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On October 12, 1994, telephone communications from
Stockholm ensured that I would have the privilege of giving
a Nobel lecture, for which I must thank all those involved in
arranging for this great and surprising event of my life. But I
had to go back some 30 to 45 years, first in memory and then
in the entropy of my files and library. The lecture was given
on December 8, 1994~and subsequently on several occa-
sions!. This written version covers the same ground, though
sometimes in different order, with a little additional material
from my preparations, which time prevented including in the
spoken lecture.
In August 1950, when I joined the physics division of the

Chalk River Nuclear Laboratory, it was 18 years since the
identification of the neutron as being emitted in some radio-
active processes and 14 years since verification of the sup-
position that neutrons would exhibit wave-particle duality. A
considerable body of theory was available in the open
literature—which was still small enough so that one person
could have read all that was then available. There had been
significant measurements of total cross sections using neu-
tron beams produced by cyclotrons. Self-sustaining reactors
employing the neutron-induced fission of uranium had been
demonstrated, and full-scale models which emitted potent
beams of both fast and slow neutrons had been constructed.
Slow neutron beams from reactors were already in use at
several laboratories~including Chalk River! for studies of
crystals and other forms of matter. The works of E. O. Wol-
lan and C. G. Shull at the Oak Ridge National Laboratory
were particularly significant, because they included the first
studies of a number of phenomena and because they already
presented values of scattering power for neutrons of a sub-
stantial number of elements. This history is discussed in the
lecture of my senior colleague and co-winner of the 1994
Nobel prize in physics, Clifford Shull.
To 1951, some studies had been made of the elastic scat-

tering of monochromatic slow neutrons by specimens in the
form of powdered crystals~the neutron analog of Debye-
Scherrer patterns for x rays!, which led to improved crystal-
lographic understanding of the substances involved. And
there were a few studies of the angular distribution of slow
neutrons scattered by certain specimens in the liquid or gas-
eous form. Most importantly, magnetic scattering of neu-
trons, by crystalline substances which contained atoms with
magnetic moments, had been demonstrated and some simple
magnetic structures determined. But the thermal diffuse scat-
tering, expected from theory, had been studied only as the
total cross section for incident neutrons of long wavelength
~beyond the possibility of Bragg scattering!. No spectromet-
ric measurements had been made, though there existed rel-

evant theory, and the phenomenon of neutron slowing down
~moderation! gives assurance that energy changes on single
scattering must occur.
Figure 1 shows the main floor of the hall of Chalk River

with the NRX reactor~‘‘pile’’ !, a very powerful one for the
times. A variety of experiments were under way, mostly in
nuclear physics, but the double-axis powder diffractometer,
constructed by Dr. Donald Hurst and associates, is visible
near the centre of the photograph. The large size of the
equipment is enjoined by the necessity of shielding against
the fast neutrons which accompany the slow neutron
beams—one’s own beam and one’s neighbours’—for low ex-
perimental background as well as for biological protection.
It is necessary to remember that many things which a re-

searcher of the present would take for granted were then not
available—not available on the market or not available at all.
Counting electronics were still under development in-house;
recording apparatus was mostly analog and of limited avail-
ability as to kind. The first digital computer at Chalk River
was delivered in 1954 and occupied a large room with heat-
generating electronics~no siliconics!!. The single crystals
available were mostly of natural origin, though large ingots
of NaCl and other alkali halides were produced for use in
infrared spectrometry and were available commercially. But
opposed to all this sort of thing was the remarkable openness
of the possibilities available. If an experiment could be en-
visaged, it was likely new or at least repeating it would not
be merely trivial.

THE NEUTRON AND ITS APPLICATIONS

In 1982 a conference was held at Cambridge in honour of
the 50th anniversary of the discovery by James Chadwick of
the free neutron. The proceedings@A# deal with the numer-
ous consequences of this event and of their histories. Beyond
those military consequences so important in the media and
beyond the applications to the public energy supply~nuclear
energy!, to nuclear medicine, and to nuclear physics and
chemistry, there have come into existence a number of new
scientific fields.
These fields involve neutrons produced by nuclear reac-

tions ~as ‘‘fast’’ neutrons! with energies usually millions of
electron volts~MeV! and then allowed to ‘‘slow down’’ by
repeated collisions with atomic nuclei of small atomic
weight~‘‘moderation’’! to a near-equilibrium distribution at a
temperature a little above that of the moderator~often water
at a temperature somewhat above room temperature!. A
small tube through the reactor shielding admits a beam of the
fast, intermediate, an slow neutrons into the experimental
hall.
After dealing with the undesired fast neutrons, well-

defined beams of the ‘‘slow neutrons’’ are then employed in
a variety of ways to study the properties of material speci-

*This lecture was delivered 8 December 1994, on the occasion of
the presentation of the 1994 Nobel prize in physics.
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mens placed in the neutron beam~or in subsidiary neutron
beams derived from the first!. The fields of interest here are
known generically by the terms~slow! ‘‘neutron scattering’’
or ‘‘neutron diffraction.’’ The scattering may be elastic or
inelastic; in the latter case, the experiments may involve
measurements of the energy changes experienced by the neu-
trons when scattered by the specimen, in which case the term
~slow! ‘‘neutron spectrometry’’ is often used. When the inci-
dent neutrons have energies well below what they would
have if in equilibrium at room temperature~0.025 eV!, they
are often termed ‘‘cold neutrons.’’
Slow neutrons have energies from millivolts~MeV! to

tenths of an eV and, by the same token, have wavelengths
from 10 Å or more to tenths of an angstrom. This fact—that
neutrons have, simultaneously, energies of the order of the
characteristic quantum energies in condensed matter and
wavelengths of the same order as inter-atomic
dimensions—is of the first importance to the new subjects.
There are several other favourable circumstances: the veloc-
ity of the neutrons~hundreds of metres/sec! is suitable for
mechanical measurement. For many materials, neutrons pen-
etrate deeply before being captured or scattered; this allows
many things to be done which are not possible with other
radiations.
The Bibliography gives ample access to the various

branches of the subject: neutron optics, neutron diffraction,

and neutron spectrometry, all possibly involving nuclear/
magnetic scatterers. Reference@B#, Fifty Years of Neutron
Diffraction, has many articles from several points of view, by
35 authors~including Dr. Shull and myself!, as well as re-
prints of the 1936 papers of the very first workers in the field.
A much larger bibliography, compiled up to 1974 by Larose
and Vanderwal@Q# shows the remarkable growth in the num-
ber of publications in the subject per year, from the 50 or so
in the 1950s to about 800 by 1971 and no doubt many more
in recent years.
Thus the fields have grown to the extent that one person,

or even a committee, can no longer be fully consonant of
what has been done, of what is in the literature. For the larger
literature of science in general of physics in general, this is
true a fortiori; no one—no one at all—can be sure of the
nonexistence of some particular results, relevant to his
projects. In general this is insurmountable, but physics
moves step by step with technology into the future; it is the
availability or nonavailability of technologies in the open
market which defines the ‘‘present’’ or ‘‘state of the art’’ of
research. Neutron spectrometry could not flourish until large
neutron sources were for some reason available. The re-
searchers of Dr. Shull and his colleagues, like those of my-
self and mine, were by-products of programs set in motion
for other reasons.

FIG. 1. The main floor of the NRX reactor at the Chalk River Laboratory about 1950. The powder diffractometer constructed by Donald
Hurst and associates is visible near the centre of the photograph. Most of the other equipment is concerned with nuclear physics or with the
physics of the neutron itself. For reasons of space, each apparatus is located at the end of a long tube.~AECL photo.!
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THE GRAND ATLAS

This brings us to the Grand Atlas, viz., the scientistic lit-
erature of the state-of-the-art present. There can be histories
of the Grand Atlas, but only historical artifacts and theories
of history are contained within it. The Grand Atlas includes
the ‘‘petit atlas’’—earthly geography and geology in their
most reliable current scientistic guises—and the scientistic,
currently accepted ‘‘recipes’’ of physics and chemistry. Thus
the Grand Atlas comprises ‘‘maps’’ of the world we live in,
metaphorical maps which just might prove to be metaphysi-
cal, maps that link percepts~which can be thought of as
metaphorical geography! with other percepts, by means of
theory~which involves concepts and which can be thought of
as metaphorical geology!. The percepts are sense data: meter
readings, features in a photograph, and the like. The concepts
are names involved in the apposite theories. But it does not
do to forget that percepts are themselves theory based, that
beyond the photograph is the theory of photography—and of
the photographer.
The observations~like the theories! are made by reputed

scientists; the observers~like the theoreticians! have done
their work openly and reported it in ways that permit repeti-
tion. The maps of the Grand Atlas can be checked by other
scientists; they are scientistic—purportedly backed by men
who have a right to an opinion on the matter. Whether the
maps are to be called ‘‘scientific facts’’ is to be known only
after-the-fact,a posteriori, by users of the maps. Similarly,
whether a particular map is to be thought of as pertaining to
metaphysical reality~or even to actuality now! is a religious
and philosophical matter.
For strictly scientific or technological purposes, all this is

irrelevant. On a pragmatic view, as on a religious view,
theory and concepts are held in faith. On the pragmatic view,
the only thing that matters is that the theory is efficacious,
that it ‘‘works,’’ and that the necessary preliminaries and side
issues do not cost too much in time and effort. Beyond that,
theory and concepts go to constitute a language in which the
scientistic matters at issue can be formulated and discussed.
Of course, we would like much more than that. We would

like to know whether it is possible to say of ‘‘Alberta 100
million B.C.’’: ‘‘Here be dinosaurs’’ or, at least, ‘‘Here were
dinosaurs’’; to say of an aluminum crystal: ‘‘Here be Al at-
oms’’; to say of the theoretical nuclei of the conceptual Al
atoms: ‘‘Here be protons and neutrons’’; to say of the math-
ematical Al crystal lattice: ‘‘Here be phonons.’’ We would
like to be certain of what the Grand Atlas ultimately means.
And, of course, once obtained, we might not like that knowl-
edge at all. As it is, each of us takes his own scientismic view
of these matters, a more or less conscious aspect of his reli-
gious views on ‘‘the nature of things.’’
At a given epoch of the ‘‘state-of-the-art,’’ there are appli-

cations visible—technological or scientific applications—
and also, perhaps, moral implications which go to forbid or
enjoin them. And there can be metaphors visible, which
modelled upon, may ultimately find places as theory held in
faith, in the Grand Atlas. So that metaphors, too, are to be
watched for their moral implications; nuclear fission, nuclear
fusion are examples. Might it not be better that these notions
never have been thought?

Thus concepts which are not immediately testable by
experience—which are not themselves scientific—remain al-
ways questionable. At any given epoch physics are true by
definition; if not true now, the physics in question never were
true. The same is true generally of ‘‘the scientific.’’ In the
world to which the Grand Atlas applies, there is an enduring
tension: additional evidence increases the reasonableness of
accepting the concepts as actual entities or even as moral, not
merely mental, realities—but the burden of proof can always
be shifted to the opposite side. Observation or experimenta-
tion can suggest an addition or modification to a theory or
can support an existing implementation of the theory. Experi-
ment can refute or falsify such an implementation, but a new
implementation may be found which agrees sufficiently with
experiment to be acceptable. At a deep enough level in the
intellectual structure, a theory is very difficult to refute.

SLOW NEUTRON SPECTROMETRY

Theories of the physics of condensed matter involve the
most basic aspects of modern physics: the principles of con-
servation~energy, linear momentum, etc.!, the chemical ele-
ments in various ionic forms, electrons, neutrons, quantum
mechanics. Implementations for a particular substance in a
particular setting usually involve drastic approximations if
the required quantum statistical calculations are to be pos-
sible. Happily, because the nuclear and magnetic interactions
between the neutron and atom are~in some sense! weak, the
very good ‘‘first Born approximation’’ is applicable, and the
neutrons are effectively ‘‘decoupled’’ from the dynamics of
the scattering system which can be considered in isolation.
The neutron, in being scattered, ‘‘causes’’ transitions be-
tween the quantum states of the scattering system, but does
not change the states.
In general, the scattering system is modeled, with assis-

tance of experimental information about it. For example, the
chemical constitution would be taken as given. An aluminum
crystal would be taken to have the face-centered-cubic~fcc!
structure indicated from x-ray or neutron diffraction; theo-
retical calculation would be unlikely to produce thisab ini-
tio. The dynamics of the so-defined system could be studied
a priori by simple models, or could be studied using a phe-
nomenological theory with numerous parameters to be fitted.
The Born–von Ka´rmán theory @O# of crystal lattice vibra-
tions can host either approach, at least to some degree. From
the model, macroscopic properties~optical, thermodynamic,
and the like! can be calculated and compared with experi-
ment. Until the advent of neutron spectroscopy, only quali-
tative comparison was normally possible—the ‘‘distance’’
between the concepts at the atomic level and the percepts at
the macroscopic level was simply too great.
Normally neutron energies~with their associated mo-

menta! are inferred from their wavelengths as determined by
diffraction from a single crystal through the Bragg law, or
from their times of flight over a known distance. In each case
the energy is proportional to the inverse square of the mea-
sured quantity. Thus, at the theoretical level, spectrometers
based on the two methods have the same law of dispersion.
~Any measurement of the same spectrum by the two methods
is implicitly a test of quantum mechanics.! However, crystal
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spectrometers have additional dispersion from the Bragg
transformation from angle of reflection to wavelength. The
two methods are very different in their technical aspects and
the associated experimental problems.
The first method considered at Chalk River~in 1951!, and

~I think! elsewhere, was to employ time of flight to measure
both incoming and outgoing neutrons. The ‘‘double-
chopper’’ method was to employ electrically phased chop-
pers to select the energy of the incoming neutrons and the
time of flight from the second chopper to the detector to infer
the energy of the scattered neutrons.~Bernard Jacrot, at
Saclay, built and employed for a time@26# a double chopper
consisting of two large wheels on a rotating shaft.! It was
soon apparent that development of a competent double-
chopper instrument would be technologically demanding. So
at Chalk River attention shifted to the use of crystal diffrac-
tion for both energy measurements—the ‘‘triple-axis’’ neu-
tron crystal spectrometer, which will be discussed here later.
The double chopper later received extensive development
elsewhere, particularly at the hands of Peter Egelstaff at Har-
well. Mixed systems were also developed, of which the
‘‘rotating-crystal’’ spectrometer@43# is probably the best
known. This system employs a spinning crystal as initial
monochromator and measures the spectrum by time of flight.
There is also an historically important method—the

‘‘filter-chopper’’ or ‘‘cold neutron’’ method @29–32#. The
concept originated at Brookhaven, I think. A modified ver-
sion was developed at Chalk River, largely by my colleague
Alec T. Stewart. The method employs a polycrystalline filter
of certain materials~notably beryllium metal! with particu-
larly low neutron absorption and ‘‘parasitic’’ scattering, to
eliminate all slow neutrons except those of such long wave-
length ~so slow! that they cannot be Bragg scattered out of
the beam by the filter. The scattered neutrons are then ana-
lyzed by a chopper-based time-of-flight apparatus. In the
Chalk River version, two filters were employed~Be and Pb!,
in differential fashion.
An inverse of this method, the ‘‘filter-detector’’ or ‘‘beryl-

lium detector’’ method@43#, employs crystal diffraction for
the monochromator and detects just ‘‘cold’’ neutrons. It has
uses in studying those modes of motion in condensed matter
of particularly high energy.

Absorption methods

A number of elements exhibit large capture cross sections
for slow neutrons. Boron and lithium and others have capture
cross sections proportional to the wavelength; cadmium~and
some rare earths! have neutron resonances with cross sec-
tions steeply varying with energy. When such absorbers in-
tercept the neutrons scattered by a specimen, the measured
intensity of the scattered neutrons depends on the neutron
spectrum. In fact, the relative transmission of the scattered
neutrons, for a sequence of absorbers running the gamut
from very thin to very thick, is in essence related to the
spectrum by a Laplace transform. The first experiments in
neutron spectrometry, done in 1951—52 at A.E.R.E. Harwell
by P.A. Egelstaff@21# and R.D. Lowde@23# and at Chalk

River by Brockhouse and Hurst@22#, employed such meth-
ods, but in very different ways. Only the last noted will be
discussed here.
Over the range 0.2 eV to 0.5 eV the total cross section of

Cd drops from over 6000 barns to less than 150. For an
incident energy of 0.35 eV the transmission of Cd absorbers
is quite sensitive to the scattered-neutron spectrum. Figure 2
shows transmission curves of annular Cd absorbers, for neu-
trons of initial energy 0.35 eV, scattered through a mean
angle of 90°, into an annular detector, by satisfactorily
‘‘thin’’ scatterers of lead, aluminum, graphite, and diamond
powder. The expected results for elastically scattered neu-
trons~with corrections for geometric effects! are also shown.
~Some small corrections for multiple-event scattering were
also made.! As expected, the neutrons scatter from the mas-
sive Pb atoms with little change in mean energy. For the
lighter atoms Al and C, considerable energy transfer is indi-
cated.
The results were compared with a calculation, by Finkel-

stein @5#, of neutron scattering by a polycrystal, using the
Einstein model for the atomic motions. In the Einstein model
the atoms are considered to vibrate independently at a deter-
mined frequency and thus to be oscillators whose energies
are integer multiples of an Einstein quantum energy (Eq),
which can be estimated from data on the specific heat. In
scattering, the neutron can create or annihilate one or more
quanta with consequent change in its energy. For Pb and Al,
multiple-quanta transitions predominate; for the two carbon
specimens, the scattering is mostly zero quantum~elastic!
with about 20% single quantum. The scattered spectra so
calculated can be used to generate Cd transmission curves.
For Pb the effects are small; the agreement is satisfactory

but not very significant. For aluminum and the two forms of
carbon, agreement was obtained with values ofEq which
were compatible with specific-heat data. At room tempera-
ture, aluminum is in a ‘‘classical’’ regime (Eq;kT), and

FIG. 2. The relative transmission of neutrons scattered into an an-
nular detector by thin specimens of four materials, for annular Cd
absorbers of various thicknesses, as well as the estimated transmis-
sion of elastically scattered neutrons. Each point is the result of
measurement with a different thickness of absorber@22#. Scattering
by the heavy element Pb shows little effect—as expected.
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graphite and diamond are in a quantum regime (Eq@kT); so
the results here are very satisfactory.
Further calculations were made for the very unrealistic

model in which the specimens were considered as ideal gases
at room temperature, with atomic masses 12 for C, 27 for Al,
and 207 for Pb. The continuous spectra obtained for Pb and
Al were very like the histogram spectra for the Einstein case,
but the spectrum for the forms of carbon were markedly
different. Thus the results suggested that details of the dy-
namical behaviour were not likely to be visible except where
single-quantum scattering dominated.
Had available neutron fluxes been smaller, there might

well have developed a small field of absorption neutron spec-
troscopy, though it is unlikely that I would then have had the
opportunity to give this lecture and to write this report. But
events soon overtook the development, as will now be dis-
cussed.

Triple-axis spectrometer

As recounted earlier, the decision was made in 1951 to
develop a neutron spectrometer which employed Bragg re-
flection by two single crystals as the monochromating units.
The beams were to be 2 in. square, larger than with existing
instruments. Where distances were short, the angular resolu-
tion was to be defined by Soller slits. The concept required
low backgrounds and thus heavier shielding than was then
employed. Monochromators would clearly have to be more
efficient than the existing NaCl ones; so a program for grow-
ing large metal crystals was instituted, which focused for the
moment on lead and aluminum. Hurst was embarking on a
low-temperature program, which looked forward to studies
of the rare-gas liquids, especially liquid helium. Chalk River
was already well supplied with liquid nitrogen; after some
abortive attempts, a ‘‘Collins’’ helium liquefier was eventu-
ally installed. In 1952 an experienced low temperature physi-
cist, David G. Henshaw, arrived and took over major respon-
sibilities for the crystal-growing and liquefier programs.
A primitive triple-axis spectrometer was set up at NRX in

1952. The intensities were too low for practical work, though
the elastic peak from paraffin wax was seen and probably
also that from vanadium. But in the late autumn of 1952 the
reactor suffered an accident, and experimental work termi-
nated until the summer of 1954. Meanwhile Henshaw and

Jack Freeborn had been successful in growing large single-
crystal ingots of aluminum and lead. So that when work
resumed at NRX, both the powder diffractometer and the
triple-axis instruments were empowered by much superior
monochromators. Hurst and Henshaw embarked on studies
of the rare-gas liquids, instituting an ongoing program
which, in successive forms and hands, continued for over 40
years.
The initial form taken by the spectrometer is shown in Fig.

3. The specimen is mounted on an indexed table which trans-
lates along the direction of the ‘‘monochromatic’’ neutron
beam from the initial monochromator. Another single-axis
spectrometer@7#, which views the specimen through Soller
slits, translates along the rails parallel to the reactor face. The
angle of scattering is calculated by triangulation and hence is
changed only on occasion.
The triple-axis program met with almost immediate suc-

cess. Somead hocadditions to shielding were added, but
otherwise the apparatus performed as expected~see Fig. 3!.
A variety of experiments were performed, some guided by
existing theory and some not. A contributed paper, which
turned into an invited paper@24#, was given at the annual
meeting of the American Physical Society in New York City
in January 1955. Preliminary results were presented for scat-
tering from liquid and solid Pb, water, heavy water, vana-
dium, and from certain paramagnetic materials with differing
characteristics, including MnSO4, Mn2O3, and MnO.
Several of these projects were continued and eventually

reached publication, the first being the results for the two
paramagnetics MnSO4 and Mn2O3 @25#. MnSO4 has a sus-
ceptibility fairly obedient to the Curie law and hence it is
expected that the interactions between the Mn11 ions are
small; for the same reasons, it was expected that the diffuse
magnetic scattering should be almost elastic. In fact, the scat-
tering at angles smaller than the Debye-Scherrer lines had
virtually the same energy width as the incoherent elastic
scattering from vanadium. For Mn2O3, on the other hand,
there was substantial inelastic scattering with energy width
consistent with a calculation of Van Vleck@15#. Similar re-
sults were obtained for MnO, in which the energy widths
correlated with the short-range-order indications in the dif-
fraction pattern. These latter results, continued successively
with P.K. Iyengar and R.S. Weaver, did not get properly pub-
lished, but were reported in review papers.

FIG. 3. The first crude version of the triple-axis
crystal spectrometer@24–26#. Monoenergetic
neutrons are selected by the large single-crystal
monochromator (X1) and impinge on the speci-
men (S), which is located on a table whose ori-
entation (c) in the horizontal plane can be se-
lected. This table can be moved along the
direction of the incident beam as desired. The
analyzing spectrometer, which employs crystal
X2, is a diffractometer~of especially large aper-
ture! which can be translated as a unit; the angle
(f) through which the examined neutrons are
scattered is determined by triangulation.
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From the beginning our program had been directed to-
wards study of the frequency/wave-number~energy/
momentum! dispersion relation of the normal modes~lattice
vibrations! in crystals, by means of study of the one-phonon
scattering.~By analogy, it was assumed that spin waves in
magnetic crystals could also be studied, as turned out to be
the case.! In 1954 a theoretical paper by Placzek and Van
Hove @9# discussed the phonon experiment in detail. More
importantly, for us, they proposed a different kind of
experiment—to determine the frequency distribution of the
normal modes from the incoherent one-phonon scattering by
a cubic crystal with one atom per unit cell. From a practical
point of view, vanadium is the only natural element which is
a candidate for this experiment, which was added immedi-
ately to our program.
Such an experiment was carried out@27# on the primitive

triple-axis installation of Fig. 3, with the results shown in
Fig. 4~a!. A strong elastic peak, whose intensity decreases
with increasing temperature, is visible—as expected from a
Debye-Waller thermal cloud of increasing size. A weak in-
elastic component, whose intensity increases with increasing
temperature, is also visible; it is this in which we are mainly
interested. When this component is transformed from the dis-
tribution in ~analyzer! angle to a distribution in energy, the

curves of Fig. 4~b! are obtained. An Einstein model can be
ruled out by inspection. One-phonon distributions calculated
on a Debye model, with Debye temperature consistent with
the Debye-Waller behaviour of the elastic peak, are also
shown. ~The additional scattering can reasonably be attrib-
uted to multiphonon processes.! Thus the experiments sup-
ported the structure of the theory, but the resolution did not
permit improving upon the Debye model for the frequency
distribution of the normal modes. Later experiments, using
the filter-chopper method, by Stewartet al. @32# at Chalk
River and by Eisenhaueret al. @31# at Brookhaven, showed
plainly structure in the frequency distribution, indicating@see
M–O# realistic structure for the lattice vibrations beyond the
capabilities of a Debye model.
Least guided by theory and arguably the most important,

were the experiments on liquids, particularly those on light
and heavy water@33#. Here quasielastic scattering was found,
whose energy widths could be qualitatively related to the
manner in which diffusion went on in the liquid. Analogs to
the Debye-Waller factor for the quasielastic component and
the energy widths of the inelastic components in the scatter-
ing could be related to more general aspects of the thermal
motions of the molecules. In the later work, by the author
and by Sakamotoet al. @33#, a high-resolution rotating-

FIG. 4. ~a! Measured energy distributions of neutrons scattered by vanadium as functions of the angular settings of the analyzing spectrom-
eter, for three temperatures, with backgrounds subtracted and intensities normalized@27#. The intensity of the elastic peak decreases with
temperature in about the manner expected from Debye-Waller theory. The inelastic component is affected by the extreme dispersion of
neutron spectrometers and requires transformation to a true energy distribution.~b! The transformed energy distributions~points! of the
inelastic component in vanadium@Fig. 4~a!#. The curves are calculated~one-phonon! cross sections for a Debye frequency distribution for
the lattice vibrations. The elastic component provides a measure of the resolution function at the incident energy.
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crystal spectrometer was employed, as well as the triple-axis
instrument. The developments by Van Hove@13#, of gener-
alized ~space-time vs momentum-energy! correlation func-
tions, contributed to thinking about this notoriously difficult
area, the physics of liquids.
The phonon experiment envisaged from the beginning—

almost theraison d’etreof the program—was carried out on
a large single crystal of aluminum, by Brockhouse and Stew-
art @28#. This material was selected for technical reasons: Al
has little neutron capture and incoherent scattering, and the
coherent scattering cross section is small; so the physical size

can be large without leading to large multiple-scattering ef-
fects. And we had the crystal! The first results were obtained
on the early crystal spectrometer with its fixed angle of scat-
tering. The crystal was oriented with its~11̄0! plane in the
plane of the spectrometer and was turned a few degrees
about an axis normal to that plane, to carry out successive
experiments in successive orientations, as shown in Fig. 5.
Neutron groups, with the expected properties of one-phonon
groups, are observed in the different experiments, at different
settings of the analyzing spectrometer and with different in-
tensities.~Multiphonon scattering would show a continuum.!

FIG. 5. Phonons in aluminum at
room temperature@26#. ~a! Some
measured distributions in the
~1,1̄,0! plane of a single crystal
at a fixed angle of scattering of
95.1°. ~b! The reciprocal lattice
for the~11̄0! plane with the crystal
momenta plotted for the experi-
ments in~a!. One typical case is
shown in detail as well as a crude
depiction of the resolution in mo-
mentum.

FIG. 6. Dispersion curves for aluminum at room temperature, for two symmetry directions in the crystal~collected results@28–30#!. The
neutron measurements from three laboratories are consistent with each other within the errors and are almost so with those inferred@18# from
intensities of scattered x rays. Nevertheless, the discrepancies would be very important in attempts to extract interatomic forces from the
data.
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From the momentum diagram, the wave vectors~q! of a
phonon can be deduced; and from energy conservation, its
frequency (n). From a number of phonons withq in the
same direction, it can be made plausible~not shown! that the
phonons obey a frequency/wave-vector dispersion relation.
The experiments were continued on the differential filter-

chopper as well as on the triple-axis apparatus, some 210
phonons distributed over two symmetry planes of the crys-
tal’s momentum space~reciprocal lattice!. The results per-
mitted refutation of the simple models for the interatomic
forces then extant. The Born–von Ka´rmán theory itself can
be taken to be phenomenological with innumerable possibili-
ties for parameters, and thus hardly to be capable of refuta-
tion. If taken literally, as involving forces between ions in the
crystal, then already these early results show surprisingly
long-range behaviour for the interatomic force system. In the
work, intensities were used to assign polarization to phonons
in symmetry directions. Henceforth measurements were
made in symmetry directions as far as possible, in order to
reduce the difficulties of analysis.
Dispersion curves for the phonons in two symmetry direc-

tions of single crystalline aluminum are shown in Fig. 6, as
determined in the above experiments and by Carter, Pa-
levsky, and Hughes at Brookhaven@29# and by Larsson,
Dahlborg, and Holmryd at Stockholm@30#, both groups us-
ing the beryllium filter-chopper method. The various experi-

ments agree within their still substantial uncertainties. Dis-
persion curves deduced by Walker@18# from his x-ray
intensity measurements are also in substantial, though not
complete, agreement. Because the frequencies from neutron
experiments are deduced directly from the conservation
rules, while those from x rays require difficult calibrations
and corrections, the neutron frequencies are believed to be
the more reliable in principle.
Experiments were carried out to study spin waves~‘‘mag-

nons’’! in single-crystal magnetite~Fe3O4). This cubic fer-
rite ~‘‘lodestone’’! was selected because large single crystals
of natural origin were available. It was expected that a more
or less isotropic, quadratic dispersion curve would be found
at small wave vectors, close to positions in reciprocal space
where strong Bragg scattering occurred. This was indeed
found @39# to be the case. In a later experiment@39#, it was
verified that the neutron groups concerned showed the
change of intensity expected when a suitable magnetic field
was applied, and thus that the quanta concerned were indeed
magnons and not phonons.
Early results for liquid lead were not easily analyzable.

Because of the large mass of the Pb atom, the energy trans-
fers are small. The narrow inelastic component would not be
separable from a quasielastic component, if the latter existed,
because of the instrumental energy resolution. So the early
results were never published, though they were presented at

FIG. 7. Histograms@43# of energy-analyzed distributions of neutrons scattered by liquid lead at a series of scattering angles@34#. The
scattering angles are roughly related to the momentum transferQ; the abscissa angles, to the energy transfer. Appropriate measured
backgrounds are also given. The resolution function measured with a vanadium scatterer is shown at the upper left.
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conferences. But with much improved facilities available,
new measurements~Fig. 7! with Noel K. Pope@34# were
analyzed using the Van Hove@13# transformations to give
directly the self- and pair-correlation functions of the atoms
in liquid lead ~Fig. 8!. The temporal development of these
functions, from the defined origin att50 to the vanishing of
correlation some 10 picoseconds later, provides a sort of sta-
tistical ‘‘movie’’ of the atomic motions in the liquid.
In a wide-ranging memoir such as this, it would not be

right to omit mention of the work@35–38# on liquid helium,
even though I had little part in it. From early on, Henshaw
and Hurst had looked forward to including study of the in-
elastic scattering of neutrons by liquid He as part of their
program on the rare-gas liquids. But the experiment looked
formidable, as to both execution and analysis of results. This
appraisal changed abruptly with the publication of a theoreti-
cal paper by Cohen and Feynman@35#, who predicted a
‘‘line’’ spectrum instead of the continuous spectrum of un-
known behavior which had been assumed. Preparatory work
was immediately started. Palevsky, Otnes, and Larsson@36#,

at Stockholm, found the predicted line~‘‘roton’’ ! spectrum,
using the beryllium-chopper method. This was followed
closely by work by Yarnellet al. @37# and by Henshaw@38#,
improving and extending the Stockholm results. At Chalk
River, work has continued on various aspects of liquid-
helium physics almost to this day.

Developments in apparatus and methods

In 1956 the instrument had been completed by construc-
tion ~by the Engineering Design Branch at Chalk River! of a
proper analyzing spectrometer which was set upon the arm
of the original @7# single-axis instrument, whose ‘‘half-
angling’’ table now carried the specimen. With this new
triple-axis instrument, all variables were motor-driven except
the initial monochromator on the first~fixed! axis. Thus the
initial energy was changeable only by changing the mono-
chromator. When the spectrometer was moved to the NRU
reactor in 1959, the first axis was also engineered~by W.
McAlpin! so that the initial energy (E0) was also control-
lable within an experiment. Figure 9 shows the spectrometer
in place at hole C5 of the NRU reactor. Figure 10 shows a
schematic diagram of the arrangement. It might be noted that
the relative arrangement of the incident and outgoing beams
has importance because of correlations which affect the reso-
lution in momentum space.
In all the work the intensity of the incoming neutron beam

is monitored by means of a ‘‘thin’’ neutron detector of
known efficiency. In the experiments so far discussed, it was
the analyzing spectrometer which was changed and, conse-
quently, the outgoing energy (E8) which was varied. Correc-
tions to the intensities for the efficiency of the analyzer had
to be made. For a crystal spectrometer, these are not readily
calculable; so suitable auxiliary measurements were often re-
quired. If the analyzer is kept fixed, its efficiency does not
enter the problem unless absolute partial differential cross
sections are desired. So from 1959 on, distributions were
often measured at constant outgoing energy.
It had been recognized in crystallography that wave-vector

~momentum! transfers, not the angles of scattering and crys-
tal orientation, were the ‘‘natural variables.’’ This had shown
up also in our original consideration, in 1950–51, of the
theoretical analysis by Weinstock@19# and others, of the
scattering by phonons in crystals. Over the years it came to
seem obvious that the neutron, in scattering, conserved en-
ergy and momentum with the specimen scatterer—the trans-
ferred momentum (Q) might be carried by the specimen as a
whole or by entities within it or by a combination of the two.
The specimen being so large, the energy transferred
(v5E02E8) is inevitably carried by the quasiparticle enti-
ties within it. When no such entities are involved, the scat-
tering is ‘‘elastic.’’ So, in thinking about an experiment, one
can start with energy-momentum (v,Q) conservation, not
have to reach it at the end of a calculation. This point of view
was reenforced by the evocative Van Hove transformations.
The intensities are then governed by a generalized structure
factor analogous to the structure factors of neutron and x-ray
crystallography. Of course, as for quasielastic scattering,
some care must be used, in such a semiclassical approach,
that the necessary internal entities are considered.

FIG. 8. Van Hove transformations of the data@34#. The distribution
for time t50 is essentially the familiar pair distribution of x-ray
scattering experiments. The peak (d function! at the origin gradu-
ally diffuses outwards with elapsed timet, as do the first and sub-
sequent neighbor peaks, in a sort of moving picture of what goes on
in the liquid.
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This was the era of the early development of digital com-
puters. Chalk River obtained such a facility about 1954; pro-
grams written in a predecessor ofFORTRAN could be run on
the Datatron to print out ‘‘hard copy’’ results of a sequence
of calculations. The calculations could provide a sequence of
angular increments of the variables of a triple-axis spectrom-
eter: the angles of the analyzer and the initial monochro-
mator, the angle of scattering, and the angular setting of the
specimen in the plane of the spectrometer. Figure 10 shows
the schematic diagram.
In operation, one variable would be held constant; one

variable moved linearly in constant increments. The other
two variables would move nonlinearly in the increments pro-
vided by the computer. Initially these were set by means of

52 rotary switches, which can be seen in the upper centre of
Fig. 9. Thus an experiment~‘‘scan’’ ! could involve up to 26
points. A stepping switch would accept the two instructions
in sequence and match them with the number of microswitch
closings by the angular variables concerned. The overall an-
gular traverse was set by the number of increments traversed
by the angular variable using fixed increments. This system,
largely designed by E. A. Glaser, was brought into operation
in 1959. A bit later a system designed by W. D. Howell,
which employed punch tape put out by the computer to
transport the data to the spectrometer, was in turn installed.
Figure 10 shows the initial arrangement for a scan in which
the analyzer setting would be changed linearly and the angu-
lar variables set to give the desired momentum transfer. A
second setting is indicated for a second point on the scan.
And so on.
The method can be thought of in optical analog. There is

an incoming beam of ‘‘green’’ neutrons and the analyzer
goes through a ‘‘rainbow’’ sequence, the angular variables
meanwhile being changed sequentially to keep the momen-
tum transferQ constant. Alternatively, the analyzer is set to
detect ‘‘green’’ neutrons, and the incident neutrons go
through the ‘‘rainbow’’ sequence. In the simple theory the
results are equivalent, but technical matters may favor one
over the other.
The variables, momentum transferQ and energy transfer

v, are often given in units of Planck’s constant\ and are
then referred to as, respectively, wave vector and~angular!
frequency. The~cyclic! frequencyn is then equal tov/2p.
Subject to some geometrical limitations, an experiment

could in principle be carried out over any track inQ-v
space. But the most useful has been the ‘‘constant-Q’’ or
constant momentum transfer method.~The method of con-
stant energy transfer has also been used, especially for steep
dispersion curves.! The major advantage of these methods
@43# is, of course, that the experimenter can get the data
wanted for the analysis proposed, rather than having the ex-
periment turn up what might be a great deal of unwanted

FIG. 9. Photograph~1959! of the original triple-
axis spectrometer at the NRU reactor at Chalk
River. The bank of 52 rotary switches, preset to
go through an energy scan of up to 26 points, can
be seen in the upper centre. One of the three vari-
ables involved would traverse linearly through
the domain of settings desired, while the other
two advance nonlinearly according to the settings
of the appropriate switches.~AECL photo.!

FIG. 10. Schematic drawing of a triple-axis spectrometer together
with the momentum space diagram OPQ in the same coordinate
system. The second diagram OP2Q indicates a second point on a
‘‘constant-Q’’ curve at fixed incoming energy@43#. The massive
shielding required, particularly around the monochromator, is not
shown.
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data. Of course, also, there is a downside to this—something
unexpected might be missed. Good practice thus involves
giving in any report the value of the fixed variable, usually
the incident or outgoing energy, even though it does not ap-
pear explicitly in the analysis.~It may affect contaminant
scattering.! There is another important virtue of the constant-
Q method: for important technical reasons, the accuracy is
greater and the intensities are more easily interpretable than
with ordinary neutron spectrometry.~These facts are con-
nected with the occurrence of the Waller-Froman Jacobian
@17# in the theory.!
With the advent of the constant-Q ability and the consid-

erable improvements brought about by the move to the new
NRU reactor, experiments with much improved resolution
and precision were possible. Technical advances were now
concerned with making more precise certain ‘‘rules of
thumb’’ regarding selection of points in momentum space for
optimum resolution, discrimination between different sym-
metry types of neutron groups, and so on. Of course, as new
components became available, such as3He proportional
counters and better monochromators, these were eagerly
adopted.
Using the new methods and the improved facilities at

NRU, Watanabe and Brockhouse@40# were able to extend
considerably the earlier work@39# on the spin waves in mag-
netite ~see Fig. 11!. The complete ‘‘acoustic’’ dispersion
curve was obtained as well as part of an ‘‘optical’’ branch
near the zone centre, both in qualitative agreement with theo-
retical expectations@4,40#.
At the time it was still an open question whether spin

waves existed in metals. Sinclair and Brockhouse@41# stud-
ied the neutron scattering in a fcc cobalt-iron alloy~8% Fe!.
~This crystal was available for use as a neutron polarizer. The
magnetic and nuclear scattering are comparable, and this fact
overrode the considerable objection that Co has a large cap-

ture cross section for neutrons.! The rather steep spin-wave
dispersion curve could be measured only at small wave vec-
tors ~to about 20% of the zone centre! ~see Fig. 12!. It was
established from the ‘‘signature’’ under an applied magnetic
field that the neutron groups indeed represented spin-wave
quanta~magnons!.
Experiments of other types were carried out. The crystal-

field spectra of a number of rare-earth oxides were studied
@42#; but analysis proved intractable, and these will not be
discussed here. Watanabe and Brockhouse@40# studied the
exchange field splitting in ytterbium iron garnet. And a vis-
iting colleague, L. N. Becka, studied rotational modes in a

FIG. 13. Dispersion curves for germanium at room temperature,
showing optical and acoustic branches in two symmetry directions
@45#.

FIG. 11. Dispersion curves for spin waves in a magnetite~Fe304!
crystal @40#, showing the expected initial quadratic behaviour and
the initial part of an optical mode.

FIG. 12. Momentum diagram~a! and neutron groups~b! for a crys-
tal of ~fcc! Co ~8% Fe!. The magnetic signatures on the intensities
indicate thatM1 andM2 are groups for spin wave quanta~mag-
nons! and thatP1 is a phonon group@41#.
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number of organic compounds. But the major target of my
program from here on was phonon physics.

Phonons, dispersion curves, and interatomic forces

Already, before the major acquisitions of 1959, there had
been phonon studies which, though desirous of improvement

in resolution and precision, were fully competent to provide
important instruction on the physics of the specimens con-
cerned. The first of these was a study of the lattice vibrations
in two symmetry directions of germanium, by Brockhouse
and Iyengar@45# ~see Fig. 13!. The dispersion curves for the
acoustic and optical branches were well delineated and were
analyzed in terms of simple interatomic force-constant mod-
els from the literature, but without complete success, indicat-
ing some missing factors in the models. Some elegant con-
nections with far-infrared spectra were brought out, and the
accepted placements of the maximum of the valence band
and the minimum in the conduction band were supported.
Further experiments were concerned with the phonons in
silicon @46#, and the homology found to exist with those in
germanium, and with the temperature dependence in the
phonons in germanium@47#. It should be noted that some
results from Brookhaven~using the filter-chopper method!
are noted in@45#.
An extensive program was undertaken on alkali halide

crystals. In selecting which of these to study, attention was
paid to the neutron properties and to the mass ratio between
the two component atoms. Two crystals were studied exten-
sively, sodium iodide~NaI!, initially @49#, and then potas-
sium bromide~KBr! @50#. In the course of this work our
visiting colleague, William Cochran, invented his famous
and useful ‘‘shell model’’ for polarizable ions in crystals.
One of the results of these studies was the verification of the
well-known Lyddane-Sachs-Teller formula@O# for the zone-
centre optical phonons in terms of the dielectric constants
~see Fig. 14!.

FIG. 14. The zone-centre phonons in a crystal of KBr@50#. The
transverse optical mode is active in infrared spectroscopy, but the
longitudinal optical mode is not. Both are visible in this neutron
pattern, and the ratio of their two frequencies is about as predicted
from theory@O#.

FIG. 15. Neutron groups for a symmetry phonon
in a crystal of Pb at four temperatures showing
linewidths increasing with temperature@60#. This
received a natural interpretation as a reduction
with temperature of the lifetime and coherence
length of the phonon involved, because of inter-
action with other phonons.
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An extensive program on metals was carried out, with
special emphasis on the metal~sodium! then considered to be
the ‘‘simplest’’ and on a metal~lead! in which the phonon-
electron interaction was known to be appreciable~from the
fact that it is a superconductor with high transition tempera-
ture!. And, as always, an important consideration was the
availability of suitable single-crystal specimens. We had lead
crystals from Henshaw’s work on monochromators, and
Raymond Bowers of Cornell University was able to grow the
large crystals of sodium required.
Measurements were made on Pb@51# and Na@54# at a low

~liquid-nitrogen-cooled! temperature for all the symmetry di-
rections available, including some on the surface of the Bril-
louin zone. In both cases measurements were made also at
higher temperatures, to study thermal broadening and shifts
in the phonons~see Fig. 15!. Substantial effects were ob-
served, which proved difficult to interpret quantitatively in
terms of atomic forces. For both metals at high temperatures,
the phonon lifetimes and mean free paths became remark-
ably short at wave vectors far from the zone centre. Similar
results for Al were obtained independently by Larssonet al.
@30#, using the filter-chopper method. Our high-temperature
results received only incomplete or late publication.
Analysis of the results for Pb@51# displayed an inter-

atomic force system of long range and great complexity. Cal-
culations for alkali metals by Walter Kohn@52# suggested
that anomalies in the phonon-dispersion curves, arising from
electron-phonon interaction, might be found at wave vectors
related to the Fermi surface of the metal. A series of mea-
surements were made to search for such anomalies in the
dispersion curves of Pb. The Kohn anomalies were indeed

found @53# in repeated experiments at more or less the ex-
pected phonon wave vectors~see Fig. 16!. A search was
made@54# also in Na~for which the electron phonon is be-
lieved small! without positive result, supporting to some de-
gree the assignment for Pb.
The results of Woodset al. @54# for sodium could be ana-

lyzed in terms of a Born–von Ka´rmán model of much
shorter range than for lead. Dixonet al. @55# used the model

FIG. 17. The frequency distributiong(y) for Na at 90 K @55#,
calculated from a force-constant model fitting the dispersion curves
y (q) also shown@54#. The relation between the frequencies at
symmetry points and the Van Hove@14# singularities ing(y) are
exhibited.

FIG. 16. Kohn effect in dispersion curves of Pb@53#. ~a! A series of closely spaced phonons show anomalous variation.~b! In the
corresponding dispersion relationy (q), in this case at a caliper dimension of the Fermi surface in the@z, z, z# direction.
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to calculate the frequency distribution of the normal modes,
which gave excellent agreement with specific-heat results
from the literature~see Fig. 17!. The computer calculation
had a resolution capable of showing the topologically signifi-
cant Van Hove critical points@14# with precision.
Finally, Fig. 18 shows a comparison of the complete re-

sults for~body-centered-cubic! Na and those obtained, on the
same apparatus by Gilat and Dolling@56#, for b-brass
~CnZn! ordered with copper mainly on the cube corners and
zinc on the body centres. It will be seen how much of the
general appearance comes about from symmetry; the effects
of what must be considerably different interatomic force sys-
tems are for the most part hidden in the fine details.@This is
not always the case—Na and CuZn are both~probably!
nearly-free-electron metals. Drastically different binding
schemes can produce much greater effects.# The curves of
Fig. 18 point up the effects of the symmetry breaking by the
difference introduced by the ordering of the Cu and Zn atoms
on the crystographically equivalent cube corners and body
centres.
The results of Figs. 13–18 illustrate a basic fact about

neutron spectroscopy of crystals. Despite the considerable
amount of data shown, it should be realized that vastly more
is potentially available in the off-symmetry frequencies and
in the intensities of the neutron groups. But presentation and
analysis are alike difficult: Presentation, because our intu-
ition and visualization processes are limited to essentially
three spatial dimensions and counted time; the data for crys-
tals with one atom per cell require five-dimensional presen-
tation and, for more complicated crystals, still more. Analy-
sis, because it is not possible generally to assign a particular
frequency or intensity to a particular formula—there is sort-

ing out to be done first. Several of the works cited go into
this in a small way, via calculations and experimental deter-
minations of dynamic structure factors.
These works and others done over the next few years were

extensively reported in review articles@60–63#. In these
years, also, comparable results began to appear@48,57# from
other laboratories. The field was now a field in being and not
merely in development. My own program, now centered at
McMaster University, continued to focus on phonon physics
with emphasis on metals and alloys. Reference is made to
work @44# by two of my first students there, Eric Svensson
and Michael Rowe, on phonons in crystals with point mass
defects. The initial experiments were on single crystals of an
alloy of copper with 9.3 at. % of gold. The fraction of defects
was larger than might be wished, but interesting results were
obtained, which Svensson and Rowe subsequently improved
upon.

Nature, neutron spectroscopy, and the grand atlas

The result of human action is the reward for that action. In
physics experimentation we are guided in our choice of ac-
tion by the existing theory and by calculations based upon
that theory. If things turn out as expected, the reward is ad-
ditional confidence in that theory. If the result is not as ex-
pected, then new possibilities for experimentation and theory
construction are opened up. The early work on neutron phys-
ics resulted in little to challenge the basic theories of physics
~quantum mechanics, in particular!, but did, I think, add
somewhat to the confidence with which that theory was held.
With the models to be found in the literature of the time, the

FIG. 18. Complete dispersion
curves for the symmetry directions
in Na @54# and in ordered CuZn
@56#. The group-theoretical nota-
tion for the various branches are
given as letters. Dashed lines with-
out points represent measurements
in symmetry-related directions of
the zone.
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situation was different. I cannot recall a single instance in
which experimental results were in quantitative agreement
with a preexisting model calculation. Indeed, the results were
usually qualitatively different, but in a manner in which the
differences could indicate the ways in which the model
needed modification if it were to describe the experimental
results. The existing theory normally functioned well as a
language in which to discuss the experiments, but had to be
extended if it were to describe the results satisfactorily. And
only for the phenomenological theory, with the possibility of
numerous fittable parameters~as the Born–von Ka´rmán
theory!, would the extension be ‘‘trivial.’’
The fact that theory functioned satisfactorily as a language

meant that sometimes there was a possibility to compare
directly neutron results with those from other types of ex-
periment~such as infrared absorption! and thus, in a sense, to
give an interpretation of the latter. But the major importance
of the neutron experiments derives from their influence on
the introduction of new microscopic models which can be
applied to calculations of other quantities as well. With the
vast numbers of ‘‘universes of discourse’’~physical systems
at a particular temperature, under a particular applied pres-
sure, and so on!, the question arises: how to decide what
universes of discourse should be included in the Grand Atlas
and to what extent. Chemical and crystallographic structure
seem already to have been admitted for any and all such
‘‘universes.’’ Are phonons and their dispersion curves and
decay descriptions~their ‘‘laws’’ !, magnons and their
‘‘laws,’’ the numerous other quantum entities and their
‘‘laws’’ to be admitted? Are time-dependent distribution
functions also to be admitted? Or are we to act as if the basic
theories fully contain all these and that only those quantities
are to be considered for inclusion which go to characterize
the system? I have had opinions on these matters, but that is
another story.
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