
this, including a number of my old colleagues and professors from graduate 
school. I was encouraged to join them and would have done so except that 
The Texas Company would not agree to my wartime job change. The matter 
was finally settled in their favor by an adjudication hearing at an area 
manpower board and I stayed in Beacon through the war years.

My work at Beacon was interesting and challenging and gave me the 
opportunity of learning things about diffraction processes, crystallography 
and the new field of solid state physics. Through visits and early meetings of 
the American Society for X-ray and Electron Diffraction, I was able to know 
established personages such as Warren, Buerger, Fankuchen, Zachariasen, 
Ewald, Harker, Gingrich and Donnay. Once the war was over, my interest in 
participating in the exciting new developments in nuclear physics within the 
Manhattan Project returned, and I paid a visit to the Clinton Laboratory
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(now Oak Ridge National Laboratory) in Tennessee. The activity there fasci­ 
nated me very much and I convinced Martha that we should move there, 
which we did in June 1946 along with our one and a half year old son.

It was arranged that I would work with Ernest Wollan, who had been at the 
Laboratory since its formation during the war period and who had just 
assembled a rudimentary two-axis spectrometer for obtaining neutron 
diffraction patterns of crystals and materials. Wollan had shown me his first 
powder diffraction pattern on my earlier visit and I was delighted to be able 
to join him in exploring how neutron patterns could be used to supplement 
those obtained with x-rays or electrons. Our collaboration on common pro­ 
blems was to continue for nearly a decade until I left Oak Ridge in 1955 for 
academic life at Massachusetts Institute of Technology. I regret very much 
that Wollan's death in 1984 precluded his sharing in the Nobel honor that 
has been given to Brockhouse and me since his contributions were certainly 
deserving of recognition.

I was attracted to MIT by the prospects of teaching and of training gradu­ 
ate research students at the soon-to-be-completed MITR-I research reactor 
on campus. This reactor was among the early group of condensed volume 
reactors using isotopically enriched fuel which were being explored in that 
period. Together with occasional post-doctoral students and a regular flow of 
graduate thesis students, our group carried on investigations using neutron 
radiation from this reactor in many fields until my retirement from MIT in 
1986. These studies included: internal magnetization in crystals, develop­ 
ment of polarized beam technology, dynamical scattering in perfect crystals, 
interferometry, and fundamental properties of the neutron. The opportuni­ 
ty of being at MIT with its fine faculty and excellent students has certainly 
been most stimulating and satisfying.
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EARLY DEVELOPMENT OF NEUTRON 
SCATTERING

Nobel Lecture, December 8, 1994

by

CLIFFORD G. SHULL

Department of Physics, Massachusetts Institute of Technology, Cambridge, 
MA 02139, USA

Neutrons were discovered by Chadwick in 1932 when he observed a pene­ 
trating form of radiation emanating from beryllium metal when activated by 
alpha-particles from a radium source. Further study showed this to be neu­ 
tral particle radiation which could be degraded in kinetic energy to thermal 
energy upon successive inelastic scattering by light atoms in a medium. With 
this Fermi thermalization, it was realized that thermal neutrons, because of 
the wave-particle duality principle, should exhibit a wave character with 
DeBroglie wavelength comparable to the atom spacing in solids. Thus dif­ 
fraction effects should be expected in the scattering of neutrons by crystals, 
just as with x-radiation, and early experiments in 1936 showed in a crude way 
that this was true.

At this time, x-ray diffraction had been developed to become an important 
tool in establishing the structure and atomic interactions in materials and it 
seemed unlikely that neutron diffraction would develop as a useful tool 
because of very low source intensity. This limitation changed dramatically in 
the early war years of 1939 - 1943 with the discovery of nuclear fission by 
Hahn and Meitner and the subsequent demonstration by Fermi of a self-sus­ 
taining, neutron chain-reacting assembly. Following this Fermi demonstra­ 
tion, immediate design and construction of a full scale nuclear reactor, or 
"pile" as it was called then, was effected at Oak Ridge, Tennessee.

This reactor, then called the Clinton Pile, was meant to produce the first 
measurable quantities of plutonium and to serve as a pilot plant for the 
much larger production reactors which were being designed for construc­ 
tion in the state of Washington. The Clinton Pile was a graphite moderated, 
air-cooled assembly which operated at a power level of about 3.5 megawatts, 
thereby producing a slow neutron flux density of about 1012 neutrons/cm2 
sec. During this same period, another assembly was designed and construc­ 
ted at Chicago with the feature of heavy water moderation, the CP-3 assem­ 
bly. I show in Fig. (1) the start-up dates of these early and post-war reactors. 
Both the Clinton and the CP-3 pile assemblies operated through the war 
years producing man-made elements and isotopes and to a limited extent 
their neutron radiation was used to obtain some critically needed cross sec­ 
tion data.

Fig. (2) shows an early photograph of the loading face of the Clinton Pile
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with operators performing some function on a movable platform in front of 
the assembly. The pile is cubic in form with edge length about 7 m and con­ 
sists of a nestled collection of graphite "stringers", rectangular blocks of squ­ 
are cross sections about 10 cm on a side and length 150 cm. Pure uranium 
metal serves as the fissionable fuel for the assembly and is positioned in a lat­ 
tice-array of channels in the graphite extending from the loading face to the 
back, discharge face. The uranium metal is in the form of cylindrical rods, 
about 2 cm in diameter and 10 cm in length, and each is carefully sealed in 
an aluminum can.

Start-up Dates of Early "Piles"
1942 (Dec.)
1943 (Nov.)
1944
1947
1948
1950

Fermi Demonstration ( Chicago)
Clinton Pile, graphite, (3 MW)
Argonne CP-3, heavy water
NRX - Chalk River
BEPO - Harwell
LITR - Oak Ridge (enriched U)
BGRR - Brookhaven

Fig. I: Dates of Operation of Early Nuclear Reactors.

Fig. 2: Photograph of the Loading Face of the Clinton Pile.
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Cooling air is drawn through the channels to the back face by large suction 

fans and control of the nuclear reaction level is effected by the positioning 

of various neutron-absorbing control rods within the assembly. Surrounding 

the cubic graphite pile on all sides is a radiation protection shield of conc­ 

rete of thickness about 1.5 m. With foresight, the designers had arranged 

some channels through the concrete shield for access to the active volume of 

the assembly.

During the war period, a single-axis spectrometer had been used at one of 

these channels to supply monoenergetic neutrons for transmission cross sec­ 

tion measurements. At the end of the war Ernest Wollan decided to set up a 

two-axis spectrometer for full diffraction pattern study with the first axis pro­ 

viding a monochromatic beam, hopefully of enough intensity to permit 

second axis diffraction patterns to be studied. Wollan had arranged for deli­ 

very to Oak Ridge of a base spectrometer that he had used in his earlier the­ 

sis work on x-ray gas scattering under Arthur Compton at Chicago. This spec-

/% 3: Photographs of the First Double Axis Neutron Spectrometer Used to Take Powder Diffraction Patterns 

at the Clinton Pile.

trometer, with coaxial control of specimen and detector positions, had to be 

modified to support the larger loading of a neutron detector with its neces­ 

sary shielding, and this was done with support cables running to a swivel-bea­ 

ring in the ceiling directly above the spectrometer axis. Fig. (3) is a photo­ 

graph of this assembly taken during the first year of use but after some 

improvements in the shielding around the detector and the monochroma- 

ting crystal had been made.
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Operation of the spectrometer was entirely by hand and it was a time-consu­ 
ming chore for Wollan and his early colleague, R. B. Sawyer, to collect what 
were the first neutron diffraction patterns of polycrystalline NaCl and light 
and heavy water in the early months of 1946. I was shown these patterns on 
a visit that I made to Oak Ridge in the spring of that year prior to my relo­ 
cating there and joining Wollan in further work in June 1946.1 show in Fig. 
(4) a portion of the NaCl pattern and, although the background level is 
high, it is seen that the diffraction peaks can be measured and interpreted in 
a quantitative way. This was important because Wollan had hoped by using 
powder-diffraction patterns to avoid the uncertainties in single-crystal inten­ 
sities caused by extinction effects. The light and heavy water patterns were 
taken to see if there was any suggestion of hydrogen (deuterium) atom con­ 
tribution to the diffuse, liquid patterns as taken with neutrons. Some diffe­ 
rences in the coherent features of the two patterns were to be seen but no 
attempt to analyze this was made.

During the early period of study with this spectrometer the emphasis was 
centered on understanding the intensity that was being measured in the dif­ 
fraction pattern, both within the coherent diffraction peaks and in the dif­ 
fuse scattering. At that time, the only pertinent, quantitative information 
that was available were values of the total scattering and absorption cross sec­ 
tions as measured with thermal neutrons for many elements. Although these 
quantities might be expected to establish the total intensity in all of the dif­ 
fraction pattern, the existence of isotopes for some elements, the possible 
presence of different spin state scattering amplitudes for nuclei with spin, 
and the presumed thermal disorder or excitation scattering were all factors 
that had to be considered case by case. Progress in isolating and defining 
these various factors came very slowly because of the choresome mode of 
data collection on the instrument, which was entirely by hand operation.

Towards the end of the first year, we were joined by a young technician, 
Milton Marney, who assisted in the tedious data collection and by two volun­ 
teer physicist-scientists from the Oak Ridge Training School, William 
Davidson and George Morton. The Training School was organized in late 
1946 and was meant to bring a blue-ribbon group of established scientists 
from academia, industry and government to Oak Ridge for an extended 
period so as to attend lectures, collaborate with research groups and gene­ 
rally to learn the new technology and science that had been developed 
during the war period. Davidson and Morton took interest in our neutron 
scattering work and helped with the data collection: however, Morton, who 
was skilled in instrumentation, soon tired of this and decided to design an 
automatic control system that would permit step-scanning with intensity mea­ 
surement and its recording. This took the form of motor drives, cam wheels 
and microswitches, and most importantly a print-out recorder of the neutron 
counter measurement. These changes took several months to effect and, 
once operational, it permitted continuous, uninterrupted data collection 
and this represented a very important step in the progress of the program.
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Along with these improvements in the instrumentation, regular changes 
were being made in the shielding around the monochromating crystal and 
the movable detector on the outer spectrometer. Initially, the background 
intensity in the diffraction patterns was comparable to the peak intensity, as 
seen in Fig. (4), and about as much time was spent in measuring background 
as in studying the pattern itself. Regular background intensity measurements 
through insertion of a solenoid-activated cadmium filter into the incident 
beam were a part of the initial automatic program system.

fzoo)

230* 294*226*

Fig. 4: Portion of the First Powder Difraction of NaCl taken at the Clinton Pile.l

With this new system of data accumulation, we returned to our initial pro­ 
gram of classifying various elements according to their coherent scattering 
amplitudes and of exploring various novel cases where neutron diffraction 
might supply useful information beyond that obtained with x-ray scattering. 
In the special case of a monoisotopic element with zero nuclear spin (near­ 
ly satisfied in oxygen and carbon) , the coherent scattering amplitude, which 
defines the coherent peak intensity in the diffraction pattern, can be obtai­ 
ned from the total scattering cross section. This can then be used as an inter­ 
nal standard in quantifying the diffractive properties of other elements when 
combined with the standard element. This program of classification went on 
for several years continuing into the period when separated isotopes became 
available.

Rather early in the program, a puzzling feature of the intensity distribu­ 
tion was noted, namely that there was larger than expected diffuse scattering 
in the pattern. Careful intensity measurements on an absolute scale showed 
the diffuse intensity to be larger than that caused by thermal diffuse scatte­ 
ring or isotopic and nuclear spin incoherence. This was eventually identified
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as resulting from multiple scattering within the scattering samples, a novel 
effect characteristic of neutron scattering and never encountered in equiva­ 
lent x-ray scattering technology.

With these improvements in instrumentation and a better understanding 
of the components that were being seen in the patterns, attention was then 
turned to the important crystallographic case of hydrogen-containing crys­ 
tals. It was known at the time that the coherent scattering amplitude of 
hydrogen for neutrons must be small since that quantity could be derived 
from measurements of total scattering of neutrons by ortho- and parahydro- 
gen. However the precision of those measurements did not specify either its 
finiteness or its algebraic sign. There was also the additional suspicion that 
hydrogen atoms might display anomalously large thermal motion in crystals 
and that this would wipe out coherent scattering. This all became settled 
when powder patterns of NaH and NaD were obtained, with parts being 
shown in Fig. (5). Analysis of the intensities in these full patterns yielded the 
coherent scattering amplitudes for hydrogen and deuterium (they are of 
opposite sign) and showed the hydrogen centers to possess rather normal
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Fig. 5: Patterns for NaH an NaD Showing that Hydrogen Contributes Normally to the Pattern.
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thermal oscillation. The large diffuse scattering seen for NaH arises from 
anomalously large nuclear spin incoherent scattering from hydrogen 
centers.
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Fig. 6: Pattern Taken for a Sample of Powdered D2O Ice.

Another interesting hydrogen structure that attracted our attention was that 
of common ice. It was known from x-ray diffraction studies that the basic 
structure was formed by interlocking oxygen atom tetrahedra but the bond­ 
ing location of the hydrogen atoms was unknown and several models for this 
had been proposed. Fig. (6) shows a powder pattern that was taken with a 
deuterated sample of ice and the analysis of it shows clearly the validity of the

OXYGEN HYDROGEN

(A) BARNES (B) BERNAL - FOWLER

(C) HALF - HYDROGEN (D) HYDROGEN SHELL 

Fig. 7: Suggested Models for the Hydrogen Atom Distribution in Ice.

"half-hydrogen or Pauling" model of the structure as illustrated in Fig. (7) 
Preparing a powder sample of D20 ice presented new problems and a new 
specimen cryostat (with dry ice-acetone coolant) was built which some peo-
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pie called an "ice-ball machine". D20 vapor was frozen on the inside surface 
of a cylindrical specimen tube, followed by reaming and light packing of suc­ 
cessive layers without contamination from normal atmospheric moisture. 
Other hydrogen structures were studied in the next two years, mostly transi­ 
tion metal and heavy atom hydrides including the interesting, extreme case 
of uranium hydride.

In mid-1949 a second spectrometer was installed at a beam port adjoining 
the early one. This spectrometer, again a two-axis unit, was really the first 
prototype of present-day neutron spectrometers, having components that 
were built for specific neutron use rather than being improvised from x-ray 
scattering units. An elegant cylindrical shield (A) surrounded the 
monochromating crystal and this was supported on a large bearing which 
permitted easy change of beam exiting angle or beam wavelength. The 
specimen spectrometer (B) was supported from the monochromator shield 
and was now sturdy enough to support the counter arm without the use of 
support cables that characterized the earlier unit.

Fig. 8: Shows this spectrometer with Ernest Wollan (kneeling) and the author in an early photograph.

Along with the use of these spectrometers in which neutron-sensitive count­ 
ing tubes were used to detect diffraction intensity effects, we were interested 
in exploring photographic detection as used effectively in x-ray technology. 
It was realized that photographic film would be very insensitive to neutron 
radiation and that a converter screen placed next to the emulsion would be 
required. After some tests, it was found that an indium sheet would serve this
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purpose: indium has sizable absorption cross sections for thermal neutrons 

and emits beta-particles in its decay which will produce photographic action. 

This screen-film detector was used to record the first neutron Laue pattern, 

taken for a NaCl crystal with an exposure time of about 10 hours as shown 

in Fig. (9). A direct, full spectrum beam was taken from the reactor through 

a long shielding collimator and this passed on to the crystal with the film 

positioned about 10 cm behind the crystal. Among the features to be seen in 

this first pattern is the apparent double structure of the Laue spots. This 

puzzled us at first, until later investigation showed it to be an artifact caused 

by twinning in our first selected crystal. One can notice also in the back­ 
ground, a series of narrow band images running from top to bottom. This 

results from the presence of Scotch Tape ribbon holding adjacent strips of 

indium sheet together. So not only is this the first neutron Laue pattern but, 

as well, it is the first neutron radiograph!

Fig. 9: Neutron Laue Pattern Taken with NaCl Crystal.

My abbreviated description of the developments that occurred during the 

first few years of neutron scattering investigation at Oak Ridge has failed to 
mention that many other colleagues and collaborators beyond those specifi-
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cally mentioned were involved in the effort. My heartfelt appreciation is due 
them as well as to other members of the Physics Division and the Oak Ridge 
laboratory administration for unfailing support. But mostly I appreciate the 
association, collaboration and close friendship, extending for nearly a deca­ 
de, that I enjoyed with Ernest Wollan, who first guided me to the wonders of 
neutron scattering research. I regret that he did not live long enough to 
share in the honors that have come to me.
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