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Your Majesties, Your Royal Highnesses, Ladies and Gentlemen.

Since Rutherford’s discovery of the atomic nucleus fifty years ago, one of
the most fundamental problems in physics has been to investigate how it is
constituted. The ideas on this question could be firmly founded when,
shortly after 1930, a neutral particle called the neutron was discovered which
has almost the same mass as the hydrogen nucleus i.e. the proton. A theory
for the atomic nuclei was proposed according to which they are composed
of protons and neutrons which are together called the nucleons. A few
years later, Yukawa gave a theory of the forces which keep the nucleons
together. It could according to this theory be expected that the nucleons
have themselves a complicated inner structure.

Professor Robert Hofstadter has developed a new experimental method
for the investigation of the inner structure of the composite atomic nuclei
and also of the single nucleons. His method is to bombard the atomic nuclei
with electrons of very high energy. The electrons can penetrate the atomic
nuclei and are then deviated by the strong electric and magnetic forces inside the
nuclei. By separating the scattered electrons of different energies in magnetic
spectrometers and by measuring afterwards the number of electrons which
have been deviated to each particular direction, Hofstadter has succeeded in
obtaining detailed knowledge of the distribution of the electric charge in the
nuclei. For the nucleons, important results have also been found concerning
the distribution of their magnetic moments.

The experimental method used by Hofstadter is connected with the prin-
ciples of the ordinary electron microscope. Here the possibilities to observe
details are increased by raising the voltage which accelerates the electrons.
As the dimensions of the atomic nuclei are of the order of a ten-billionth of
a centimeter, Hofstadter had in order to find their structure to bombard
them with electrons of a very high energy. The highest energy used was
equivalent to an accelerating voltage of nearly one billion volts. When Hof-
stadter in 1950 began his work at Stanford University a linear accelerator
had already been constructed there and was later supplemented to give the
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electrons this energy. Hofstadter has built a complicated experimental install-
ation in order to make possible the measurements of the scattering with the
accuracy required. He has in a very skilful manner managed to achieve great
precision in spite of the very large dimensions of the apparatus.

Hofstadter’s results have opened fundamentally new aspects on the prop-
erties of the nucleons. His investigations form a pioneering work which
in the last years has been beautifully confirmed by similar experiments at
Cornell University. It must be expected that investigations of this kind will
be made at other institutes also. Electron accelerators which are expected to
come into operation in some years will probably increase further our know-
ledge in this field.

Professor Rudolf Mdéssbauer’s investigations concern the emission and ab-
sorption of gamma radiation by the atomic nuclei. This radiation is of the
same kind as the light and the radio waves. It is well known that incoming
radio waves can be received only if the receiver is tuned to the same fre-
guency as the sender. Resonance is then taking place. It has since long been
tried to observe the corresponding phenomenon for nuclei, where it is called
« resonance absorption ». The method was to let gamma radiation from some
kind of nuclei act upon other nuclei of exactly the same kind. There is how-
ever a certain difficulty connected with this experiment. The gamma radia-
tion can be considered as made up of particles. When emitting a gamma
particle the atom receives a recoil whereby the energy and therefore also the
frequency of the gamma radiation is decreased. The same phenomenon oc-
curs when the gamma particle is absorbed in the receiving nucleus. The res-
onance will be completely destroyed if the frequency change is not com-
pensated for, as had been done already before Mdssbauer’s work. Mdssbauer
discovered experimentally and showed also theoretically that for atoms
bound in a solid, an appreciable part of the radiation can be emitted without
frequency change whereby the resonance absorption can be studied directly.
This discovery was published by Mdssbauer in 1958. Because of the very
small width of the gamma lines the resonance is very sharp and can, as Moss-
bauer found, be influenced and finally inhibited by the Doppler effect if the
source or the absorber for the gamma radiation is moved. The velocities
required depend upon the sharpness of the gamma line and can be as small
as some millimeters per hour.

Mdssbauer’s discovery has been received with considerable interest. Re-
search on the Mdéssbauer effect has been started at a great number of places.
It has thereby been possible to verify in the laboratory, fundamental con-
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sequences of Einstein’s theory of relativity. Other important applications
depend on the separation and displacement of nuclear energy levels which
occur in solids because of the influence of the surroundings. Many phenom-
ena of this kind can in spite of their smallness be studied by the Mdssbauer
effect. It has been possible in this way to get most important information on
the properties of solids.

Mdossbauer made his discovery when he investigated the resonance ab-
sorption on the suggestion of Professor Maier-Leibnitz in Minchen. He
found then some unexpected results which he investigated systematically and
was thereby led to his discovery.

Professor Hofstadter. You have in your pioneering investigations on the
atomic nuclei and the single nucleons, revealed features of their structures
which are fundamentally important for the understanding of these almost
inconceivably small systems. Your work is characterized by a precision
which has scarcely been attained before in high-energy physics. You have
achieved this precision by improving unrelentingly your methods and equip-
ment in the course of time. Your results have quite recently stimulated the
discovery of new particles which seem to be essential for the understanding
of the forces acting in the atomic nuclei.

Professor Mdéssbauer. While doing research for your doctor’s thesis you
have discovered an unexpected effect which now bears your name. You
have explained this effect experimentally and theoretically, and thereby cre-
ated a device which is of fundamental importance in numerous realms of
physics, and which is nowadays being investigated and put to use in a large
number of physical laboratories. By your discovery it has become possible
to examine precisely, numerous important phenomena formerly beyond or
at the limit of attainable accuracy of measurement.

Professor Hofstadter and Professor Mdssbauer. May | congratulate you on
behalf of the Academy on your important work and ask you to receive the
Nobel Prize from the hands of His Majesty the King.
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The electron-scattering method and its application
to the structure of nuclei and nucleons

Nobel Lecture, December 11, 1961

| am very conscious of the high honor that has been conferred on me and |
wish to thank the Swedish Academy of Sciences sincerely for this recogni-
tion. It is a privilege and a pleasure to review the work which has brought
me here and which concerns a very old and interesting problem.

Over a period of time lasting at least two thousand years, Man has puzzled
over and sought an understanding of the composition of matter. It is no
wonder that his interest has been aroused in this deep question because all
objects he experiences, includirg even his own body, are in a most basic
sense special configurations of matter. The history of physics shows that
whenever experimental techniques advance to an extent that matter, as then
known, can be analyzed by reliable and proved methods into its « elemental »
parts, newer and more powerful studies subsequently show that the « elemen-
tary particles)) have a structure themselves. Indeed this structure may be
quite complex, so that the elegant idea of elementarity must be abandoned.
This observation provides the theme of our lecture.

In recent times the structure of matter has been shown to arise from va-
rious combinations of the « atoms » of the Periodic System. The picture of
the now-familiar atom was first sketched by Rutherford, Bohr, Pauli, etc.,
and later developed in great detail by many of their colleagues. The efforts
of these scientists have led to an understanding of the cloud of electrons
which surrounds the dense center of the atoms, the so-called nucleus. In the
nucleus practically all the mass of the atom resides in an extremely con-
centrated form. The nucleus itself was an invention of the aforementioned
physicists and in the year 1919 the first vague ideas concerning the sizes of
nuclei were worked out. By studying the deviations from Coulomb scat-
tering of alpha particles Rutherford showed that a nuclear radius was of the
order of 105 times smaller than an atomic radius. Subsequently other inves-
tigators demonstrated by means of studies of or-particle radioactivity, neu-
tron capture cross sections, and comparisons of the energy of decay of mirror
nuclei that consistent values of nuclear size parameters could be measured.
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All useful methods showed that if a nucleus could be represented by a model

of a uniformly charged sphere the radius (R) of the sphere would be given
by the relation

10713 A*cm (1)

where A is the mass number of the nucleus.

This is the point from which the present studies began. Although much
of what we wish to say will concern nucleon structure (nucleon = proton
or neutron) the method of investigation we have employed had its origins
in the study of larger nuclei. Consequently a historical approach beginning
with the larger nuclei seems not only natural but also may be didactically
sound. We shall therefore review briefly the method used in studying nu-
clear sizes and shall at the same time give some of the results, which may
not be without interest themselves.

We have used the method of high-energy electron scattering. In essence
the method is similar to the Rutherford scattering technique, but in the case
of electrons it is presently believed that only a << simple >> and well-understood
interaction - the electromagnetic or Coulomb interaction - is involved be-
tween the incident electron and the nucleus investigated. Under these condi-
tionsquantum electrodynamics and Dirac theory teach us how to calculate

a differential elastic scattering cross section. It can be shown that the differen-

tial cross section corresponding to a beam of electrons scattering against a

point nucleusof small charge Ze, lacking spin and magnetic moment, is cal-

culable by the Born approximation and takes a form:

Zez)* cos? 02

in4
2E/ sin% 6/ | 2I:Sin20/2 (2)

in the laboratory system of coordinates . This is the << Mott >> scattering cross
section where E is the incident energy, thefscattering angle and M the
mass of the struck nucleus. Other symbols in Eq. 2 have their usual meanings.
if a nucleus has a finite size, and is thus not merely a point, the scattering
cross section is decreased below the value of the scattering from a point. The
can be described in terms of a factor, represented by F, which is
called << form factor >> or << structure factor >>. Thus, in Born approximation,

ns F? (a)
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and this is the elastic scattering cross section for a finite nucleus”. Here q is

the momentum-energy transfer, defined by the relation

B (2E/hc) sin 62
=it (2E[Mc?) sin? 6/2 (4)

The parameter q is relativistically invariant and is a very important quantity
in electron-scattering studies. The form factor, F, takes account of the in-
terference between scattered wavelets arising from different parts of the
same, finite, nucleus and therefore is responsible for diffraction effects ob-
served in the angular distribution. The quantity F is actually given by

F = 4qnf o ( (sin qr) rdr (5)
0

in the event that the nucleus exhibits spherical symmetry. The quantity
e (n is the electric charge density function, in which r represents the distance
from the center of the nucleus to the volume element where ¢ is measured.
A mathematical inversion of Eqg. 5 allows one to deduce the form of ¢ (r) if
F (g) is known over a large range of values of g.

Of course, since we used the Born approximation and therefore specified
small values of the atomic number, the above description of the basic for-
mulae of the electron-scattering process is only an approximate one. More
exact methods of finding the scattering cross section have been developed
by many authors’. These calculations of more precise types employ the
« phase-shift » methods and are applicable to heavy nuclei as well as light ones.
The qualitative physical ideas involved in the determination of nuclear struc-
ture can be adequately described by the Born approximation method (Eq.
3). Nevertheless, quantitative results definitely require the more elaborate
phase-shift methods and simple, and in this case, closed formulae cannot be
given to describe the scattering cross section.

Early electron-scattering experiments were carried out at the University
of Illinois in 1951'at an incident electron energy of about 15.7 MeV. Such
experiments showed that nuclear radii obeyed an approximate relationship
of the type given in Eq. 1. However, few details of nuclear shape or size
could be discerned because the energy of the electrons was relatively low
and the corresponding De Broglie wavelength of the electrons was larger
than a typical size of the nucleus. In 1953 higher energy electrons became
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Fig. 1. The first electron-scattering apparatus built at Stanford University. The semi-

circular 190-MeV spectrometer is shown at the left on its gun-mount support. The

upper platform carries lead and paraffin shielding that encloses the Cerenkov counter.

The brass scattering chamber is shown below with the thin window encircling it.

Early forms of electron monitors appear in the foreground. The spectrometer itself is
about four feet high.
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available at Stanford University and at the University of Michigan and
experiments on various nuclei were carried out’. Phase-shift interpretations
of the Stanford experiments6é showed that the rule expressed in Eq. 1was
approximately true, but that in reality the nuclear charge density distribution
could not be described in terms of a single size parameter R. If one attempted
to do so, only at the expense of an inferior fit between experiment and
theory, the resultirg R would have to be made 20% smaller than the value
of the radius in Eq. .. Mu-mesonic atom studies7 showed, a bit earlier, that
a similar conclusion was required for a one-parameter description of the size
of the nucleus. Two parameters could not be determined from the mu-
mesonic atom investigations.

Fig. 1shows a photograph of the first high-energy electron-scattering
equipment. This apparatus gave the above results and was employed up to
an energy of about 190 MeV. An obsolete naval-gun mount was used as the
rotating platform for the heavy equipment, weighing about 5 tons. The type
of geometry employed in a modern electron-scattering experimental area is
shown in Fig. 2. A photograph of the corresponding magnetic spectrometers
and associated equipment is shown in Fig. 3. A larger form of gun mount is
used again to carry the spectrometers, whose total weight is approximately
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Fig. 2. This figure shows a schematic diagram of a modem electron-scattering ex-
perimental area. The track on which the spectrometers roll has an approximate radius
of 13.5 feet.
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Fig. 3. A recent photograph of the double-spectrometer system is shown in this figure.

The shield of the smaller spectrometer can be removed easily with the aid of an auxil-

iary stand, not shown in the photograph. The long tube in the foreground is the vac-
uum pipe leading to the Faraday cup, which is not visible in the photograph.

250 tons. Each of the two magnetic spectrometers in this apparatus is similar
to the well-known Siegbahn double-focussing instrument. The two spectrom-
eters may be used in coincidence experiments as well as « in parallel ». The
massive equipment of Fig. 3 can bend and focus 1.0-BeV electrons and is
required in order to resolve the elastic-scattering process from the many
types of inelastic-scattering processes occurring in electron-nucleus collisions.
An example of the resolution obtained in early experiments is shown in Fig.
4 in the case of a carbon target’. When an angular distribution in carbon is
measured one may observe, e.g. in Fig. 5, the position of a diffraction min-
imum. The value of the angle at this minimum gives immediately an indica-
tion of the nuclear size if one employs results similar to Egs. 2-5, when
modified appropriately in terms of the phase-shift method. The solid line in
the figure shows the result of a theoretical calculation of the scattering cross
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Fig. 4. This figure®shows the elastic-scattering peak from carbon at an abscissa near
185 MeV, and the inelastic-scattering peaks from the excited states of “C. The peak
near 180.7 MeV is associated with the 4.43-MeV level.

section. From the theoretical calculation one may deduce the charge density
distribution, which may be seen in Fig. 8. It is clear that a study of the in-
elastic-scattering peaks corresponding to the excited states of “C (or other
nuclei) can be studied by the electron-scattering method. In fact, Fig. 5
shows also the angular dependence of the scattering of the 4.43-MeV level
in “C. The subject of inelastic level scattering is not relevant to our present
topic and we shall not pursue this matter any further in this lecture.

One last example is shown in the case of the nucleus of the gold atom. The
elastic electron scattering was studied at the four different energies shown in
Fig. 6. The solid lines again show the results of theoretical calculations from
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which the charge density distribution, g, can be obtained. This charge dis-
tribution is shown in Fig. 8.

The electron-scattering method was employed in the manner we have
described and resulted in the determination of two-parameter descriptions
of nuclear charge density distributions. Studies of the charge density dis-
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Fig. 5. This figure shows the elastic and inelastic curves corresponding to the scat-

tering of 420-MeV electrons by “C. The solid circles, representing experimental points,

show the elastic-scattering behavior while the solid squarer show the inelastic-scat-

tering curve for the 4.43-MeV level in carbon. The solid line through the elastic data

shows the type of fit that can be calculated by phase-shift theory for the model of
carbon shown in Fig. 8.
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Fig. 6. The points represent experimental data observed by scattering electrons of the
appropriate incident energies from gold nuclei’. The solid lines are calculated angular
distributions for a model of the gold nucleus similar to that shown in Fig. 8.

tributions in various nuclei culminated in the evolution of a simple scheme
of construction of most spherical nuclei’. Such nuclei could be represented
by a charge density function of the type shown in Fig. 7. The exact shape of
this density function is not of overriding importance; rather the distance (c)
from the center of the nucleus to the 50 per cent point, and the interval (t)
between the 90 per cent and 10 per cent ordinates, are the two important
parameters that determine the behavior of the scattering cross sections. A
trapezoidal distribution with the same values of the two parameters would
also suffice to describe the experimental results in the medium and heavier
nuclei when the fitting procedure is limited by the accuracy obtained in the
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Fig. 7. The shape and parameters which describe an approximate model of the gold
nucleus. This type is called the Fermi mode?’.

experiments. Higher accuracy can probably distinguish between these pos-
sibilities but such studies are only beginning now.

The results of many of the above experiments covered a large range of
nuclei and demonstrated9 that two simple rules can be used to summarize
the scheme of construction of spherical nuclei, viz. :

c=(1.07+o0.02)r 10134 ¢c m
t=(244+03).1071 cm = constant (6)

The first equation gives the principal parameter governing the size of a nu-
cleus and describes the behavior with increasing A of a kind of « mean » nu-
clear radius. The second equation states that the nuclear skin thickness is
constant. The second rule implies that there is some property of nuclear mat-
ter that causes the outer nuclear regions to develop an essentially constant
surface thickness. The two rules together are responsible for the approximate
constancy of the central charge density of nuclei. The latter property is il-



570 1961 R.HOFSTADTER

275

3

Charge density ¢ — 10" coulombfcm

250

225

200

179

150

125

100 —

Q75

Q50 ~

Q25

) 10

Radial distance (1072cm)

Fig. 8. This figure gives a summary of the approximate charge density distributions

found for various nuclei studied by electron-scattering methods. The central densities

are the least well determined positions of the curves. Note, however, the large disparity

between the average central densities of the proton and all other nuclei. The alpha par-

ticle (‘He) is also a unique case and exhibits a much larger central density than all
heavier nuclei.

lustrated in Fig. 8, where a summary of the charge distributions found by
the electron-scattering method is presented for various nuclei. Except for the
extremely light nuclei of hydrogen and helium the constancy of the central
nuclear density is clearly represented in the figure.

The results obtained with heavier nuclei indicated that the electron-scat-
tering method could also be applied to the very light nuclei and even to the
proton itself. Accordingly, in early 1954 experiments were initiated on hy-
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Fig. g. Electron scattering from the proton at an incident energy of 188 MeV. Curve
(a) shows the theoretical Mott curve for a spinless point proton. Curve (b) shows the
theoretical curve for a point proton with a Dirac magnetic moment alone. Curve (c)
shows the theoretical behavior of a point proton having the anomalous Pauli contribu-
tion in addition to the Dirac value of the magnetic moment. The deviation of the ex-
perimental curve from the Curve (c) represents the effect of form factors for the proton
and indicates structure within the proton. The best fit in this figure indicates an rms
radius close to 0.7. 10“cm.

drogen and helium. The first targets employed high-pressure, thin-wall, gas
chambers and were designed by the late Miss Eva Wiener. In the latter part
of 1954 it was first realized that the experiments on hydrogen demonstrated
that the proton was an object of finite size and not merely a point object. In
fact, the size was found to be surprisingly large*and could be described in
terms of a root-mean-square radius of value (0.74 = 0.24) -10"cm. It is
an interesting fact that more recent determinations of the rms proton charge
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radius appear to converge on a value of (0.79 + 0.08) X10*cm. Fig. 9
shows the first evidence of finite size in the proton. The figure has been
drawn from Ref. 0. The first experiments leading to the above conclusions
were carried out at relatively low energies (~ 190 MeV).

Now the proton is known to have a spin and a magnetic moment. The
magnetic moment will affect the scattering behavior appreciably at values
of q (Eq. 4) in the range equal to or larger than about 0.2 Mc, where M is
the mass of a nucleon. The magnetic type of scattering causes a leveling off
in the decrease of the elastic cross section as a function of the scattering angle
at high energies of the incident electrons. As we may see in Fig. 9, the exper-
imental data fell below the expected theoretical curve for a proton possessing
a point charge and a point magnetic moment. This behavior can be under-
stood in terms of the theoretical scattering law developed by M. Rosenbluth™
in 1950. This law described the composite effect of charge and magnetic
moment scattering and is given by:

do . 72 g2 )
E:GNS {FI —‘L;TV[_ZE ,:2 (FI +KFZ)2 tan20/2+K2 FZ:“ (7)

where oy is taken from Eq. 2 with Z = .. In the Rosenbluth equation the
guantity F,(q) is the Dirac form factor, representing the proton’s charge and
its associated Dirac magnetic moment. The quantity F,(q) is the Pauli form
factor and represents the anomalous magnetic moment of the proton. K in
the above equation indicates the static value (1.79) of the anomalous mag-
netic moment in nuclear magnetons.

Although one may speak qualitatively of size and shape factors of the pro-
ton in the low-energy limit it is more consistent and more desirable, from
a quantitative point of view, to discuss only the two phenomenological form
factors F,(q) and F,(q). Actually all the electromagnetic structure of the
proton is, in principle, described by the behavior of these quantities as func-
tions of q. Note that for the proton, F;(0)=F,(0)=1.00. Meson theory
should be able to make definite assertions about F,and F,starting from the
above values. In our subsequent discussion we shall concentrate on deter-
mining the two phenomenological quantities (F,, F,) from the experimental
data so that the form factors can be compared with theory. The experimental
determinations of the form factors can be accomplished, for example, by
using the method of intersecting ellipses” or by other equivalent methods
based on the relativistic idea that each F is a function only of g and not of E
or g separately.
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Fig. 10. The most recent Stanford experimental data on the form factors of the pro-
ton”. There are two dashed curves lying between the central-value solid experimental
lines. If the error limits are correlated so that they move in opposite directions, as
indicated by the dashed lines, the corresponding cross sections will still remain consist-
ent with experiment. A similar statement holds for the two small-dash long-dash
curves lying outside the F,,F,central-value experimental curves. The correlated error
question needs additional study but the dashed inner and outer curves are thought to
give reasonable error limits of F,and F,.

The early work on the proton was confirmed by subsequent studies at
higher energies (~ 600 MeV)*" but these energies were still low enough
so that the assumption F,@F,could be employed. It was noted in the latter
experiments that F, was slightly greater than F,at values of q°= 4f*, where
f = fermi = 10®cm. The value of one fermi corresponds to (197 MeV)'l.
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Fig. . The experimental comparison of the scattering from the moving proton and
neutron in the deuteron (Curve C) and the scattering associated with free protons
(Curve A)*. Region B shows the bremsstrahlung tail of the proton curve. At D are
electrons which have been scattered after producing pions in deuterium and also other
low-energy electrons. From the scattering data near C the form factors of the neutron
can be obtained. The proton peak is used for comparison measurements. No correction
has been applied in the figure for the different densities of liquid deuterium and liquid
hydrogen.

Recently the extension of the experimental measurements to higher en-
ergies (~ 1.0 BeV) showed that indeed F,>F,"" The appropriate detailed
behavior is shown in Fig. 10,and represents the most recent Stanford exper-
imental data on this subject”. The possible theoretical significance of these
results will be described below, following brief discussions of first, some tests
of the Rosenbluth equation and second, the experimental determinations of
the form factors of the neutron.

Various tests of the validity of the Rosenbluth equation were made in
these experiments by examining whether F,and F,are really functions of g
alone. In all cases studied for which g°was less than 25f*complete consist-
ency in F,F,values at different energies and angles was observed so that
the Rosenbluth equation was checked and found to be valid”. At the highest
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values reached in these experiments, namely, ¢° @3 If*the Stanford cross
sections could not be combined with the cross sections at the same value of
g in recently reported Cornell experiments”to give veal values of F,and F,.
If this observation can be confirmed, the possibility exists that quantum
electrodynamics may fail at high momentum transfers or that two-proton
exchange processes, heretofore neglected, are needed to correct the Rosen-
bluth equation; or, that some other fundamental aspect of the scattering
theory needs improvement. This is an interesting question for the future to
decide.

Let us now turn to the question of the neutron. According to relativistic
quantum electrodynamics the neutron possesses Dirac and Pauli form fac-
tors. Proton and neutron form factors may be referred to respectively as F,,
F..,F. F,.. Static values of the neutron form factors are known to be F,,
(og =0, F, (o) = 1.00. F,, is also known from early neutron-scattering
experiments to vary as ¢‘at small values of ¢ in an expansion of F,, asa
function of ¢°. This is commonly referred to by saying that within exper-
imental error, the rms radius of the neutron is zero. Thus the neutron is not
only a neutral body from the point of view of electric charge, but has a
power expansion of F, that starts off as a function of g*with zero slope!
Consequently, it is most difficult to determine F, (and also F,,) of the neu-
tron. The difficulty is compounded by the experimental fact that neutron
targets are obtained only by using the deuteron as a neutron carrier, for free
neutrons in large numbers are unobtainable in confined spaces. A neutron is
in vigorous motion in the deuteron and this additional complication must
be taken into account somehow. It is necessary at this point to introduce a
relativistic theory of the deuteron to allow properly for the effects of the
motion of the bound neutron. Of course, at the present stage of develop-
ment of relativity theory, the deuteron problem can be solved only in an
approximate way. Hence we can see that there are formidable difficulties
which face the experimental elucidation and determination of the form fac-
tors of the neutron.

Many of these difficulties were overcome in the work of Yearian and the
author who used a difference method to compare the scattering from the
deuteron and the proton’®. These investigators first showed that the neutron
could not be represented as a point nucleon and that its magnetic moment
was distributed in a manner similar to that of the proton. In Fig. 11, we show
the type of data from which such conclusions were drawn. The spread-out
deuteron peak shows the effect of the motion of the proton and neutron in
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Fig. 12. This figure shows the most recent Stanford results"*for both the neutron
and the proton for the positive choice of sign of F,. The regularity of the neutron
curves arises from the fact that the experimental deuteron curves were smoothed before
putting the corresponding data into the theoretical formulae from which the form
factors are deduced. The four curves of this figure can be fit approximately with
dispersion theory or Clementel-Villi curves corresponding to the newly discovered
heavy mesons. It is interesting that the newer neutron data agree very well with older
result®and many of the present conclusions could have been drawn in 1958.

the deuteron and this wide peak may be compared with the sharp peak of
the free proton. In the work in which the finite size of the neutron was
discovered, the neutron form factor, F,,, was assumed to be approximately
zero and F,,, had the behavior described above.

It may be noted parenthetically, that it was on the basis of the above results
that Nambu® postulated the existence of a new heavy neutral meson, now
known as p-meson. Events of the past year have brilliantly confirmed the
existence of this meson™ A pion-pion resonance (e-meson) responsible for
the magnetic behavior of the nucleon form factors was also postulated by
Frazer and Fulco™on the basis of the above experiments. This resonance was
also found recently?.

The above conclusions about the behavior of the neutron and also the
assumption that F, @o, have been confirmed recently** More detailed
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studies®, as yet unpublished, support the above description of the neutron
form factors. These results are shown in Fig. 12. In Refs. 23 and 24, F, was
found to be small and positive. However Durand®has recently shown that
the theory of the deuteron used in the early work to derive the values of the
neutron form factors can be improved. When the improved formula is
employed the slightly positive values of the form factor, F,,are relatively
unaffected in the low g’region but in the range 6f’< g°< 2o0f’the values
of F,,are reduced to approximately zero, within experimental error as in
Fig. 12*. Because the neutron measurements are so fraught with both ex-
perimental and theoretical difficulties we must still regard these new, more
accurate results, particularly for F,, as preliminary.

Fig. 12 shows the most recent Stanford results for both the proton”and
the neutron®. An ambiguity exists in the choice of sign of F,. Fig. 12 shows
one choice of the F,, values and the corresponding F,, values. Fig. 13shows
the neutron data for the other (negative) choice of F,,and the corresponding
values of F, for the negative choice of F,. Theoreticians prefer the first
choice, but as a purely experimental problem the negative F, values must
be considered possible until proved untenable. The dashed parts of the curve
refer to probable behavior at low g’and in the negative F, case the steep
fall of F,,, would be very surprising and is not expected.

If the first choice of values of F,_is made, which seems much more likely,
an understanding of all the proton and neutron data can be obtained along
the lines of the heavy-meson or pion-resonance theory of Bergia, et al”’. An
interpretation of the early data in terms of Clementel-Villi form factors,
using Yukawa clouds of different ranges and delta functions, was also given
by the present author and Herman®’. These initial and approximate theoret-
ical interpretations are probably correct in principle but incomplete in detail
and it now seems likely that it is necessary to add to them the effects on the
form factors of a third heavy meson (h-meson)*®. Such a particle has recently
been discovered by A. Pevsner, et al.?’. Its existence was also predicted by
Sakurai®.

Attempts are now being made to fit the data of Fig. 12 in terms of the
heavy-meson theory in a way similar to that given in Refs. 23 and 27 but
now employing three mesons (g, w, h) instead of only two. | hesitate to
show the results of the studies since the exact mass values of the heavy me-
sons are not yet definite and small variations of these values affect the relative
importance of the mesons in the form factor equations in a sensitive way.
Furthermore it would not be surprising to find that new heavy mesons are
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Fig. 13. This figure is similar to the right-hand side of Fig. 12and gives the set of
values of F,and F, for the negative choice of F,. It appears easier at present to fit
Fig. 12with Clementel-Villi curves than Fig. 13.

discovered in the near future, and these might also contribute to the form
factors. Suffice it to say that approximate agreement with the data of Fig. 12
can be obtained with the set of three mesons (o, w, h).

If we now attempt to summarize the recent progress in nucleon structure
determinations and in their interpretation, we may say that the proton and
neutron are two different aspects of a single entity - the nucleon. The third
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component of isotopic spin distinguishes between the two particles. Isotopic
form factors can be developed in a well-known way”from the proton and
neutron form factors. A phenomenological and qualitative interpretation of
the nucleon form factors then shows that the same charged mesonic clouds
appear in both the neutron and proton. In the proton the clouds add together
and in the neutron the clouds cancel, more or less as given in Ref. 23.

It is a bit too early to give the final and definitive details of the mesonic
clouds or of their heavy-meson compositions since, as indicated above, such
details are now being worked out. However, it is possible, and even likely,
that the next year or so should witness a crystallization of the « final » values
of the nucleon structure parameters in terms of the models afforded by the
new heavy-meson picture of the proton and neutron. The fact that new re-
search is needed in order to clarify this picture is symptomatic of the general
problem of the structure of elementary particles.

In concluding this discussion it may be appropriate to return to the theme
introduced earlier in the paper and raise the question once again of the
deeper, and possibly philosophical, meaning of the term « elementary » par-
ticle. As we have seen, the proton and neutron, which were once thought to
be elementary particles are now seen to be highly complex bodies. It is al-
most certain that physicists will subsequently investigate the constituent parts
of the proton and neutron - the mesons of one sort or another. What will
happen from that point on? One can only guess at future problems and fu-
ture progress, but my personal conviction is that the search for ever-smaller
and ever-more-fundamental particles will go on as long as Man retains the
curiosity he has always demonstrated.

The ideas and results presented in this paper represent the work of many
individuals. Many of their names are given in the bibliography and | am
indebted to them for their important contributions to the subject. | wish to
acknowledge my special debt of gratitude to the following individuals who
have given me not only invaluable assistance with the many theoretical con-
cepts involved in the fascinating subjects of nuclear and nucleon structure
but who have also given me support and encouragement over the last dec-
ade: L. I. Schiff, F. Bloch, D. G. Ravenhall, and D. R. Yennie.
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Recoilless nuclear resonance absorption
of gamma radiation

Nobel Lecture, December 11, 1961

It is a high distinction to be permitted to address you on the subject of
recoilless nuclear resonance absorption of gamma radiation. The methods
used in this special branch of experimental physics have recently found ac-
ceptance in many areas of science. | take the liberty to confine myself essen-
tially to the work which | was able to carry out in the years 1955 to 1958
at the Max Planck Institute in Heidelberg, and which finally led to estab-
lishment of the field of recoilless nuclear resonance absorption. Many in-
vestigators shared in the preparations of the basis for the research we are
concerned with in this lecture. As early as the middle of the last century
Stokes observed, in the case of fluorite, the phenomenon now known as flu-
orescence - namely, that solids, liquids, and gases under certain conditions
partially absorb incident electromagnetic radiation which immediately is re-
radiated. A special case is the so-called resonance fluorescence, a phenomenon
in which the re-emitted and the incident radiation both are of the same wave-
length. The resonance fluorescence of the yellow D lines of sodium in so-
dium vapour is a particularly notable and exhaustively studied example. In
this optical type of resonance fluorescence, light sources are used in which
the atoms undergo transitions from excited states to their ground states (Fig.
1). The light quanta emitted in these transitions (A—>B) are used to initiate
the inverse process of resonance absorption in the atoms of an absorber
which are identical with the radiating atoms. The atoms of the absorber un-
dergo a transition here from the ground state (B) to the excited state (A),
from which they again return to the ground state, after a certain time delay,
by emission of fluorescent light.

As early as 1929, Kuhn'had expressed the opinion that the resonance ab-
sorption of gamma rays should constitute the nuclear physics analogue to
this optical resonance fluorescence. Here, a radioactive source should replace
the optical light source. The gamma rays emitted by this source should be
able to initiate the inverse process of nuclear resonance absorption in an ab-
sorber composed of nuclei of the same type as those decaying in the source.

)
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Again, the scheme of Fig. 1 would hold here, but the radiative transitions
would now take place between nuclear states. Nevertheless, all attempts in
the next two decades to find this nuclear resonance absorption proved fruit-
less. Before | can approach the subject of my talk, it is appropriate to consider
the reasons why the discovery of nuclear resonance absorption was so long
delayed.

Emission Absorption
A

E'

B

y — 1 __ 0

Fig. 1. Scheme of resonance absorption.

For simplicity, we shall first consider a nuclear transition of a free nucleus
at rest. The gamma quantum emitted in the transition A® B imparts a recoil
momentum $ to the emitting nucleus and consequently a kinetic energy DE,
which is given by

AE = $2[2M = Ez2[2Mc? (1)

where M is the mass of the nucleus and c is the velocity of light. The energy
liberated in this nuclear transition is divided, in accordance with the law of
conservation of momentum, the larger part being carried away by the emit-
ted quantum, the other part going to the emitting nucleus in the form of re-
coil energy. This recoil-energy loss of the quantum has the consequence that
the emission line does not appear at the position of the transition energy E,
but is displaced to lower energy by an amount DE (Fig. 2). The absorption
line, on the contrary, is displaced to a higher energy by the same amount
DE, because in order for the process of resonance absorption to occur, a
guantum must provide, in addition to the transition energy E, the amount
of energy DE which is taken up by the absorbing nucleus in the form of a
recoil kinetic energy. Typical values for the line shifts DE lie in the range
from 10%eV to 10°eV; they are therefore very small in comparison with
the energies of the gamma quanta, which frequently are of the order of mag-
nitude of millions of electron volts.

Since there is an uncertainty in the energies of the individual excited states



586 1961 R.L.MOSSBAUER

Emission line Absorption line

AE AE

%

E

0

Fig. 2. Position and shape of the emission and absorption lines of a free nucleus (shown
in the case of the 129-keV transition in *Ir for T = 300°K).

of the nuclei, the lines associated with transitions between an excited state
and the ground state have a certain minimum width. This so-called natural
width I is, according to the Heisenberg uncertainty principle, connected
with the lifetime t of an excited nuclear state by the relation I = h. The
usual values for the lifetimes t of the low-lying excited nuclear states lie in
the range from 107to 10™ second, corresponding to an interval of 10°
to 107eV for the natural line widths appearing in ground-state transitions.
Such extraordinarily sharp lines exhibiting the natural line width are nor-
mally not observed. Rather, a series of side effects always exist, which lead
to considerable broadening such that the line widths ordinarily associated
with low-energy gamma transitions exceed the natural minimum width by
many orders of magnitude. The most important broadening mechanism is
the thermal motion of the nuclei in the source and in the absorber; this leads
to Doppler shifts in the energy of the gamma quanta and therefore produces
corresponding line broadenings. Even a temperature drop to absolute zero
does not extinguish this thermal broadening, since the existence of zero-
point energy at absolute zero frequently produces, at least in solids, line
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widths of the same order of magnitude as the ones existing at room tem-
perature.

Usually the line shifts DE are large in comparison to the thermal line
widths, and they are also always very large in comparison to the natural line
widths associated with the low-energy nuclear transitions we are concerned
with here. As a consequence, the energy of an emitted quantum is usually
too small for the inverse process of resonance absorption to be carried out, or
in other words, the probability of occurrence of nuclear resonance absorp-
tion is so small that the process escapes detection. Therefore the long and un-
successful search for nuclear resonance absorption is to be blamed on the high
recoil-energy losses of the gamma quanta.

On the other hand, entirely different conditions hold for optical resonance
absorption. There, because of the much lower energies of the light quanta,
the recoil-energy losses produced by light quanta are small in comparison
with the line widths. Emission and absorption lines therefore overlap in an
ideal manner, the resonance condition is satisfied, and the optical effect is, at
least in principle, easily observable.

The unsatisfactory situation with respect to nuclear resonance absorption
first changed in 1951, when Moon’succeeded in demonstrating the effect
for the first time, by an ingenious experiment. The fundamental idea of his
experiment was that-of compensating for the recoil-energy losses of the gam-
ma quanta: the radioactive source used in the experiment was moved at a
suitably high velocity toward the absorber or scatterer. The displacement of
the emission line toward higher energies achieved in this way through the
Doppler effect produced a measurable nuclear fluorescence effect.

After the existence of nuclear resonance fluorescence had been experi-
mentally proved, a number of methods were developed which made it pos-
sible to observe nuclear resonance absorption in various nuclei. In all these
methods for achieving measurable nuclear resonance effects the recoil-energy
loss associated with gamma emission or absorption was compensated for in
one way or another by the Doppler effect.

At this point, let me speak of my esteemed teacher, Heinz Maier-Leibnitz,
who in 1953 directed my attention to this newly advancing field of nuclear
resonance fluorescence, and who stimulated me to turn to this area of re-
search. He was, also, the one who made it possible for me to conduct my re-
search throughout the years 1955 to 1958 at the Heidelberg Max Planck In-
stitute, in an undisturbed and fruitful atmosphere - research which finally led
to the discovery of recoilless nuclear resonance absorption. 1 want to express
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Fig. 3. Experimental arrangement. A, absorber-cryostat; Q, cryostat with source; D,
scintillation detector; K, lead collimator.

my warmest thanks to my esteemed teacher for his efforts on my behalf.
The method which | shall now proceed to discuss differs fundamentally
from the methods described above in that it attacks the problem of recoil-
energy loss at its root in a manner which, in general, insures the complete
elimination of this energy loss. The basic feature of this method is that the
nuclei in the source and absorber are bound in crystals. The experiments
described in the following paragraphs exclusively employed radioactive
sources which emitted the 129-keV gamma line leading to the ground state
n “lr.
The first experiments aimed at measuring the lifetime of the 129-keV state
n “Ir by utilizing methods of nuclear resonance absorption known at that
time. The experimental set-up used for this purpose is shown schematically
in Fig. 3. A method first employed by Malmfors‘appeared to be especially
suitable for the planned measurement. In this method, a broadening of the
emission or absorption line, leading to a corresponding increase in the degree
of overlap of the two lines, is achieved by increasing the temperature. If the
relative shift of the emission and the absorption lines resulting from the
recoil-energy losses is only of the order of magnitude of the line widths, a
temperature increase leads, under favourable conditions, to a measurable nu-
clear absorption effect. In the case of the 129-keV transition in *Ir, there is
considerable overlap of the two lines even at room temperature as a con-
sequence of the small energies of the quanta and the small line shifts resulting
therefrom (see Fig. 2). In this case, not only an increase but also a decrease
in temperature can result in a measurable change in the nuclear absorption.
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My decision between these two possibilities was made in favour of a tem-
perature decrease. It was motivated essentially by the consideration that at
low temperature, effects of chemical binding would be more likely than at
elevated temperatures. This hypothesis was vindicated in an unexpected way
during the course of the experiments. The simultaneous cooling of the source
and the absorber with liquid air led to inexplicable results, for which 1 first
blamed effects associated in some way with the cooling of the absorber. In
order to eliminate these unwanted side effects, | finally left the absorber at
room temperature and cooled only the source. In very tedious experiments,
which demanded extremely stable apparatus, a small decrease in the absorp-
tion with respect to the value at room temperature was in fact obtained - a
result consistent with my expectations. The evaluation of these measurements
finally led to the determination of the lifetime sought for.

In a second series of experiments | attempted to explain the side effects
which had appeared in the simultaneous cooling of the source and the ab-
sorber during the earlier experiments. The result of this attempt was striking :

AL
I

0%l

=1%

—2%

~3%

80 160° 240° 320°

Termp (°K}

Fig. 4. Temperature dependence of the absorption. Relative intensity change AI/I in
comparison with that of a non-resonant absorber.
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instead of the decrease expected, a strong increase in the absorption clearly
manifested itself when the absorber was cooled. This result was in complete
contradiction to the theoretical expectation. The observed temperature de-
pendence of this absorption is shown in Fig. 4.

In considering the possible sources of the anomalous resonance effect, |
now began to subject the hypothesis of the existing theory to a critical exam-
ination.

The views originally held as to the shape and energy of the emission and
absorption lines were based on the assumption that the emitting and ab-
sorbing nuclei can be treated as free particles. It was therefore natural to
modify this assumption, taking into account the fact that source and absorber
were each used in crystalline form. Therefore, | first attempted to explain
the observed anomalous resonance absorption by assuming that the recoil
momentum was not transferred to the single nucleus. It should rather be
transferred to an assembly of nuclei or atoms which include nearest or next-
nearest neighbours surrounding the nucleus under consideration. After the
failure of this and other attempted explanations, based on a purely classical
point of view, | turned my attention to a quantum-mechanical treatment of
the problem.

Let me here introduce some concepts from crystal physics, by means of
which | will develop the reasoning that finally led to a solution of the prob-
lem. All the internal motions of the particles forming the crystal lattice can
be described in terms of a superposition of a large number of characteristic
vibrations whose distribution is called the frequency spectrum of the crystal.
The nature of the binding of the particles forming the crystal determines the
structure of the lattice vibrational spectrum, this spectrum often being very
complicated. Nevertheless, the substitution, for the true vibrational spectrum
of the lattice, of a much simpler frequency distribution often suffices for
qualitative considerations.

This first, still purely classical picture of the internal motions in a crystal
corresponds, in the quantum-mechanical description, to a system of uncoup-
led harmonic oscillators with quantized energy states. While the vibrational
spectrum describes only the distribution of the fundamental frequencies of
these oscillators, the temperature determines the so-called occupation num-
bers of these crystal oscillators; these occupation numbers simply tell which
of the possible energy states the particular oscillators occupy.

The recoil energy appearing in the emission or absorption of a quantum
by a nucleus bound in a crystal is taken up by the crystal partly in the form



RESONANCE ABSORPTION OF GAMMA RADIATION 591

of translational energy and partly in the form of internal energy. The result-
ant increase in translational energy is always negligible because of the enor-
mous mass of the crystal as a whole in comparison to the mass of a single
nucleus. An increase in the internal energy leads to changes in the occupation
numbers of the individual crystal oscillators. Because of the quantization of
the oscillator energies, the crystal can absorb the recoil energy only in dis-
crete amounts. The nuclear transitions of the bound nuclei are normally
accompanied by simultaneous transitions of the crystal oscillators. Thus, for
example, a gamma quantum can be emitted and simultaneously one of the
crystal oscillators can undergo a transition to a neighbouring energy state.
Likewise, a gamma emission process can be accompanied by simultaneous
transitions of two crystal oscillators, and so forth. As a consequence of the
guantization of the oscillators, there also exists in principle the possibility
that the gamma transition takes place with none of the crystal oscillators
changing their states.

The problem now was to compute the probabilities of the various pro-
cesses. Significant was the calculation of the probability of nuclear transitions
leaving the lattice state unchanged - that is, transitions in which no recoil en-
ergy is transferred to the lattice in the form of internal energy. Similar prob-
lems had already been solved much earlier. The coherent scattering of X-rays
from crystals had been known for decades; in that case a momentum transfer
to the reflecting lattice takes place without simultaneous transfer of internal
energy to the crystal. And for a long time the analogous problem of the
elastic scattering of slow neutrons from crystals had been thoroughly studied,
both experimentally and theoretically. Lambs had, as early as 1939, devel-
oped a theory for the resonance capture of slow neutrons in crystals. This
theoretical work was somewhat premature, inasmuch as Lamb assumed con-
siderably smaller values for the widths of the neutron lines than were ob-
served in later experiments. For this reason, this extraordinarily beautiful
work was of no practical significance in the area of application originally
intended. It remained only to apply this Lamb’s theory to the analogous
problem of the resonance absorption of gamma radiation. This indeed ena-
bled me to show that under the conditions chosen in the experiments des-
cribed above there exists a high probability of nuclear transitions with no
simultaneous change of the lattice state. Since these nuclear transitions are
not associated with any energy losses caused by recoil phenomena, I shall in
the following discussion characterize these particular transitions as « recoil-
less » transitions, and the lines associated with such transitions, as « recoilless
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lines>>. In such a recoilless emission process, the entire excitation energy is
therefore transferred to the emitted quantum, and the corresponding situa-
tion holds for the recoilless absorption. Here the notation <<recoilless>> relates
only to recoil energy transferred in a nuclear transition, and not to the
transferred momentum. The value of this transferred momentum is deter-
mined by the energy of the gamma quantum and is essentially a constant, in-
dependent of any change in the internal state of motion of the crystal. This
momentum is, therefore, transferred to the lattice in all emission or absorption
processes, even in the recoilless processes. It is always taken up by the crystal
as a whole, and therefore the corresponding translational velocity is negli-
gibly small.

What are the conditions under which the recoilless nuclear resonance ab-
sorption can be observed? In answering this question, | wish to develop here,
without presenting the mathematical formulation of the theory, a detailed
picture of the processes which take place in radiative transitions in nuclei
bound in crystals. The recoil-energy loss that occurs in a nuclear transition
of a free nucleus is given by Eq. (1). It can be shown that in a transition of
a nucleus bound in a crystal, Eq. (1) is no longer valid for the individual
process but holds in the means over many processes; that is, instead of Eq.
(1), we now have

E = Eoz/ZMC2 (2)

Let us now consider a very simple model, in which we describe the vibra-
tional state of the crystal by a single frequency w, the so-called Einstein fre-
guency. It is instructive to consider the two limiting cases, in which the
mean recoil energy is either large or small in comparison to the transition
energy of the Einstein oscillator:

JE>ho  (case 1)
4E <hw (case 2)

In case 1, many oscillator transitions are required to take up the energy con-
tribution 4E in the lattice. The nuclear processes will therefore in general
be accompanied by simultaneous transitions of many oscillators. The prob-
ability of a nuclear transition taking place without any oscillator transition -
that is, the probability of a recoilless process - is correspondingly small. The
situation is entirely different in case 2. Here it is immediately evident that
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Fig. 5. Relative probability for a gamma transition associated w1£h simultaneous transi-
tions of 0, 1, 2, . . . n crystal oscillators, for two different values of AE for the temperature
T = o°K.

a nuclear transition which is accompanied by an oscillator transition occurs
relatively seldom, leading under these circumstances to a high probability
for recoilless processes. The probabilities, under these conditions, for the
occurrence of gamma emission processes accompanied by 0, 1, 2, . . . n 0s-
cillator transitions are shown in Fig. 5 for these two cases.

For qualitative considerations this simple picture can well be applied to
the case of the real crystal. The frequency spectrum of the real crystal ex-
hibits an increasingly high oscillator density at high frequencies. It is suffi-
cient, for this simplified consideration, to replace the Einstein frequency by
the upper frequency of the vibrational spectrum of the real crystal. This
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limiting frequency wy is related, approximately, to the characteristic tem-
perature q of the crystal by the equation 7wg = k6.

The essential condition for a high probability of recoilless nuclear transi-
tions now has the form

E}[2Mc? < kb (3)

The condition given here is quite restrictive because it limits the observation
of recoilless resonance absorption to nuclear transitions of relatively low en-
ergy; the upper limit lies at about 150 keV.

If AE = EZ/2 Mc? is small in comparison to the upper energy limit of the
frequency spectrum, the percentage of recoilless processes that occur is high
even at room temperature. However, if DE is about equal to the upper en-
ergy limit of the frequency spectrum, then the probability of transitions of
the crystal oscillators must be correspondingly reduced by the use of low
temperatures in order to arrive at measurable effects.

After the appearance of the observed strong resonance absorption in *Ir
had been traced back to the phenomenon of recoilless nuclear resonance
absorption, the next step was to compute the probability of the effect in a
general form. This probability, also known as the Debye-Waller factor, in
analogy with the terminology used in X-ray scattering, is, as | have already
pointed out, strongly dependent on the temperature and the energy of the
nuclear transition. This dependence is illustrated in Fig. 6 by two examples.

The shape and location of the emission and absorption lines, as shown in
Fig. 2 for the case of a free nucleus, are modified considerably by the influ-
ence of the chemical binding. While the centres of the lines as given by Eq.
(2) are retained, each of them shows a complicated structure which reflects
different single and multiple oscillator transitions, hence the notion « line » is
applied here in a more generalized sense.

The most interesting prediction of the theory is the appearance of a strong
line with the natural line width appearing in the structure of both « lines » at
the position of the transition energy E.. This line represents the recoilless
processes. The strong prominence of these lines with the natural line width
within the total line structure is not so surprising when one considers that
all the recoilless processes in the emission and absorption spectra appear with-
in an energy range of the order of magnitude of the natural line width. The
gamma transitions associated with the oscillator transitions appear, on the
other hand, in an energy range of the order of magnitude of the Debye

191



RESONANCE ABSORPTION OF GAMMA RADIATION 595

100°/0
14.4 ke
8=420°K
57re
10°/0
134 kev
6= 310°K
187Re
19/04
]
01%e . —— , . ,
1 10 102 103 104

Temp (°K)

Fig. 6. Fractions of recoil-free nuclear transitions (Debye-Waller factors) in “Fe and
*Re, shown as functions of the temperature.

temperature of the crystal; this energy range is always broader than the
natural line width by many orders of magnitude.

All these considerations provided a very plausible explanation of the or-
igin of the observed resonance absorption in *Ir at low temperatures. The
agreement between the experimentally observed temperature dependence of
the absorption (Fig. 4) and the theoretically computed dependence was
satisfactory when one considered that in the first calculation the Debye ap-
proximation was used for the frequency spectrum because the actual fre-
qguency spectra of the crystals used were not known. Notwithstanding this
qualitative agreement between experiment and theory, the situation still
appeared to be somewhat unsatisfactory. The theory predicted that under
the prescribed conditions lines of natural width should appear in the struc-
ture of the emission and absorption lines at the value of the transition en-
ergy E..

While the assumption of the existence of these lines made it possible to
explain the experiments thus far carried out, the keystone was evidently still
missing - namely, direct experimental proof of the existence of these lines
and, especially, a demonstration that their widths were indeed the natural
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line widths. It was necessary to find a detector which had the necessary en-
ergy resolution to measure the profiles of these extremely sharp lines. The
use of conventional detectors was excluded from the start. For example, the
scintillation detectors frequently used for gamma-ray measurements in the
relevant energy region have resolutions of the order of magnitude of 10°
eV, while the natural line widths of the observed lines were only about 10°
eV. The possibility of using the atomic nuclei themselves as detectors was
suggested as a way out of this situation. As was shown above, an essential
prediction of the theory was that the recoilless lines in both the emission
and the absorption spectra should appear at the same position - that is, at the
value of the transition energy.

Both lines would, therefore, overlap completely, this being the reason for
the strong absorption effect. If one could succeed in partially removing the
perfect overlap by a relative displacement of the lines, the absorption effect
of the recoilless lines should disappear correspondingly.

In the experiment carried out to test the validity of this prediction, the
idea was to accomplish the relative shift of the lines by means of the Doppler
effect, so that a relative velocity would be imparted to the nuclei of the
source with respect to the nuclei of the absorber. Here we had a sort of
reversal of the experiment carried out by Moon. Whereas in that experiment
the resonance condition destroyed by the recoil-energy losses was regained

o
|

i

10 cm

Pb

Fig. 7. Experimental arrangement. A, absorber-cryostat; Q, rotating cryostat with
source; D, scintillation detector.
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Fig. 8. Relative intensity ratio AI/I of gamma radiation measured behind the resonant
iridium absorber, in comparison with intensities measured behind a nonresonant
absorber.

by the application of an appropriate relative velocity, here the resonance
condition fulfilled in the experiment was to be destroyed through the ap-
plication of a relative velocity. And yet there was an essential difference be-
tween this and Moon’s experiment. There, the width of the lines that were
displaced relative to one another was determined by the thermal motion of
the nuclei in the source and absorber; here, the line widths were sharper by
four orders of magnitude. This made it possible to shift them by applying
velocities smaller by four orders of magnitude. The indicated velocities were
in the region of centimeters per second.

Fig. 7 shows the experimental arrangement’. For simplicity, | decided to
move the source by means of a turn-table. Only the part of the rotational
motion marked by the heavy line in Fig. 7 was used for the measurement -
namely, that part in which the source was moving relative to the absorber
with approximately constant velocity. The intensity at the detector was
measured as a function of the relative velocity between the source and the
absorber. Since the preparation of the conical-gear assembly necessary for
adjusting the various velocities caused a disagreeable delay in this experiment
which was so exciting for me, | took advantage of the existence in Germany
of a highly developed industry for the production of mechanical toys. A
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day spent in the Heidelberg toy shops contributed materially to the accelera-
tion of the work.

Fig. 8 shows the result of this experiment, a result which was just what
had been expected. As the figure demonstrates, a maximum resonance ab-
sorption was actually present at zero relative velocity as a result of the com-
plete superposition of the recoilless emission and absorption lines; therefore,
minimal radiation intensity passing through the absorber was observed in
the detector. With increasing relative velocity the emission line was shifted
to higher or lower energies, the resonance absorption decreased, and the ob-
served intensity correspondingly increased. The necessary relative velocities
were manifestly only of the order of centimeters per second. Since the ex-
periment consisted essentially of producing a shift of an emission line of
width I relative to an absorption line of width I, the observed line possessed
a width which, with a small correction, was equal to 21" It was especially
satisfying that the line width thus obtained agreed with the width determined
in the first experiment3 under much more difficult conditions. While ab-
sorption effects of the order of 1 per cent were observed in the second ex-
periment, an effect of the order of a hundredth of \per cent had been
achieved in the earlier work. Thus, direct proof of the existence of recoilless
absorption was achieved.

The significance of the new method was immediately apparent, although
not all of its consequences were immediately realized. With 4.6 x10°eV
the line width observed in the 129 keV gamma transition of *Ir was already
smaller than the usual thermal line widths by many orders of magnitude.
Let us define the energy resolving power E/dE by the ratio of the energy E,
of the nuclear transition and the natural width I" of the line; that is, E/dE =
E,/T. Then we obtain in the present case E/dE = 2.8 "~ 10°. The actual
energy resolution achieved was already much greater in this experiment,
since energy shifts amounting to a small fraction of the natural line width
were actually observed. Since then, it has become possible, by utilizing other
nuclear isotopes, to improve the obtainable energy resolution once more by
several orders of magnitude. It is this property of the recoilless nuclear res-
onance absorption - namely, that it is possible by this means to measure
extraordinarily small energy differences between two systems - which gave
the method its significance and opened up a broad field of possible applica-
tions.

Thus, the extraordinary sharpness of the recoilless gamma lines brought
direct investigation of the hyperfine structure of nuclear transitions within
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the range of possibility. As a rule, atomic nuclei possess electric and magnetic
moments in their various excited states. The interaction of these moments
with internal or external fields leads to a splitting of nuclear levels into a
number of states that are very close to one another. This hyperfine structure
normally remains hidden in gamma lines, since the thermal width of a gam-
ma line is always very large in comparison to the spacing of the hyperfine
levels of the nuclear state. When the distances between the individual hyper-
fine components are larger than the natural widths of the gamma lines, as is
frequently the case, and when the conditions necessary for the observation
of recoilless absorption are fulfilled, this method makes possible direct meas-
urements of the hyperfine structure of both participating nuclear states. In-
stead of a single line with the natural line width, a whole set of lines now
appears in the emission spectrum, corresponding to recoilless transitions be-
tween the hyperfine levels of the nuclear excited and ground states. The same
situation holds for the absorption spectrum. Studies of this type yield pre-
dictions on the magnetic dipole and electric quadrupole moments of the
nuclear states involved, as well as predictions on the magnetic fields and
gradients of the electric field prevailing at the site of the nucleus. The special
promise of such measurements lies primarily in the possibility of obtaining
information on the hyperfine splitting of excited nuclear states. In fact, sev-
eral moments of excited nuclear states have been determined in this way in
various laboratories. However, in our laboratory and in laboratories of many
others now working in this region, this method is used mainly for studying
the internal fields existing at the site of the nucleus; such studies have already
led to a series of interesting results.

In addition to measurement of the fields located in crystals at nuclear sites
and to measurement of the moments of excited nuclear states, studies of a
number of important effects have been made during the past two years in a
large number of laboratories. The observation of these effects was made pos-
sible by means of even sharper nuclear transitions, especially that of the 14.4-
keV transition in “Fe.

Particular mention should be made here of the beautiful measurements of
the energy shift of radiation quanta in the gravitational field of the earth’,
the observation of the second-order Doppler effect, and the measurements
of the isomeric shift. However, discussion of these and of a whole series of
other effects which have been studied by means of the method of recoilless
nuclear resonance lies outside the framework of this address.

The interpretation of the formalism which underlies the quantitative de-
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scription of recoilless nuclear resonance absorption has led to extremely ac-
tive discussions. The question particularly raised has been whether the effect
can be explained classically and, in this connection, whether the momentum
transfer takes place as a continuous process during the lifetime t of the ex-
cited nuclear state or as a spontaneous process in the sense of quantum elec-
trodynamics. The question raised here is closely connected with the prob-
lems encountered in the dualistic description of radiation as a wave process
or as a stream of free particles. Notwithstanding the fact that many details
of the recoilless resonance absorption can be described by classical models,
1 should characterize this effect as a specifically quantum-mechanical one. In
particular, it can be shown by the mathematical formulation of the theory
that the momentum transfer takes place spontaneously. This can be dem-
onstrated experimentally, not by an individual process but, rather, by the
measurement of certain integral quantities, as, for example, the Debye-Wal-
ler factor.

In conclusion, let me now say a few words on the limits of the methods
described. An upper limit for the usable natural line widths has certainly
been given when the widths approach the width of the vibrational spectrum
of the crystal oscillators.

In this particular case it becomes impossible to distinguish clearly between
nuclear processes which are simultaneously accompanied by oscillator transi-
tions and those which are not. However, this would require nuclear life-
times of less than 10™second, which do not occur in the nuclear levels
available for this type of experiment. Therefore this upper limit is both
uninteresting and unrealistic.

More difficult is the question of a lower limit for the available line widths.
To go beyond the limit so far attained of about 10°eV for the natural line
widths is quite possible in principle. There are, however, a number of factors
which have delayed extension of the method into the region of higher sen-
sitivity. On the one hand, there are very few nuclei of stable isotopes whose
first excited states possess the desired lifetime of greater than 10" second.
On the other hand, all the previously mentioned side effects of such sharp
lines play a dominant role; small disturbances of the crystal symmetry and
small contaminations quickly lead to individual shifts in the nuclear states,
and these shifts, as a group, produce a very considerable broadening of the
extremely sharp lines. In this way the resonance condition is so far violated
that the lines are not observed. However, there is a well-founded view that
still more sharply defined nuclear transitions will be available before long.
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These should lead to multiplication of the possibilities for applying the meth-
od of recoilless absorption. We may therefore hope that this young branch
of physics stands only at its threshold, and that it will be developed in the
future, not only to extend the application of existing knowledge but to make
possible new advances in the exciting world of unknown phenomena and
effects.
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the son of Ludwig Méssbauer and his wife Erna, née Ernst. He was educated
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left after matriculating in 1948. After working for one year in industrial
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Sciences

Your Majesties, Your Royal Highnesses, Ladies and Gentlemen.

The winner of this year’s Nobel Prize in Physics, Professor Lev Davido-
vi¢ Landau at Moscow University, was born in Baku, 1908. His mathemat-
ical talents appeared at a very early age and at the age of 14 he began his
studies at the University of Leningrad. After finishing them he spent one
and a half years abroad, in particular with the well-known atomic physicist
Niels Bohr in Copenhagen. He made a strong impression during this time
thanks to his brilliant intellect and great outspokenness.

In 1930 Landau published a quantum theoretical investigation concerning
the behaviour of free electrons in a magnetic field which immediately gave
him international fame. This work turned out to be essential for the under-
standing of the properties of metals. Starting from new fruitful ideas Landau
found after his return home, often in collaboration with his pupils, impor-
tant results concerning the structure of magnetic substances and supracon-
ductors and advanced fundamental theories for phase transformations and
thermodynamical fluctuations.

Landau’s ability to see the core of a problem and his unique physical
intuition appear clearly in his investigations on liquid helium which he
started after having been attached in 1937 to the Institute for Physical Prob-
lems in Moscow. The head of this institute was the famous physicist Kapitza
who then performed interesting experiments on liquid helium. The natural
helium gas had earlier been liquefied by cooling to about four degrees above
the absolute zero of temperature and subsequent research had shown that
this fluid when further cooled about two degrees was transformed to a new
state which has quite strange properties. According to a term introduced by
Kapitza it is superfluid which means that it can easily flow through very fine
capillaries and slits which almost completely prevent the flow of all other
liquids.

The originality in Landau’s attack on the problem of explaining these
phenomena was that he considered the quantized states of motion of the
whole liquid instead of the states of the single atoms as other scientists had
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done earlier. Landau started by considering the state of the fluid at the ab-
solute zero temperature which is its ground state. He described the excited
states of the liquid by the motion of certain fictive particles called quasi-
particles. Landau combined experimental results with his calculations and
deduced in this way the mechanical properties of the quasi-particles. These
results, from which the properties of the fluid could be calculated, were later
directly confirmed by investigations on the scattering of neutrons in liquid
helium. Such experiments were first performed at Atomic Energy Ltd. in
Stockholm in 1957. Landau further found that there exists in liquid he-
lium besides ordinary sound waves also waves of a « second sound ». He
inspired thereby a Russian scientist to confirm this phenomenon experi-
mentally.

Natural helium consists of an isotope of atomic weight 4 apart from about
one millionth of another isotope of atomic weight 3. The lighter isotope has
been studied in the liquid state since about 1950. This kind of liquid helium
has properties which are quite different from those of the heavier isotope
because the helium nuclei of atomic weights 3 and 4 are essentially different.
A satisfactory theory for the lighter helium liquid was first given by Landau
in 1956-1958 and has many formal similarities with his above-mentioned
theory for the heavier isotope. The new theory is valid only at very low
temperatures, less than one tenth of a degree above absolute zero. This is,
however, the most interesting temperature range. Due to the difficulty of
making measurements at these low temperatures the theory was not exper-
imentally tested until very recently. These tests have been the more fa-
vourable for the theory the more the measuring technique has been refined.
Landau has also predicted a new kind of wave propagation for this liquid
and has called it zero sound. He has thereby stimulated experimental sci-
entists to great efforts aiming to detect zero sound.

The importance of Landau’s investigations are apparent when one consid-
ers that an important goal of physics research is to explain the properties of
liquids as completely as it has been possible to explain the properties of
crystals and of rarefied gases. In their efforts to attain this goal the scientists
have in general met with insurmountable difficulties. An essential exception
is Landau’s theories of liquid helium which therefore are an achievement of
great and profound importance.

Besides his investigations on condensed matter, i.e. matter in the solid and
liquid state for which he is now awarded the Nobel Prize, Landau has also
made contributions of the utmost importance to other parts of physics, in
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particular to the theories of quantized fields and of elementary particles. He
has by his original ideas and masterly investigations exercised far-reaching
influence on the evolution of the atomic science of our time.

Professor Landau has unfortunately not yet fully recovered from the severe
accident which he sustained at the beginning of this year. He is therefore
not here to receive his Nobel Prize which is instead handed to him today
by the Ambassador of Sweden in Moscow. On behalf of the Swedish Acad-
emy of Sciences | wish to express the hope that Professor Landau will soon
completely recover.
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of the complete theory of the « quantum liquids » at very low temperatures.
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