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1. INTRODUCTION
Chadwick's discovery of the neutron1 in 1932 sparked

a genuine revolution in our understanding of nuclear
structure. The proton-electron model of the nucleus
was deposed by the proton-neutron model of Ivanenko
(Iwanenko2) and Heisenberg,3 which furnished an explana-
tion of reinterpretation of several established facts.
This new model was to have a major effect on the
course of subsequent research.

Soon after the discovery of the neutron, Fermi re-
ported his first experiments on nuclear reactions in-
duced by neutrons.4 Only four years after the discov-
ery of the neutron, Fermi's group, and also Moon and
Tillman,5 observed individual neutron resonances. In
an effort to explain the existence and properties of
these narrow, highly excited states, Niels Bohr ad-
vanced the hypothesis of a compound nucleus.6 The
decade ended with Hahn and Strassmann's discovery
of neutron-induced nuclear fission7 and Zel'dovich and
Khariton's derivation of a theory for the chain reaction.8

These events had a tremendous influence on nuclear
science and perhaps on modern civilization in general.

Quite rapidly, fundamental experimental and theoreti-
cal research led to the development of neutron physics
as a highly important branch of nuclear physics and
laid the scientific basis for modern nuclear power.
Over the same years, neutron spectroscopy of nuclei
arose as a branch of neutron physics. Niels Bohr's
hypothesis of the compound nucleus and the extensive
data which neutron spectroscopy subsequently yielded
laid the basis for the statistical theory of the nucleus
(Bethe and Weisskopf, 1937-1940) and the fl-matrix
theory of nuclear reactions (Wigner and Eisenbud,
1948). These theories initially had no competition in
describing the mechanisms for neutron-nucleus inter-
actions, but eventually they had to make room for the
optical model (Feshbach, Porter, and Weisskopf, 1954).
Neutron physics also made an important contribution
to the development of our understanding of the nuclear
forces acting between nucleons. Study of the np and nd
interactions and of the properties of the simplest few-
nucleon systems (Feenberg, Wigner, and Schwinger,
1935-1941) led to the hypothesis of the charge indepen-
dence of nuclear forces. This hypothesis became one
of the foundations of the theory for the lightest nuclei.
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Throughout all these developments in neutron physics,
the primary source of experimental data was neutron
spectroscopy. Contemporary research in nuclear phy-
sics by neutron methods is so extensive and so rich
in results that the subject cannot be covered in a single
paper, and we will have to omit many interesting ques-
tions from this review. A detailed review of the emer-
gence of neutron physics as a science has been written
by an active participant in that development, E. Amaldi.9

We have not cited all the early papers here, since they
are cited in the extensive bibliography furnished by
Amaldi. Reviews or monographs have also been pub-
lished on ihe physics of fast neutrons,10 on they spec-
troscopy of the radiative capture of neutrons,11 and on
parity nonconservation in neutron reactions.12 Nuclear
fission induced by neutrons is covered in the journals
and conference proceedings (see Ref. 13, for example).

The present review is intended to describe the pro-
gress in the use of neutrons to study the properties of
compound nuclear states and few-nucleon systems,
primarily in the nontraditional directions which arose
over the past 10-15 years as a result of the develop-
ment of several new experimental methods, primarily
high-intensity neutron spectrometry. To some extent,
the choice of topics has been determined by our own
interests and our own fields of study. For an introduc-
tion to the present state of other branches of neutron
spectroscopy of nuclei we recommend the comprehen-
sive paper by Chrien14 on nuclear reactions involving
resonance neutrons.

2. STUDY OF EXCITED NUCLEAR STATES BY
NEUTRON SPECTROMETRY

Since the neutron does not have an electric charge,
so that no Coulomb barrier opposes its penetration
into a nucleus, it has been possible to use the neutron
as a universal tool for exciting essentially all nuclei
in the /3-stability valley. The methods of neutron spec-
troscopy have made it possible to study excited com-
pound states of nuclei near the neutron binding energy
(Bn =7-10 MeV). The procedure here is to analyze the
cross sections for the interactions of neutrons with the
nucleus. The effective neutron cross section at is a
measure of the interaction probability, given by

(I A' -= A~a,d", (1)

where dN is the number of neutrons which have inter-
acted in a layer dn (nuclei per square centimeter) of
the matter, and N is the number of neutrons incident on
this layer.

Compound nuclear states are not stationary states.
Their lifetime T is about 10"15 s, and their energy
width, determined by the Heisenberg relation r=7z/T,
is 0.66 eV for r = 10'15 s.

If the nuclear reaction is treated as a process which
occurs in two independent steps, the reaction cross
section can be written

(x), (2)

FIG. 1. Excited nuclear levels studied by neutron spec-
troscopy.

probability for decay through the emission of the parti-
cle x. The energies and widths of nuclear levels can
be determined by studying the resonances in the depen-
dence of the cross sections on the neutron energy. By
detecting the emission of the various particles which
are reaction products, it is possible to draw conclu-
sions regarding the partial probabilities for the decay
of the compound nuclei (in other words, of the neutron
resonances) through various channels. The diagram in
Fig. 1 shows the various channels for the decay of neu-
tron resonances and the relationship between the cross
sections and the positions of the excited nuclear states.
In this example, the capture of an s-wave neutron by
the target nucleus A (/*=7/2~) gives rise to the excita-
tion in the (A + 1) nucleus of compound states with
spins J'=3",4", above the nuetron binding energy Bn.
These levels may decay through the emission of a neu-
tron (the inverse process), through the emission of y
rays (the wavy lines), and through the emission of a
particles (double lines with arrows). For each process
there is a corresponding cross section ax.

a) Breit-Wigner parametrization of the cross section

The total neutron cross section o-t is the sum

o, =---• as f a.. 4- o( -4- aa — ap . . . (3)

of the partial cross sections corresponding to scatter-
ing, capture, fission, and reactions involving the emis-
sion of a particles, protons, etc.

For most nuclei the cross sections a, and ar are pre-
dominant in this sum at resonance energies. The cross
sections ap are characteristic of light nuclei, and the
fission cross sections a, are characteristic of heavy
nuclei. The cross sections aa are usually small but
are known for many nuclei (Sec. 3). The most rigorous
description of the energy dependence of the effective
cross sections is given by the R-matrix theory, which
is set forth in Ref. 15, among other places. The single-
level approximation of this theory leads to the well-
known formula derived by Breit and Wigner18:

rn (
(4)

where a c is the cross section for the production of the
compound nucleus, and w(x) = Tt/T is the relative

hereE0 is the resonance energy, .̂0 is the neutron
wavelength at E =£„, divided by 2-n, rn(E0) is the neu-
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tron width at E =£0, rx is the width of the correspond-
ing reaction, and r = 2r4 is the total width of the level.

The shape of the resonance is significantly affected
by the chemical binding and by the thermal motion of
the atoms in a sample (Sec. 4). Furthermore, the
shape of the resonance in the reaction cross section
is not symmetric because of the factor k~l/v, which
gives rise to the "\/v law" in the limit E -0, which is
well known in the absorption of slow neutrons.

A statistical weight gf = (2J +1)/(2/ + l)x (2s +1)
arises when the spins I and s of the particles involved
in the reaction are combined with their relative orbital
angular momentum L to form the total spin of the
resonance, J =L + s +1. For neutrons with energies
below 100 keV, the interaction is dominated by two
partial waves, Z = 0 ("s neutrons") and 1 = 1 ("p neu-
trons").

In addition to their spin J, the resonances are char-
acterized by one more quantum number: their parity.
The parities of the resonances are the same as (oppo-
site to) that of the ground state of the target nucleus if
the nucleus is excited by s neutrons (p neutrons).

According to Bohr's concept of the compound nucleus,
the neutron resonance is a long-lived nuclear state
which decays by a mechanism which does not depend on
the manner in which it was formed. The theory as it
exists today cannot predict the parameters rn, 1%, E0,
and J for the individual resonances. These parameters
are determined experimentally, and their values have
been compiled in an atlas of neutron cross sections.17

At the same time, it is the complex, many-particle
nature of compound states which leads to the definite
behavior established by the statistical theory. The be-
havior described by this theory deals with the expecta-
tion values of the decay widths for decay by the various
channels, the distributions of the partial and total
widths, and the distributions of the intervals between
resonances.

b) Distribution of the distances between resonances
with definite values of Jn

During the first two decades of the "neutron era,"
physicists inferred from the complexity of the compound
states that the intervals between resonances were dis-
tributed at random, i.e., exponentially. Short dis-
tances are the most probable in such a distribution.
When Gurevich and Pevsner18 analyzed the experimen-
tal data, however, they observed a "repulsion effect,"
i.e., a deficiency of short distances in the distance dis-
tribution. Wigner19 solved this problem theoretically,
examining the distribution of the differences between the
eigenvalues of matrices whose elements are numbers
chosen at random from a Gaussian distribution. Wigner
derived a distribution

(5)

with x =S/D, where S is the distance between "neigh-
bors" in the sequence of resonances with identical
values of J* and D =S.

H | 1 r

0 iS 50 75 S,eM

FIG. 2. Distribution of the distances between resonances of
erbium-166 (Ref. 20).

This distribution is shown by the solid curve in Fig.
2. The physical reason for the level repulsion is a
residual interaction of particles, which has the conse-
quence that the probability for the appearance of a
second level in an interval dS at a distance S from the
first level is proportional to not only dS/D but also S
itself. Not only small but also large distances S are
relatively improbable in comparison with a random
distribution. The Wigner distribution has been con-
firmed by many experimental results, e.g., the results
obtained on 166Er by a group at Columbia University,20

shown in Fig. 2.

Subsequently, many other investigators took up the
problem, used more accurate methods, and examined
various ensembles of random matrices. The corre-
sponding predictions, however, turned out to be very
similar to distribution (5), and it is not possible to
choose among the various distributions on the basis of
the experimental data available. Research on random-
matrix theory is summarized in the recent fundamental
review by Brody et aZ.21

c) Distribution of widths and their mean values

The widths of the various decay channels of the com-
pound states, \, are energy-dependent and can be writ-
ten as follows, according to the R-matrix theory:

l\c = 2TU>c, (6)

where y2
c is the energy-independent reduced width, and

Pa is the penetrability in channel c, expressed in terms
of the Coulomb functions F and G (Ref. 15) as PC=R/
k(F]+G])e. For the s-wave neutron widths we have F]
+ G2 = 1, which leads to an energy dependence rD~/E.
It is thus customary to use the quantities r° = rtt[(l eV)/
£]*/2, which are the widths referred to 1 eV. The
reduced widths F° andy2 are related by r°=2y2R//1

(A.j corresponds to the wavelength of a neutron at an
energy of 1 eV). According to the Bohr concept the
mean values of the reduced decay widths should not
depend on the nature of the final states.

Porter and Thomas22 have raised arguments for a
normal distribution of the amplitudes of the reduced
neutron widths yn with a mean value yn = 0. Their argu-
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ments led them to the following distribution of reduced
neutron widths:

P (</) d</ = y = 1 , <,<> (y) = 2, (7)

where y =-yn/(yl) = rj[(r;;). In nuclear physics, this dis-
tribution has come to be known as the "Porter-Thomas
distribution"; in statistics, it is the x2 distribution with
one degree of freedom (i/ = l). This distribution has
been confirmed by several experimental studies, not
only for the neutron widths but also for the partial
widths of various reactions (Sec. 3). Distribution (7)
is very broad; its variance a2 is nearly eight times that
of distribution (5).

The total widths, which are the sums of the indepen-
dently fluctuating partial widths, fluctuate far less.
For example, the number of degrees of freedom for
the total radiation width rr = STrJ may reach i> = 100
for nuclei with a complex spectrum of final states which
result from partial transitions characterized by the
partial widths Tri. Recent theoretical results23'24 on
(rr) reproduce the experimental results fairly well.
The experimental information available on the total
radiation widths is analyzed in Ref. 25.

In the case of the a decay of neutron resonances, the
distribution of the total a widths, which are the sums
of the partial widths over the final states / and over the
possible orbital angular momenta /, can be described
as a x2 distribution with an effective number of degrees
of freedom

Xeff "(2rai,.)
2(2?'Ki')~'. (8)

where Ta!/ is the barrier penetrability for the corre-
sponding a transition. According to the statistical
theory, the expectation values of the total widths of the
various resonances can be evaluated from the follow-
ing expression, in accordance with the approach taken
by Blatt and Weisskopf:26.

<rc> = - (9)

where DJ' is the average distance between resonances
with spin and parity J* (this distance is a few electron
volts for heavy nuclei), and I is the orbital angular mo-
mentum of the emitted particle or the multipolarity of
they ray. This simple expression was proposed 30
years ago for order-of-magnitude estimates of the
mean values of the widths, but a comparison with the
most recent experimental data shows that the mean
widths can be described considerably more accurately
by expressions of the type in (9). The only important
point is to calculate correctly the penetrability for the
emitted particle, bearing in mind effects which do not
occur in the statistical model; for example, the optical
model should be used to allow for the semi-transparen-
cy of the nucleus for neutrons.

Experimentally, the mean widths are determined by
measuring the widths of individual resonances. Be-
cause of the large random fluctuations in the widths,
however, the accuracy of this averaging procedure is
not always good. Since the resolution of neutron spec-
trometers (more on this below) falls off quite rapidly
with the neutron energy, the number of resonances

which have been reliably studied for each isotope is
limited, generally to a few dozen. For the widths
fluctuating in accordance with the Porter-Thomas dis-
tribution, the mean width is then subject to an uncer-
tainty of about 20%. More accurate mean widths can be
determined by analyzing the average cross sections
found by taking averages over hundred or thousands of
resonances.

d) Strength function

A concept which has proved extremely fruitful in neu-
tron physics is the strength function, defined by

c _ 2 < J __ <r c >
C~~~~~DP7 (10)

The second equality in (10) follows from (6). In the
statistical model, the penetrability P0 should be taken
to be the quantity Tc determined by (9). Substitution of
this quantity into (10) shows that in this case the
strength function should be constant not only over ener-
gy but also from one nucleus to another; the observa-
tion of a deviation from this rule means that nonstatis-
tical processes are having an effect in the given reac-
tion channel. A slightly different definition has come
down over the years for the neutron strength function
(for the interaction of s neutrons with nuclei): S° ={rj)/
D. This definition is the same as that in (10) within a
factor

Hughes et al?1 measured the neutron strength func-
tions by the method of average cross sections and
showed that there are giant "size resonances" in the
dependence of the strength function on the mass num-
ber A (or on R, the size of the nucleus). Figure 3
shows recent data on the s-wave strength function; the
corresponding results for the p-wave strength function
can be found in the review in Ref, 28.

This behavior of S0, like the smooth maxima detected
previously by Barschall29 in the cross sections for the
scattering of neutrons with energies up to a few MeV,
was ascribed to the semitransparency of the nucleus
with a corresponding complex potential 7 = V0 + iW0 in
the Schrodinger equation— in a departure from the

FIG. 3. Neutron strength function as a function of the mass
number.17 For the solid curve, the potential of the optical
model, V0, is 43. 5 MeV; for the dashed curve it is 41. 5 MeV.
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statistical theory. This approach gave rise to the opti-
cal model of the nucleus30*31 and its modern versions,
which incorporate the concept of doorway states (see
Ref. 32, for example).

For a long time, the role played by the spin-spin
terms V0s and W0s in the optical potential remained un-
clear. These terms describe the spin dependence of
the cross section for the interaction of neutrons with
nuclei. Some recent results from experiments with
polarized rare earth nuclei and polarized neutrons have
yielded W0s = 0.10 ±0.06 MeV (Ref. 33) and F0,« 0.08
MeV (Ref. 34). The spin-spin terms in the optical
potential are thus much smaller than the leading terms
(W0*5 MeV, Kr,*40MeV).

In general, the statistical theory is now capable of
correctly predicting the average characteristics of
compound states, describing the distribution of the
various parameters about their mean values, and cor-
rectly describing the smooth dependence of the level
density at nuclear excitation energies of the order of
10 MeV. It may be said that there is a correspondence
between this picture and the experimental data avail-
able for the various decay channels of the neutron reso-
nances.

On the other hand, we know only a rather small num-
ber of the conventional characteristics of these very
complex compound states: the energy, the spin, the
parity, the neutron and total radiation widths, (more
rarely) the partial y widths, and (even more rarely)
the a and proton widths. Accordingly, one of the most
important problems of the modern neutron spectro-
scopy of nuclei is to add to the number of character-
istics of the neutron resonances which have been stud-
ied (for example, to study the electric and magnetic
moments and the radii) and to study new decay channels
for these resonances. This will generally require
detecting weak effects and reactions with extremely
small cross sections. It is therefore crucial to raise
the intensity of neutron sources, to develop highly effi-
cient detectors and spectrometers for the secondary
particles, and to develop a variety of methods for high-
intensity spectrometry.

e) General questions of high-intensity neutron
spectrometry

Modern neutron spectrometry is capable of resolving
individual states of nuclei which are separated by a
fraction of an electron volt at a total excitation energy
of the order of 7-10 MeV. This resolution—unique in
nuclear physics—is achieved by comparatively simple
means and stems from the fact that the excitation
energy of a compound nucleus is E * = Bn +#„, where
B, is the binding energy of the captured neutron, which
is the order of 10r eV, while the spectrometry (usually
time-of-flight spectrometry) is carried out at a com-
paratively low kinetic energy of the neutron, £B<'104

eV.

This relationship between the components of the ex-
citation energy (En« Bj, which is possible only in the
case of neutron capture, allows us to study in its pure

form the distinct class of nuclear reactions which go
through a compound-nucleus stage and to study the na-
ture of these complex, quasistationary states.

The experimental methods of neutron spectrometry
include various methods for producing monoenergetic
neutrons or for singling out the effects of monoener-
getic neutrons in measurements of the total and partial
cross sections for neutron-nucleus interactions. The
most important of these methods either use sources
of monoenergetic neutrons [nuclear reactions of the
type 7Li(p,n) or photoneutron sources of the Sb-Be
type] or make it possible to single out monoenergetic
neutrons from a source with a continuous neutron dis-
tribution (time-of-flight methods, moderation-time
methods, nuclear filters, etc.). '

Over the past three decades experimental neutron
spectroscopy has been improving continually. It has
come a long way from the simple chopper selectors
in the first nuclear reactors to the modern spectro-
meters installed at powerful pulsed accelerators of
electrons, protons, and deuterons; pulsed reactors;
high-flux steady-state reactors; etc.35'36

Neutron spectroscopy is developing along the direc-
tions of increasing resolution and increasing intensity.
The variety of research programs is forcing im-
provements in both these major characteristics of neu-
tron spectrometers. The general-purpose spectro-
meters for experimental physics, however, usually
cannot claim record high characteristics, so that many
interesting and pioneering studies are being carried out
with specialized apparatus. It should also be emphasized
here that a successful experiment requires match-
ing the basic characteristics of the neutron spectro-
meter with those of the particle detectors, those of
the system which detects the events, and (in several
complex recent experiments) those of the computer
facilities. Otherwise record high characteristics may
turn out to be useless. Table I illustrates the situation
with the characteristics of several time-of-flight neu-

TABLE I. Characteristics of certain pulsed sources for neu-
tron spectroscopy.

Spectrometer

1. SC(New
York)

2. 1C (Karl-
sruhe)

3. FAKEL
(Moscow)

4. CELINA
(Geel)

5. OREL A
(Oak Ridge)

6. HELIOS
(Harwell)
with booster

7. WNR(Los
Alamos) with
out storage
ring

8. LUE^»0
+ IBR-30
(Dubna)

9. GNEIS
(Gatchina)

10. IBR-2
(Dubna)

•3 3

It

P

d

c

e

c

P

e

e

P

—

^max-
MeV

385

50

60

150

140

128

800

40

1000
_

/peak,
A

0.33

3

0.5

a
15

1.0

0.2

—
_

At, ns

20

1

50-5000

10

3-30

100

0.2-3000

4500

10

10s

Q, neu-
trons/s

2- 10"

10"

2-1012—
4-10'3

2.3.10"

10"

0.3-10"

101!—
2 10"

0.3-10'h

2.7.10"

1.8.10'r

<J.
neutrons/
pulse

3-1011

C-10'

2-10'°—
4-10"

2.3.101"

1011

0.7B.101"

0.3-101"

5-10'-

3.6.10's

v, Hz

BO

1.5.10s

100

0.<J.10>

10:>

90

120

100

50

50

max

200

180

230

400

200

300

300

1000

45

1000

a.

35

35

37

»

30

40

41

42

13

4-i
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tron spectrometers installed at accelerators and pulsed
reactors.

The first column gives the name by which the spec-
trometer is known in the literature. The abbreviation
1C means isochronous cyclotron; SC means synchro-
cyclotron; Bma, is the maximum energy of the acceler-
ated particles; /peak is the instantaneous peak value of
the current in the pulse; A£ is the pulse length; Q is
the total neutron yield per second; q is the neutron
yield per pulse; v is the pulse repetition frequency;
and Lma. is the maximum usable baseline. In principle,
this array of spectrometers can deal with a very broad
range of neutron-spectroscopy problems, although an
even higher intensity is required in certain experiments.

There are several ways to raise the transmission of
neutron spectrometers.

1) To increase directly the neutron flux density from
the source, without changing the other characteristics
of the spectrometer [raising the current (energy) of
the accelerated particles or using targets of fissionable
materials].

2) To alter the characteristics of the spectrometer.
In the time-of-flight method, this would mean increas-
ing the length of the neutron pulse or moving closer to
the neutron source. In the latter case it must be kept
in mind that a limitation is imposed by the dimensions
of the accelerator target (or of the moderator) and of
the sample (or of the detector).

3) To use (in the time-of-flight method) a booster or
neutron multiplier. This booster can be either a
steady-state device (like that at Harwell in England)
or a pulsed device (like that used with the IBR-30 fast-
neutron reactor at Dubna). At neutron pulse lengths
of a few microseconds, this approach can raise the
neutron flux density by one or two orders of magnitude.

4) To use moderation-time neutron spectrometry.

f) Time-of-flight method

Neutron sources generally provide neutrons with a
continuous energy distribution, and special methods are
required to single out neutrons of a particular energy
or to measure their energy. The most versatile of
these methods is the time-of-flight method. Pulsed
operation of the neutron source is convenient for this
method. We denote by I the distance (in meters) tra-
versed by the neutron in moving from the source to the
detector, by t (in microseconds) the time of flight, and
by A£ the uncertainty in this time which results from
the finite length of the neutron pulse and other factors.
From the nonrelativistic equations E —mv2/2 and t—l/v
we can then derive the basic equations of the method:

0.028 \fTn~
( (ID

The total cross section is usually determined as a
function of the energy, at(EJ, by measuring the trans-
mission of neutrons by the sample for various times of
flight. The transmission T and the cross section at are
related by the simple equation

(12)

The reason that measurements with a uniquely high
resolution are possible, as mentioned earlier, is that
AEn can be made arbitrarily small by letting I ~ °°. At
the values used in practice, for example, AJ = 1 jxs and
1 = 100 m, the uncertainty in the energy is AEn = 0.3 eV
at £n=100 eV and increases with increasing energy in
proportion to Es/2. For a given duration of the neutron
burst, the source intensity places a limit on the im-
provements in the resolution.

The IBR-30 fast-neutron reactor42 has been in opera-
tion for many years now in the Neutron Physics Labor-
atory of the Joint Institute for Nuclear Research. The
average power of this reactor is 25 kW, and at five
pulses per second it generates a pulsed power of 60
MW—matching that of the best steady-state research
reactors. For experiments with resonance neutrons,
the reactor is operated in a booster mode in combina-
tion with an electron injector-accelerator. The acce-
lerator target is placed in the active zone of the reac-
tor, and the neutron pulses produced at the target as
the result of a photonuclear reaction are multiplied by
the subcritical reactor by a factor of 200. In this mode,
the source has an average intensity of 3-1014 neutrons/
s at a neutron pulse length of 4.5 fis. By way of com-
parison, the intensity at the electron accelerators in
operation usually does not exceed 1014 neutron/s (Table
I). A pulsed reactor with an injector is therefore one
of the best choices for high-intensity neutron spectro-
scopy at a modest resolution.

g) Moderation-time neutron spectrometry

This is an interesting method because of the under-
lying physics and also because of the opportunities it
presents the experimentalist. The concept arose from
Lazareva, Feihberg, and Shapiro's discussions45 of a
particular feature of the moderation process which
results from the elastic scattering of neutrons in a
heavy medium: the bunching of the neutron velocities
in a comparatively narrow interval around an average
value. A crude explanation is that the range of the neu-
tron between collisions depends only slightly on the
neutron velocity, so that the faster neutrons collide
more frequently with the moderator and lose energy
more rapidly.

If a brief pulse of fast neutrons at a velocity v$ is
injected into a large volume of a moderator consisting
of nuclei with A » 1, the neutrons will collide elasti-
cally with the moderator nuclei, losing an average frac-
tion ~2/A of their energy in each collision, and will
accordingly accumulate in a comparatively narrow ve-
locity interval. As the moderation time increases, this
interval shifts downward along the velocity scale. By
operating the neutron detector (or devices which detect
particles accompanying the capture of a neutron by a
nucleus of the test sample) for a narrow time interval
A£ by a time t with respect to the time of the neutron
injection, it becomes possible to select approximately
monoenergetic neutrons. The average energy of these
neutrons is related to the moderation time t by
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(13)

where A is the mean free path of the neutron with re-
spect to scattering, and z;0 is the initial velocity of the
neutrons. The product AA, which is ~6 m for lead, is
an effective "flight distance," by analogy with the time-
of-flight method.

This idea was embodied in a moderation-time spec-
trometer by a group led by Shapiro at the Lebedev
Physics Institute in Moscow.46 The neutron source,
with an average intensity of about 109 n/s, was a tri-
tium target exposed to a pulsed beam of 300-keV deu-
terons. The target was placed at the center of a lead
prism with dimensions of 2x2x2.3 m, in which the
neutrons were moderated. The detector was inserted
into a narrow channel in the prism. This method ad-
mittedly has the disadvantage of low resolution (»30%),
but it has the undisputed advantage of high transmission.
This method is widely used to measure capture and
fission cross sections over the energy range from 1 eV
to 30 keV (see the papers by Bergman and Popov cited
in Ref. 46). A second life was recently breathed into
this method at Rensselaer Polytechnic Institute,47 where
a neutron source (the target of an electron accelerator)
with an intensity 1000 times higher was inserted into a
lead cube. In this case the sensitivity to the measured
cross sections for subbarrier fission and the (n, a) and
(n,p) reactions amounted to a fraction of a microbarn.

h) Filtered beams

An important technical advance in the past decade
was the development and practical implementation of
a filter method48 for producing intense, approximately
monoenergetic beams of intermediate-energy neutrons
at steady-state research reactors. This method raises
the accuracy of measurements of the average charac-
teristics of neutron resonances and permits measure-
ments of smaller cross sections (see Sec. 3). The
materials which are used as filters, (iron-56 or scandi-
um, for example) have total neutron cross sections
which go through minima at certain energies. These
minima result from an interference of resonance
scattering and potential scattering. When neutrons are
filtered through a thick layer of such a material, the
resulting beam has an energy which corresponds to the
interference minimum and an energy width A£n deter-
mined by the thickness of the filter. The intensity of
the neutrons of other energies which remain (the back-
ground) is usually 3-6%. Various combinations of
these materials with other materials (aluminum, sulfur,
and sodium, for example) are used to suppress this
background. Table II shows the basic characteristics

TABLE II. Parameters of filtered beams.

Filter

96 cm Sc

22.9 cm Fe
36.2 cm Al
6.3 cm S

2n, keV

2

24.3

i£n. keV

0.9 (0.6)

2.0 (2.1)

/, neutrons/s

4-10' (2.10*)

1-10' (MO6)

of some of these filters, compiled from the data of
Ref. 49. The total intensity / corresponds to a beam
working area of 7 cm2 and reaches the high level of
107 neutron/s at the sample, as can be seen from the
table. This intensity was achieved at the HFBR high-
flux reactor at Brookhaven.

Shown in parentheses here are the values for a stan-
dard Soviet VVR-M reactor with a thermal-neutron
flux density «7-1013 neutrons/(cm2- s) in the active
zone, at the Institute of Nuclear Research of the Aca-
demy of Sciences of the Ukr.SSR, Kiev. Filtered beams
of this type are widely used there to measure a variety
of neutron cross sections.50

i) Method of polarized nuclear targets and polarized
neutron beams

Most neutron experiments use unpolarized neutrons
and unoriented nuclear systems having an isotropic dis-
tribution of spin projections onto the quantization axis.
This approach frequently loses information on spin-
dependent aspects of the neutron-nucleus interaction.
There is an exceptional situation at low energies (be-
low 10 eV), where neutron polarization methods based
on the spin dependence of magnetic scattering have
been developed and used successfully (see Ref. 51, for
example). Not until the mid-1960's was a polarization
method developed (in the Neutron Physics Laboratory,
Joint Institute for Nuclear Research, Dubna52) for the
broad resonance region of neutron energies (slOO keV),
which made it possible to work with a comparatively
low neutron-beam intensity loss. This method makes
use of the strong spin dependence of neutron-proton
scattering. By passing the primary beam through a
polarized proton target, one can filter out one of the
two spin components of the beam or, in other words,
polarize the beam.

The method which has been adopted most extensively
for producing polarized nuclear targets is the method
of thermal equilibrium with pronounced cooling in an
external magnetic field. The magnetic fields and low
temperatures required here can be attained under lab-
oratory conditions because of recent advances in super-
conducting magnets and cryostats in which helium-3 is
dissolved in helium-4. Another possibility is to use
intraatomic "hyperfine" magnetic fields, as a Dubna
group has done.53

Polarization experiments are an extremely high-
intensity method for studying many weak effects, e.g.,
parity nonconservation and the spin-dependent inter-
mediate structure in the cross sections. We might also
note that the polarization method is a direct method
for identifying the spins of neutron resonances. As is
illustrated in Fig. 4 for a terbium target, it is suffi-
cient here to determine the sign of the polarization
effect, e, defined as the relative difference between
the detector count rates when the polarization of the
neutrons and the nuclei are parallel and antiparallel.

j) Progress in high-transmission detection apparatus

The increases in the intensity of the neutron sources
have been accompanied by refinements in the apparatus
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FIG. 4. Bottom—experimental transmission spectrum of
terbium, plotted against the time of flight, t; top—the polari-
zation effect E, which determines the spins of the resonances.5'

used to detect the products of the neutron-nucleus re-
actions. Harvey and Hill54 have published a compre-
hensive review of modern methods for detecting neu-
trons by means of scintillators. Semiconductor detec-
tors and spectrometers are finding progressively more
experimental applications.58 They are particularly
promising in the spectrometry of the y rays from the
radiative capture of neutrons. The good energy reso-
lution and high efficiency for y detection of germanium
semiconductor spectrometers, combined with a time-
of-flight procedure, have finally made it possible to
study the properties of the partial y transitions for a
broad range of individual neutron resonances. They
have also made it possible to study some interesting
aspects of the mechanism for the radiative capture of
neutrons."

Semiconductor charged-particle spectrometers are
widely used in measurements with thermal neutrons,
which are available in extremely high flux densities in
advanced research reactors. In studies of the charged
particles produced in reactions with resonance neutrons
(where the flux densities are many orders of magnitude
lower than those for thermal neutrons), semiconductor
detectors and spectrometers, with a sensitive area no
greater than 10 cm2, run into rough competition from
modern ionization and proportional chambers. Although
ionization spectrometers have a resolution which is
poorer by a factor of several units, their sensitive
area (or their efficiency) is larger by two or three or-
ders of magnitude. Studies of the a spectra for indi-
vidual resonances and studies of the average partial
cross sections in the reaction (n, a) and (n,yo) have
become possible only by combining special ionization
chambers having a large sensitive area with a high-

FIG. 5. Schematic diagram of high-transmission ionization
chamber (2) and of a neutron collimator (1). 3—grid; 4—
collector; 5—sample.

transmission neutron spectrometer, used with a linear
electron accelerator with a pulsed booster-breeder
in the form of an IBR fast-neutron pulsed reactor (Sec.
3).

Figure 5 is a schematic diagram of one such ioniza-
tion chamber,56 with a target area of 3-103 cm2. The
collimation system for the neutron beam and the shape
of the target (sample) are chosen to minimize the
bombardment of the sensitive volume of the ionization
chamber with neutron andy rays from the source while
the entire target is being bombarded. This approach
has made it possible to raise the resolution of the
spectrometer by a factor of several units and to extend
the working range of times of flight in operation with an
intense neutron source and comparatively short base-
lines.

Some new possibilities for neutron-spectroscopy
research have been opened up by the experimental ap-
proach known as "multiplicity spectroscopy."57 The
idea here is not to measure the average number of
radiative-capture y rays but to measure the distribu-
tion in the multiplicity of all particles andy rays emit-
ted during absorption of the neutron by the nucleus.
Figure 6 shows a schematic y multiplicity spectrum of
this sort, Nr(v). The readings at v — \ correspond to
the scattered neutrons which are detected by a special
neutron-gamma converter, which produces one y ray
for every neutron which it captures. The peaks at v
= 3 and c»9 are determined, respectively, by radiative
capture and by fission, detected from the accompany-
ing y rays. It is thus possible to detect simultaneously
all three basic processes which result from the inter-

A A

FIG. 6. Bottom—schematic multiplicity spectrum; top—
47r-y detector.
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action of neutrons with heavy nuclei. Furthermore, by
analyzing the differences in the shape of the multipli-
city distributions of the y rays corresponding to radia-
tive capture of neutrons in the various resonances, one
can identify the spins of the resonances. An apparatus
for y multiplicity spectrometry has been developed at
the Kurchatov Institute of Atomic Energy, Moscow.
This is a 4ir high-transmission y-detector, consisting
of 46 independent Nal(Tl) crystals with a total volume
=100 liters with an electronic system for recording
two-dimensional information.

Now that we have reviewed the basic aspects of the
interactions of resonance neutrons with nuclei and cer-
tain methodological aspects of modern neutron research,
we will move on to the experimental results on some
new characteristics of neutron resonances which have
been obtained primarily through the development of
high-intensity methods of neutron spectroscopy of nu-
clei.

3. a DECAY OF COMPOUND NUCLEI

There are two motivations for studying the reaction
(n, Q) with resonance neutrons. On the one hand, this
is a new approach in neutron spectroscopy, which can
furnish information on the total and partial o widths:
a set of characteristics of the neutron resonances which
complements the known neutron and radiative widths.
On the other hand, this is a new type of a decay: the
decay of very complex, highly excited compound states.
Since the lifetimes of these states are many orders
of magnitude longer than the nuclear scale times, as
we have already noted, they may be treated as approxi-
mately stable states, and we may speak in terms of
the a decay of neutron resonances, by analogy with
the well-known a decay of ground states.

In several cases, study of the a decay of compound
states makes it possible not to get involved in the indi-
vidual structural features of the decaying state and to
expand greatly the range of a-decay energies which
can be studied. For the U4Nd nucleus, for example,
the energy of the a decay of the ground state is £„ =1.8
MeV, while for compound states (because of the addi-
tion of the neutron binding energy) the decay energy is
El = 9.4 MeV. The result is a difference by 33 orders
of magnitude between the decay half-lives of the ground
and compound states of 144Nd. Furthermore, the reac-
tion (n, a) makes it possible to extend the use of Q
decay—one of the "ancient" tools for studying nuclear
structure and various aspects of the dynamics of intra-
nuclear processes—to new nuclei and even to a new
range of nuclei, with A < 120.

At the same time it must be noted that the reaction
(n,a) in heavy and intermediate nuclei with slow neu-
trons is significantly suppressed because of the low
penetrability of the Coulomb barrier of the nucleus,
since the energy of ihe emitted a particle is less than
or equal to the energy of the Coulomb barrier: Ea

*£coui- Tne cross sections for the (n, a) reaction have
proved to be very small; if, for example, we compare
them with those for the well-studied radiative capture
of a neutron we find that the ratio a(n, a)/cr(n,y) is only

lO^-lO"5, even under ihe most favorable conditions.
This circumstance is responsible for many methodo-
logical difficulties and explains the relatively late de-
velopment of this direction in neutron spectroscopy.

Such aspects of the (n, a) reaction as the cross sec-
tions, the large background from the competing reac-
tion (n,y), and the short range of a particles in the
target material impose specific requirements on the
method for studying this reaction. It is important that
the neutron spectrometer have a high transmission and
that the bombardment target have a large area. These
are particularly important considerations in experi-
ments with resonance neutrons, whose flux densities
are several orders of magnitude lower than those of
thermal neutrons in modern research reactors. As a
result, while semiconductor detectors with an area
of 1 cm2 are commonly used to measure the a spectra
in the reaction (n, Q) with thermal neutrons, for mea-
surements with resonance neutrons it has proved ex-
tremely useful to combine a "slow" (microsecond-
range) but high-transmission time-of-flight neutron
spectrometer, used with a fast-neutron pulsed reactor,
with the highly efficient a detectors and spectrometers
described in Sec. 2.

Study of the reaction (n, a) with heavy and intermedi-
ate nuclei, i.e., study of the a decay of compound nuc-
lei, began 20 years ago with the studies of thermal
neutrons by Macfarlane and Almodovar58 and Chiefetz
et a/.59 Experiments with thermal neutrons, however,
yield only fragmentary information on the decay of com-
pound nuclei, since (a) the characteristics of the de-
caying states frequently remain undetermined (whether
the cross section for the given reaction with thermal
neutrons can be ascribed to a "tail" of an individual
resonance or whether several resonances contribute
cannot always be determined) and (b) the results are a
random sampling of the values of the individual param-
eter from the broad Porter-Thomas distribution. At
the same time, analysis of data on thermal neutrons
for a range of nuclei sometimes yields some interest-
ing qualitative conclusions. For example, Andreev and
Sirotkin60 analyzed the results of their search for the
reaction (n, a) in several nuclei and reached the con-
clusion that the usual one-particle model for a decay
does not apply here and that the a decay of compound
nuclei is described better by the statistical model.
This conclusion received quantitative support a few
years later, when the first experiments on the reac-
tion (n,a) with resonance neutrons were begun at
Dubna.61'62

The first step was to search for the reaction (n,a)
among the resonances of various nuclei. A time-of-
flight method and high-transmission detectors were
used to determine the a yield and total a widths of the
neutron resonances ,63 In the second step, two-dimen-
sional measurements were carried out for the nuclei
and resonances having the maximum a yield; speci-
fically, the time of flight and the spectrum of the de-
tected « particles were determined for each time chan-
nel. In this manner, the partial a widths were deter-
mined for each resonance.62
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FIG. 7. Ratio of the experimental and theoretical values of
the average a widths, plotted against the mass number of the
nucleus.

In addition to research on the « decay of individual
neutron resonances, recent years have seen advances
in the measurements of the characteristics of the (n, a)
reaction, averaged over many resonances, through the
use of "quaismonoenergetic" neutron beams passed
through nuclear filters65 (discussed above) and also the
time-of-flight method. These methods are employed
when the energy resolution of the neutron spectrometer
is inadequate to resolve the individual resonances.56

We turn now to an analysis of the experimental data
available.

a) Average a widths

Figure 7 shows ratios of the average total a widths
found experimentally to those calculated from Eq. (9)
with the attachment coefficients taken from the Kad-
menskii'-Furman cluster model.64 The errors result
primarily from the limited number of resonances over
which the experimental a widths are averaged. We can
conclude from Fig. 7 that the statistical theory satis-
factorily reproduces the average total n widths for a
broad range of spherical nuclei, with 58* A^ 150. The
discrepancies in the region of deformed nuclei may be
a consequence of the neglect of the nuclear deforma-
tion in the calculation of (T0)cl.

Since the theoretical value of (ra)
cl was calculated

from (9), the ratio (Ta)
e"'/'(Ta)

cl in Fig. 7 is, within a
factor, the strength function for a particles [see ex-
pression (10)]. The fact that the strength function Sa

remains constant for spherical nuclei, as we see from
this figure, may be interpreted as evidence of strong
absorption of a particles in the nucleus (in other words,
the correct model would be a "black" nucleus, rather
than a semitransparent one, as in the case of neutrons).
If this is the case, then it follows that the a-cluster
states are highly fragmented (distributed) among the
levels of a compound nucleus at nuclear excitation
energies =10 MeV.

A further test of the conclusion that there are no
giant''optical" resonances for the a channel might be
to analyze the energy dependence of the average cross
sections for the (n, a) reaction at energies of the order
of 1 MeV. The experimental data available, however,
permit such an analysis only up to =30 keV. Figure 8
shows the energy dependence of the experimental val-
ues of (Ta/D)j, in the reaction U7Sm(n, a), obtained
in experiments by Dubna and Kiev groups.65 Here the
indicated errors reflect the limited numbers of reso-

FIG. 8. Strength functions for the reaction 147Sm(n,a), as a
function of the neutron energy.

nances (the numbers beside the points) over the aver-
aging intervals. The averaging intervals themselves
are shown by the hatched bars near the bottom of the
figure. Shown in parentheses for the interval 100-200
eV is a result obtained without consideration of the
anomalous resonance at E0 = 184 eV, which has a"high
affinity" for the a and neutron channels.66 The con-
stancy of the experimental ratios (Ta/D)Jt may be in-
terpreted as proof that the statistical approach is
valid for describing the reaction (n,a) and as proof
that intermediate structures have no effect.

b) Distribution of a widths

Figure 9 shows the integral distribution of partial a
widths for transitions to the ground state in the reac-
tion 123Te(n, a)120Sn. The experimental errors were
incorporated in the determination of ra0 by taking val-
ues of the latter from a Gaussian distribution with a
half-width equal to the measurement error. The ex-
perimental curve (the solid curve) turns out to agree
well with the Porter-Thomas distribution (the dashed
curve). A similar agreement can be demonstrated for
other nuclei.

We can also study the distributions of the total a
widths, comparing them with a x2 distribution with the
value of v,(t calculated from (8). Figure 10, from Ref.
67, shows that the experimental distributions of the
total a widths (the histograms) agree well with the
theoretical distributions (the solid curve) for reso-
nances of both spins in the case of the compound nu-
cleus 148Sm. The agreement is particularly good if we
discard the anomalous resonance at £0 = 184 eV (the
dashed curve).

It would be extremely interesting to make a compari-
son in the region of deformed nuclei, where the most

FIG. 9. Integrated distributions of the partial at widths for the
reaction 123Te(n, o>). Dashed curve—theoretical; solid—ex-
perimental.
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FIG. 10. Distribution of the total ct widths.

intense a transitions go to levels of the rotational
ground band. If the rotational components play a sig-
nificant role in the wave function of the compound state,
then this circumstance may lead to a correlation of the
a transitions to various levels of the same rotational
band and thus to a value of v,tt lower than that calculat-
ed from (8).

c) a transitions to various final states

According to the statistical theory, which gives a
satisfactory description of the basic properties of
neutron resonances, the nature of the final states
should not affect the average probabilities for the a
decay of compound nuclei. In other words, the reduced
a widths for decay to various final states, averaged
over the initial states with identical spins and parities,
should be identical. At the same time, a semimicro-
scopic approach suggests a possible enhancement of the
probabilities for a transitions to one- and two-phonon
states in comparison with the a transition to the ground
state for even-even final nuclei.68 Work in this direc-
tion was summarized in Ref. 69, where a Monte Carlo
method was used to study the intensity ratios of a
transitions to the ground and excited states in the reac-
tion U7Sm(n,o0144Nd for various neutron energy inter-
vals, in the statistical theory. Figure 11 shows some
representative results on the distributions of the
quantities R =Nai/Na(l found in a "mathematical experi-
ment" of this type for four of the six energy intervals
studied (the histogram), along with experimental values
Rm. For all six intervals (independent results), Rm

is displaced from the peak of the theoretical distribu-
tion. After analysis of all the data available, it was
concluded in Ref. 69 that, with a confidence level of
99.92%, there is a slight enhancement of the reduced
probabilities for a transitions to one- and two-phonon
states in comparison with the a transition to the ground
state of the daughter nucleus. Future experiments may
reveal the nature of this enhancement—whether it is (1)
a "remnant" of the enhancement due to the appearance
of many-quasiparticle components of the wave functions
in the final states, as predicted by Solov'ev,68 (2) per-
haps an error in our description of the penetrability of
the nuclear barrier over an energy interval -0.5 MeV,
or (3) perhaps simply a random fluctuation in the par-
tial widths.

d) Measurements with thermal neutrons

Emsallem70 has recently reported a detailed analysis
of measurements of the reaction (n, a) with thermal

O.SO ff.75 K

FIG. 11. Ratio R of the intensities of a transitions to the
ground and excited states in the reaction 147Sm(n, a) and com-
parison with the statistical theory.

neutrons. Comparison of the thermal cross sections
with the results of a calculation of the contribution of
the known resonances to the thermal region showed that
the calculations and the measured results for most
nuclei either were in agreement or differed in a way
which could be ascribed to bound states of" negative"
resonances, with plausible a and y widths. In three
cases there are discrepancies which require further
study.

A dramatic situation has developed in a study of the
(n,a) reaction in the actinide region. The thermal
cross section for the reaction 238U(n, a) found by a
group of physicists (Asghar et al.n) at Grenoble leads
to a value for Ta which is six orders of magnitude
larger than that calculated from the statistical theory,
although the corresponding calculations in the region
59«A« 177 agree well with experiment (Fig. 7).

Wagemans et al.n recently undertook a new attempt
to search for the (n, a) reaction in the various isotopes
of uranium. They found negative results for 233U and
235U targets. For 238U(n, a) they report a cross section
of 1.5 ±0.5 /j,b with thermal neutrons. This cross sec-
tion agrees with that reported by Asghar et al.n but the
energies of the a particles attributed to this reaction
by the two groups differ by 0.5 MeV, which goes far
beyond the experimental errors. We could use some
new experiments here. If such a high value of ra is
confirmed, it might substantially change our under-
standing of the a decay of heavy compound nuclei.

e) The (n, ya) reaction and y transitions between
compound states

One possible decay made of compound states is the
emission of ay ray followed by the a decay of the re-
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FIG. 12. Schematic energy distribution of a particles in the
presence of the (n, yce) reaction.

suiting intermediate state. It is a simple matter to
understand at a qualitative level the energy distribu-
tions of the y rays and a particles emitted in a two-
step process of this sort. The y-emission probability
Wr increases with increasing energy Er, but at the
same time there is a decrease in the energy of the a
particles (Ey + £a = const), which reduces the proba-
bility for the emission of an a particle (Wa). Figure
12 is a schematic plot of the a energy distribution.
Along with the narrow peaks which correspond to direct
a transitions to the ground state (Ea0) anc* the excited
states (Eai) of the final nucleus in the reaction (11,0/0),
there is a broad maximum, caused by ay-a process,
whose shape is determined by the product of probabili-
ties Wr- Wa. Since a large number of intermediate
states participate in the two-step y-a process, there is
good averaging over the probability for this process,
so that quite general conclusions can be drawn regard-
ing the properties of the intermediate states and the
characteristics of theC-C'y transitions, by studying
one or two resonances or even the tail of a resonance
in the thermal region.

The (n,yy) reaction with thermal neutrons was first
observed in the 143Nd nucleus73 and was regarded by the
investigators as an exotic version of the (n ,a ) reaction.
Furman et al.,H however, showed that the (n,ya) reac-
tion is a unique source of information about y transi-
tions between complex, highly excited nuclear states.
Information of this sort cannot be extracted from the y
energy distributions during the radiative capture of
neutrons because it is impossible to distinguish experi-
mentally the first and subsequent y rays in the decay
of the excited states of heavy nuclei. To some extent,
this situation is a consequence of the complexity of the
energy distribution of y rays at energies <1 MeV, be-
cause of the high nuclear state density near the neutron
binding energy.

The probability for a y transition with an energy =1
MeV between complex, highly excited nuclear states
may be determined by essentially any complex com-
ponent of the wave functions of compound states. The
nature of these y transitions (C-C' transitions) may
thus be completely different from that in the case of y
transitions between low-lying states (S-S' transitions:
the domain of classical y spectroscopy) or hardy
transitions between complex and simple states (C-S
transitions), which are studied in the radiative capture

of neutrons and protons and which are ascribed pri-
marily to the decay of giant dipole resonances.

Are the C-C'y transitions also determined by giant
multipole resonances, or does the effect of such reso-
nances become so small at a distance from the peak
equal to a few widths that some other, new, mechanism
fory transitions can manifest itself? This is one of
the many questions which have arisen in research on
the (n,yo) reaction.

f) Procedure for analyzing experimental data

The partial width for the two-step decay of a state \0
to an intermediate state \i to the ground state of the
final nucleus, accompanied by the emission o f a y ray
and then of an a particle (Fig. 1), may be written as
follows:

0) - rv ' (Er" '" (14)

We will take the average of this expression over a com-
paratively narrow interval A«£a of intermediate
states, in which we may ignore the dependence of (Ta)
on£a and that of (Tr(\^,\i)) onEri—Ean -Ea{. For
(Ta) we can then use expression (9), which has been
verified experimentally.

The average partial width of the first y transition can
be written as the Weisskopf one-particle estimate of
the probability for ay transition of multipolarity lr,

<jiv ,„ , , F2'v+1 C\e,\
O ( L L f ^ ^V/ '**' "V > \^*J/

divided by the forbiddenness HF(lr), in the approach
taken by Lobner75 in an analysis of data from nuclear
spectroscopy:

^W ( rr . ,

<rv (X0, x,)> = E / /^( ( v ) ' • (16)

The total width of a state \t which lies below the neu-
tron binding energy Bn can be written as follows if £v

(17)

where Tr(BJ is the total radiation width of the neutron
resonances, 6 is the pairing energy, and the exponent
n lies in the range 1 ̂ n^ 3.5, just where depending on
the particular systematics adopted for the total radia-
tion widths.23"25 As matters stand at the moment, we
can apparently set w = 2.

Of interest for comparison with experiment are the
total widths rya, which is the sum of expressions (14)
over the intermediate states Xj, and the shape of the
i energy distribution in the (n,ya) reaction, i.e.,
Nra(Ea), averaged over intervals A:

fin) L 2 {l-[ (18)

2nrT(Bn)

where; specifies the averaging interval.
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g) Experimental data on C-C' transitions

The very first analysis of the shape of the energy
distribution of a particles from the (n,ya) reaction,
by Furman et al.,H revealed that the average width of
soft C-C'y transitions in the compound nucleus 144Nd
has the behavior [see (18)]

<rv (*•(>, ».|)> ~ £•?• (20)

We thus have /,,= !, and the multipolarity of the C-C'y
transitions may be either Ml or El, under the condi-
tion HF = const. This result was subsequently verified
by other studies.

At the same time, these results show that experi-
ments are inconsistent with the assumption that the
C-C'y transitions are caused by a tail of a giant di-
pole resonance with a constant width, since in this
case we should have

fT l\ \ \\ r*« /O1 \(i v (AD, Aj)> ~ £J. \"1)

Aldea and Seyfarth76 recently undertook a new effort
to determine the multipolarity of the C-C'y transitions
in the reaction 143Nd(n,ya). They measured the shape
of the a energy distribution with a much better statis-
tical accuracy than in other studies, and they analyzed
this shape by the least-squares method, allowing for
fluctuations of the partial y and a widths and assuming
that only El and Ml y transitions were involved. As
the unknown parameter they determined the ratio of
forbiddenness factors HF(E1)/HF(M1). Aldea and Sey-
farth found the best description of the experimental
points with HF(El)/HF(Ml)=s 104; i.e., the Ml multi-
polarity is predominant in the C-C' y transitions.
The resulting description is shown by the dashed curves
in Fig. 13(a); the corridor between these curves is a
consequence of fluctuations in the partial a andy widths.
The solid curves correspond to the case in which the
forbiddenness for the first y transitions is assumed to
depend on the energy in accordance with HF(M1) ~Er.

These results must apparently be approached cau-
tiously, however, since in analyzing the shape of the
a energy distribution Aldea and Seyfarth76 ignored the
energy dependence of the total width of the intermedi-
ate states, T^ [they set n = Q in (17)], as had been done
previously in a crude analysis of the <y energy distri-
butions from the (n,ya) reaction. The solid curve in
Fig. 13(b) shows the results of an effort to describe
Aldea and Seyfarth's data by expression (20) with n = 1,

7.S 8.0 S.S 3.0 f~, MeV

FIG. 14. Scheme of a transitions in the reaction 123Te(n, ya).

HF = const, and (r^Xn.Xj)}-^. The theoretical curve
is drawn to enclose the same area as the experimental
data. The agreement is good.

There is yet another possibility for determining the
multipolarities of C-C' y transitions. Analysis of the
scheme for the filling of the intermediate states \ f in
the (n,ycv) reaction for resonances with various spins
reveals that the ratio of widths Tro for them depends
on the assumption made regarding the multipolarity of
the first y transitions. For example, for l23Te reso-
nances with <7' = 0* in the case of the multipolarity Ml,
the (n,yaa) reaction is forbidden by parity and angular
momentum conservation, but it is allowed in the case
of the multipolarity El (Fig. 14).

In the case of the reaction U3Nd(n,ya0) the ratio of
widths Tra for J'=3~ and 4~ varies by a factor of five,
depending on the assumption made regarding the multi-
polarity of the C-C' y transitions.14 Comparison of the
results of recent measurements77 of r r a(4~)in the res-
onances at E0 = 55.4 eV and 159.4 eV with the value
found for rro(3~) in the thermal region71'76 suggests
that the multipolarities Ml and El make identical con-
tributions (within 30%) to the C-C' y transitions. We
note that in the region of hardy transitions the inten-
sities of the Ml transitions are, on the average, an
order of magnitude lower than those of El transitions
in this region of mass numbers.78

It is worthwhile to compare the probabilities for C-
C' radiative transitions with the hard C-S y transi-
tions, which have been studied in much more detail, in
terms of strength functions:

(22)

ccc-Figure 15 shows data on S;; obtained in studies of the
(n,ya) and (n,y/) reactions (the triangles and squares,

SO 100 150 2UO 150 A

FIG. 13. Experimental and theoretical distributions of a par-
ticles from the reaction U3Nd(n,ya).

FIG. 15. Radiative strength functions for Ml transitions,
plotted against the mass number of the nucleus.
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respectively) and data on S1;8 (the filled and open cir-
cles)79 for Ml y transitions, plotted against the mass
number. There are two interesting points to be noted:
the approximate equality of S°c' (Ml) and S^s (Ml) and
their weak dependence on the mass number. The latter
circumstance seems to allow some rough estimates of
the cross section of the (n ,ya) and (n, y/) reactions.

This is the present state of experimental data on soft
y transitions between compound states.

h) Theoretical aspects of the (n, yet) reaction

Attempts to derive a theoretical description of the
probabilities for C-C' y transitions often involve
extrapolating the properties of the C-S transitions,
which have been studied in more detail, to low ener-
gies. When this approach is taken, however, it must
be kept in mind that (first) the energy of the C-C' y
transitions lies several widths away from the peak of
the giant electric dipole resonance (which can be as-
cribed for the most part to C-S y transitions), so that
a reliable parametrization of the shape of the giant
dipole resonance is important, and (second) they tran-
sitions with energies ~1 MeV occur within a single
shell, so that there may be an enhancement of the one-
particle y transitions between states of the same parity.
In other words, there may be an enhanced role of Ml
y transitions.80,81

The involvement of many-quasiparticle components
of the wave functions of highly excited nuclear states in
C-C' y transitions has been discussed at a qualitative
level by Solov'ev (Soloviev).82 He pointed out that these
components will become progressively more important
with increasing excitation energy of the nucleus and
that it may be possible to observe y transitions of this
nature with intensities comparable to those of one-
particle y transitions.

Kadmenskife^ a/.81 have recently attempted to derive
a quantitative description of the probabilities for C-C'
y transitions. Taking the approach mapped out by Buna-
kov and Ogloblin,83 they showed that by associating the
C-C' transitions with the leading components of the
wave functions of highly excited states it was possible
to derive quite realistic estimates (Fig. 15) of the
radiative strength functions for the multipolarity Ml
for nuclei with A =150:

Kadmenskii et a/.81 believe that the contribution of
the El y transitions to the C-C' transitions is of a
different nature— that these transitions result from
small components of the wave functions but are en-
hanced by the fragmentation of a giant dipole resonance.
Calculations f o r £ r = l MeV yielded S^' =2 • 10'8 MeV3,
but Kadmenskii et al. regard this value as more of an
upper limit on ~°' (El), because of the uncertainty in

4. HYPERFINE-INTERACTION EFFECTS IN
NEUTRON RESONANCES

One of the new directions in research on compound
states formed in the capture of resonance neutrons
arose in recent years from the observation of hyper-
fine-interaction effects in neutron resonances. Back
in its day, research on the hyperfine structure in opti-
cal spectra yielded the magnetic moments of stable
nuclei. The discovery of the Mossbauer effect—the
recoilless emission and absorption of y rays—attracted
much interest to hyperfine interactions and made it
possible to measure the magnetic moments and isomer
shifts of low-lying excited nuclear states. An impor-
tant point here was that the width of the y line observ-
ed experimentally was comparable to or less than the
energy of the hyperfine interaction. For neutron reso-
nances the situation is much more complicated because
of the larger level widths; nevertheless, results ob-
tained in recent years have added significantly to our
understanding of highly excited nuclear states.

a) Magnetic moments of compound nuclear states

None of the existing methods for measuring the mag-
netic moments of excited nuclear states could be used
for compound states with excitation energies of 6-8
MeV and lifetimes of the order of 10~15 s.

Shapiro84 was the first to raise the possibility of mea-
suring the magnetic moments of neutron resonances.
He suggested determining the magnetic moments from
that energy shift of the neutron resonances which re-
sults from the hyperfine interaction between magnetic
moment of the nucleus and the intraatomic magnetic
field, in experiments with polarized neutrons or polar-
ized nuclei.

Let us examine the magnitude of this shift and the
mechanism for its occurrence. For a target nucleus
with a spin /, a spin projection m , and a magnetic
moment /j.0, the imposition of a magnetic field H caus-
es an energy state to change by an amount p.fflm/1. A
corresponding shift occurs for a compound state of a
nucleus after the capture of a neutron. The resultant
change in the energy of a transition between the states
under consideration is

TT
m. = - H (23)

To derive a final expression describing the shift of a
neutron resonance, AE0, it is necessary to sum ABmm-
over all possible states, allowing for the statistical
weights and populations of the sub levels:

(24)

here (fsmms/JM) is the Clebsch-Gordan coefficient.
The relative population of a level of the target nucleus
with spin projection m may be written

(25)

the extrapolation of the tail of the giant dipole reso-
nance to such low energies.

The population W(m) can be related to the nuclear
polarization/^ by
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_ m K V imj = w = /7w. ,„„>
m V2D)

For the neutron spin projection m,, the statistical
weight W(mB) can be expressed in terms of the neutron
polarization /„:

- - (27)

The normalization condition for (24) is

S W(ir.,tV(m,)(Tsmm,\JM)*=l. (<>a\
m, mg \ ™ O /

Using (25)-(28), we can derive an expression for the
shift AE0. In its general form, this is a rather com-
plicated expression, but in practice one can carry out
an experiment in which one of the two polarizations /„,
/„ is zero. In this case, the expression simplifies sub-
stantially. For/n = 0,

For/N=0,

A£0=—

/- 1/2). (30)

The shift is measured from the energy of the state in
the absence of both polarizations.

The shift AE0 is extremely small: If we assume that
fib and fi0 differ by 1 nuclear magneton and that the
field at the nucleus is H = 106 Oe, we find AB0 «3 • 10~6

eV, which is four or five orders of magnitude less than
the intrinsic width of the neutron resonances. It is
thus clear that we could hope for successful measure-
ments only for the nuclei of rare earth elements, with
internal fields running to several million oersteds.

A series of studies of the magnetic moments of sev-
eral compound states of rare earth nuclei has been
carried out in the Neutron Physics Laboratory of the
Joint Institute for Nuclear Research, Dubna.85'86 The
transmission of neutrons through foils of rare earth
metals (Tb, Dy, Ho, and Er) was studied by a time-of-
flight method in an IBR-30 fast-neutron pulsed reac-
tor.42 The nuclei of these rare earths were polarized
by extreme cooling (=30 mK) in a refrigerator using
the dissolution of 3He in 4He. The internal magnetic
fields at these nuclei were (3-7) • 106 Oe. Under these
conditions, the polarization of the nuclei within the
domains ranged from 0.84 to 0.99. The polarization
was destroyed by raising the target temperature to
0.5-1.5 K.

Alternate measurements with polarized and unpolar-
ized nuclei yielded time-of-flight spectra, in which the
relative shifts of the resonances are described by ex-
pression (29). Figure 16 shows a representative spec-
trum, obtained in an experiment with dysprosium.
Throughout all the measurements, some reference
targets were kept in the beam continuously; the reso-
nances of these targets were used as a time reference
for the spectra and in order to monitor the operation
of the apparatus.

7ffff 300 1100 nan

FIG. 16. Part of an experimental spectrum obtained in mea-
surements over 6 h. N—number of counts per channel; t—
the channel of the time analyzer. Shown at the top are the iso-
topic identification and the energy of the resonances, in elec-
tron volts. Sb and Ir are reference targets.

The shift of the resonance energy was determined by
a computer-assisted least-squares fit of the spectra
for the polarized nuclei to those for the unpolarized
nuclei. The very small value of this shift required a
high statistical accuracy of the spectra and also re-
quired many control experiments to evaluate possible
secondary effects. Lengthy experiments (about 300 h
of measurement time for each element) yielded the
magnetic moments listed in Table III for the compound
nuclear states. Shown in the same table are the values
of g = V-*/J, where J is the spin of the resonance.

Analysis of Table III shows that the magnetic mo-
ments were not determined very accurately; the small-
est error is 0.4fj.N. Furthermore, it would be difficult
to expect any significant improvement in the accuracy
in the near future, since even in these experiments the
error corresponds to an extremely small shift of the
resonance, by an amount equal to 10"4 of the intrinsic
width of the resonance, r = 0.1 eV. It is also unlikely
that there will be any significant increase in the num-
bers of levels and nuclei for which magnetic moments
are measured, because of the requirement of strong
fields at the nuclei and the presence of low-energy
resonances. Nevertheless, the information gained in
these experiments is sufficient to give us a general
idea of the magnetic moments of the compound states
of rare earth nuclei and to make a comparison with
theoretical predictions of these moments.

Apparently the first theoretical paper to appear with
predictions of the magnetic moments of compound

TABLE III. Experimental data on the magnetic moments of
resonances.

Compound
nucleus

"°Tb

162Dy

i"Dy

»«Ho

i«8Er

Eo, eV

3.35
4.99

11.1

2.72
3.69
4.35

1.71

3.93
12.7

0.46
0.58

J

2
1
2

3
2
2

2

4
4

4
3

AE0, !0-« eV

19±9
— 20±33

31 ±39

1.3±8.9
— 16.1±10.7

H.4±14.8

-28.3±5.9

36±12
4±30

27±7
44±16

HI,, nuclear
magneton

— 0.2±1.0
4.3±3.7

-1.7±4.4

-0.4±0.7
— 1.8±0.9

0.5±1.2

2.8±0.5

1.8±0.7
3.9±1.9

0.9±0.4
1.8±0.9

e

— 0.1±0.5
4.3±3.7

— 0.8±2.2

— 0.13±0.23
— 0.90±0.45

0.25±0.60

1.40±0.25

0.45±0.17
0.98±0.47

0.22±0.10
0.6±0.3
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states was that by Kuklin.87 The theory derived there
was based on the statistical model, and the results
correspond to averages over many levels. Kuklin de-
rived the following expression for the average ^-factor
for a "heated" nucleus with an excitation energy com-
parable to the neutron binding energy:

7 ^T f

where Jv and JT are the proton and total moments of
inertia of the nucleus. Assigning these moments of
inertial their solid-state values, Kuklin87 derived the
estimate

(31)

where Z and A are the charge and mass number of the
given nucleus. Fluctuations around the average value
are of a magnitude

(32)

Bunatyan carried out a more detailed and more rigo-
rous analysis, using the method of temperature Green's
functions. In Ref. 88, using a semiclassical approxi-
mation for g, he rederived the expression derived by
Kuklin but found the fluctuations to be about half as
large. In Ref. 89 Bunatyan carried out calculations for
nuclei in the rare earth region without resorting to the
semiclassical approximation. He showed that the semi-
classical values in (31) are reached at nuclear excita-
tion energies higher than the neutron binding energy.
Numerical calculations carried out for rare earth nu-
clei yield^ = 0.28 (an average was taken over the five
isotopes for which measurements were carried out).
This value is slightly smaller than the ratio Z/A ~OA
for the nuclei in the rare earth region. As for the
fluctuations, it was noted that their size may depend on
the pairing-correlation energy for neutrons (An) and
that for protons (Ap). The result may be a slight in-
crease in the dispersion of g.

Blokhin and Ignatyuk90 analyzed the magnetic moments
of excited nuclei on the basis of a statistical model for
spherical and deformed nuclei. Their results were
similar to those which we just saw.

Another, semimicroscopic, approach was taken by
Voronov and Solov'ev.91 The qualitative result which
they derived shows that the magnetic moments of the
compound states can be expected to be approximately
the same as those of the nuclear ground states.

We have been discussing the theoretical predictions
of the magnetic moments which may be compared with
the experimental data. As the experimental data, we
may use the ̂ -factors for all the compound states as a
single statistical ensemble, since in these theoretical
predictions there are essentially no distinctions be-
tween nuclei which have similar values of A and simi-
lar deformations. It can be seen from Table III and
Fig. 17 that the scatter in the values is much larger
than the experimental errors. It is thus possible to
distinguish the fluctuations resulting from the physical

4.33 2.72 t.35 3.9} OM

' 153Ttl
. 3.35

I

«3Tt Wj 1S!.,,, .:. ̂  .;-,o

ff.n 3.6$ i.Tl" zj" -rg

I

I I

, 1 * * , {
5 1

FIG. 17. The ^-factors for the resonances studied. The iso-
topes and the energies of the resonances, in electron volts, are
shown at the top.

nature of the phenomenon from those resulting from
experimental errors. A statistical analysis86 has yield-
ed the following results:

<g> = 0.34 ± 0,22,
A# = 0,51 ± 0,20.

Comparing these results with the theoretical predic-
tions discussed above, we see that both the average
value of the gyromagnetic ratio and the size of its
fluctuations agree with the predictions of the statistical
theory. It is hardly worthwhile to attempt a more
detailed comparison with the various studies, since the
differences lie within the uncertainty in both the exper-
imental and theoretical values. It may thus be conclud-
ed that the description of the magnetic moments of
compound and nuclear states which emerges from the
statistical model is valid and that this model thus finds
support in yet another area.

b) Change in the rms charge radius of a nucleus upon
the capture of a resonance neutron

The measurements of the magnetic moments of com-
pound states which we just discussed made use of the
effect of the hyperfine magnetic interaction on the posi-
tion of a neutron resonance. We turn now to some
experiments in which the electrostatic hyperfine inter-
action made it possible to detect the change in the rms
charge radius of a nucleus upon the capture of a reso-
nance neutron.

The isomer chemical shifts for low-lying excited nu-
clear states have been studied in detail by Mossbauer
spectroscopy. Such shifts are observed in a compari-
son of y transitions for a given nucleus in different
chemical compounds, provided that the nucleus has dif-
ferent shapes in its ground and isomer states. The
magnitude of this shift can be approximated by

A£ = cons t -Ap e (0) A( r - ) .

It is proportional to the difference between the elec-
tron densities at the nucleus, Ape(0), for the two chem-
ical compounds, and it is proportional to the difference
between the rms radii of the nucleus, A(r2}, in its
excited and ground states. It can be seen from this ex-
pression that measurements of the isomer shift can
yield the change in the rms radius of the nucleus upon
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excitation if Ape(0) is known from other experiments or
calculations. Mossbauer spectroscopy can be used to
study only the lowest-lying excited nuclear states.
Ignatovich et a/.92 have raised the possibility of carry-
ing out corresponding measurements for levels with
excitation energies corresponding to the neutron bind-
ing energy in the nucleus. Their estimates showed that
by very precisely determining the positions of a neu-
tron resonance in different chemical compounds one
could use the shift in the resonance energy to deter-
mine the change in (r ) upon neutron capture. This
shift could be expected to be of the order of 10"4 eV;
the feasibility of measuring such shifts was demon-
strated by the measurements of the magnetic moments,
which we just discussed. In experiments on chemical
shift, however, there is the further difficulty that it is
necessary to compare the resonance dips in the trans-
mission spectra of neutrons for targets of different
chemical compounds. The Doppler broadening of the
resonance93 which results from the vibrations of the
crystal lattice differs from compound to compound and
may give rise to an apparent shift of the same order of
magnitude as the effect of interest.

Despite these difficulties, experiments were carried
out in the Neutron Physics Laboratory of the JINR, and
they revealed a change in the rms radius of the 238U
nucleus upon the capture of a resonance neutron.94'95

Let us examine the theoretical description of the
chemical shift of neutron resonances. As mentioned
earlier, this shift is an analog of the Mossbauer iso-
mer shift. A comprehensive theory for this effect has
been published in several places; for our discussion
we will take the approach of Ref. 96.

The electrostatic interaction between a nucleus and
an electron in an atom can be described by

17 = —e
Pe (re) Pp (rp)

I'.-rpI
(33)

where pe(re) and pp(rp) are the electron and proton den-
sities, and the integrals are evaluated over the volume
occupied by the electrons and protons. We then write
the expansion

2n
21 + 1 ( • f r ) YimVp, 9P)y,m(8e, %). (34)

where the Ylm are spherical harmonics, and r< and r>

are the smaller and larger of the quantities | re|, | rp .
Substituting (34) into (33), we find the electrostatic
hyperfine interaction as a sum of multipoles of order I .
The odd terms vanish, as can be seen from symmetry
considerations. The Z = 2 term describes the quadru-
pole interaction and is of no interest here. The terms
with I ^ 4 are small and can be discarded. We are thus
left with the following expression for the electric mono-
pole interaction, which is primarily responsible for the
level shift:

Pe ("e) Pp (rp)
dte dTp. (35)

The quantity £/0 is a measure of the difference between
the energy states of the "bare" nucleus, i.e., that from

FIG. 18. The level shift resulting from the electrical inter-
action of a nucleus with the electron cloud. Dashed lines—
ground and excited levels of the "bare" nucleus; 1, 2—levels
in different chemical compounds.

which all the electrons have been stripped, and a nu-
cleus with electron shells. This difference cannot be
observed; all that is observable is the energy of a
transition between levels, e.g., the energy of a y ray
or of a neutron. In turn, the energy shift suggests a
comparison of transitions which differ in some way.
The shift A£0 can thus be written in the form

A£0 = (C7S-f/0)1-(l7;-{70)2. (36)

The subscripts 1 and 2 designate different chemical
compounds, while the asterisks refer to the excited
nuclear state. The diagram in Fig. 18 illustrates ex-
pression (36). The dashed lines represent the ground
and excited states of the''bare" nucleus, and W is the
energy of the corresponding transition. It is easy to
see that a difference between the transition energies
in compounds 1 and 2 leads to (36). By substituting
into (36) the values of (J0 from (35) for the ground and
excited states of the nucleus in the two chemical com-
pounds, we find an expression which, although quite
accurate, is complicated and thus of little practical
use. Accordingly, in research on isomer shifts it is
customary to adopt several approximations, which
simplify the resulting expression but which do not in-
troduce a noticeable error, according to estimates.
These assumptions can be written

P?('e)=Pe(r.), (37a)

n* (r \ — ri* f \ * f \ (t%r7Y\\

PPI = PP2 = PP (rp). (37c)

Relation (37a) means that the electron density does not
change upon excitation of the nucleus; relations (37b)
and (37c) mean that the charge density of the nucleus,
in either its excited or ground state, does not depend
on the particular chemical compound. Using (37a),
(37b), and (37c) in (35) and (36), we find the expres-
sion

A *•.__.2 f I' -iPe <re) App (rp) (38)

where

Ape (re) = pe (re), — p e (re)2 ,

App(rp) = pJ(rp) — pp(rp).

At this point it is convenient to switch to the electron
density averaged over solid angle:

Pe (re) = -£- Pe M sin 0 d9 dip .
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After some manipulations, we can write the shift as

A£0 = — 4ae2 [ 4pp (r,,) 3> (rp) dtp,

where
rp

The manipulations which follow involve a representa-
tion for the radial profile Ap'e(re) in the nucleus. For
light nuclei, relativistic effects are unimportant for
the behavior of the electrons; only s electrons, with
their spherically symmetric distribution, contribute to
the electron density at the nucleus; and the density
itself is constant over the nucleus. In this case we have

and for the resonance shift we find the simple expres-
sion

,. (0)4 •;;• (39)

This is the expression which is customarily used in a
description of the isomer shift.

For heavy nuclei, the relativistic nature of the elec-
tron motion becomes appreciable, giving rise to a fur-
ther increase in the electron density at the nucleus
and causing a variation in pe(re) over the nucleus. In
this case, expression (39) is replaced by a more com-
plex expression, which incorporates higher-order
moments of the nuclear charge distribution:

.\Ka -=-ni'-/-\!',. (0)|4 ;cf,; —i/,A(rJ,H-'vA>'-p' ' - • • •]• (40)

The chemical shift has been studied experimental-
ly94-95 for a resonance of 238U (at 6.67 eV). The trans-
mission of neutrons through targets of various chemi-
cal compounds of uranium was measured. The experi-
ments were carried out by a time-of-flight method in
the IBR-30 reactor operating in the booster mode. The
baseline was about 60 m. A small computer was used
to store the time-of-flight spectra of the neutrons and
to monitor and control the experimental apparatus. The
automated system made it possible to place each of
three targets in the beam in turn, at intervals of 5 min.
A total of five chemically different targets were used
in these experiments, and the measurements were tak-
en in various combinations.

Ihe resonance shift for each pair of targets was
found by a computer analysis of the spectra, which al-
lowed for the effect of lattice vibrations on the shape
of the resonance. This effect was determined on the
basis of a series of special experiments and calcula-
tions.95

In order to go from A£0 to the value of (r2}, which is
of interest, it is necessary to know the differences be-
tween the electron densities at the nucleus, Ape(0), for
all pairs of chemical compounds. These differences
were derived from the model of effective valence-elec-
tron configurations, through the use of various experi-
mental results.

FIG. 19. The chemical shift of the resonance, A£0, as a
function of the difference between electron densities, Ape(0),
of the indicated pairs of chemical compounds.

Figure 19 summarizes the data, which show the de-
pendence of the chemical shift of the resonance, AE0,
on Ape(0). For each pair of targets the indicated error
includes both the error of the measurements and the
error in the correction for the broadening of the reso-
nance by the vibrations of the crystal lattice. The
horizontal line segments near the bottom of the figure
illustrate the uncertainty in Ape(0) for the correspond-
ing pair. The solid line is drawn by the method of
least squares through the experimental points and the
origin; the dashed lines indicate the 95% confidence
interval. The slope of the solid line, after a correc-
tion for the variation in pe(re) within the nucleus, yields
the change in the rms charge radius of the 238U nucleus
upon the capture of a resonance neutron:

A(rJ)=-( l .7 lJ : l ) F2.

The indicated errors correspond to a 95% confidence
interval. According to the data of Ref. 97, the rms
radius of 238U is (r2} = 34 F2; it is thus found that (r2)
decreases by about 5% upon the capture of a neutron.
Since the difference between the values of (r2) for the
238U and 239U ground states is only about 0.1 F2, we
may conclude that the observed decrease in (r2) is a
consequence of the excitation of the nucleus by an en-
ergy equal to the binding energy of the neutron, Ba

= 4.8MeV.

Bunatyan98 has derived estimates of the change in
(rl) upon excitation of a nucleus. Taking a statistical
approach, he showed that the rms radius decreases
upon excitation to an energy of the order of the neutron
binding energy, but the effect is about an order of mag-
nitude smaller than that measured in the experiments
just described.

Details of the observed decrease in (r\} cannot be
determined from these experiments. One possible
reason is a decrease in the deformation upon excita-
tion. Calculations show that for the 238U nucleus,
whose deformation corresponds to the parameter 0
= 0.25, the rms radius decreases by 5% if the nucleus
becomes more nearly spherical. Such a decrease
would be difficult to expect, however, on the basis of
all the experimental and theoretical data available. In
summary, the first direct measurement of the change
in the rms radius of a nucleus yielded an unexpected
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result, which requires further study and theoretical
interpretation.

5. PROPERTIES FOUND FOR FEW-NUCLEON
SYSTEMS BY NEUTRON SPECTROSCOPY

The study of neutron-induced nuclear reactions of
light nuclei has historically played a significant role
in establishing the basic concepts of nucleon-nucleon
interactions and in explaining the general features of
these interactions. The group of lightest nuclei in-
cludes the proton, the deuteron, the triton, and the 3He
and 4He nuclei. These nuclei are distinguished by their
simple structure and the absence of nucleon-stable
excited states. It is thus possible to take direct theo-
retical approaches in calculations for few-nucleon sys-
tems, both by using the many-body Schrodinger equa-
tion and by introducing nuclear wave functions in vari-
ational methods. The validity and usefulness of the
various theories are tested in comparisons with such
experimental data as the scattering lengths, the scat-
tering phase shifts, and the magnitudes and energy
dependence of the reaction cross sections. Most of
these experimental data have been obtained by neutron
spectrometry, primarily high-intensity spectrometry.
Refinements of, and additions to, the experimental
data and the development of theoretical approaches are
being actively pursued at present.

a) Neutron scattering lengths

Phenomenologically, the interaction of slow s-wave
neutrons with the lightest nuclei can be described [for
each of the two spin states of the compound system
(</± = l ±1/2)] by two parameters: the scattering length
a and the effective radius r0. This circumstance was
noted by Landau and Smorodinskii" in 1944 and was
used by Blatt (and also by Bethe, Schwinger, and
others; see Ref. 100, for example) to develop a simple
theoretical approach known as the effective~radius
approximation. According to this approximation, the
cross section for scattering in the channel with spin J
is

CTn (J) ~ 4jl£j I hro^2} + &2 » tA\\L V aj t ^ { ^ L f

where fe = /2/xE/7f2 is the wave number of the neutron
in the c.m. frame. At energies E •& 100 eV, the terms
with k and fe2 can be ignored, and the cross section be-
comes

on = 4ji(g+aj + g_a5). (42)

For neutrons at thermal energies (E «0.025 eV), co-
herent scattering is also measured. This type of scat-
tering is described by the coherence length

(43)acoh = £+a+ + *-°-

and the incoherent cross section

o" . = 4.jif?j-j? (CL^. — Q, "]^, (44)

usually carried out to choose between these sets. The
difference between the scattering lengths a, and a. for
few-nucleon systems is the most characteristic mani-
festation of the spin dependence of the neutron-nucleus
interaction.

Among the primary sources of data on np scattering
are Refs. 101 and 102. For nd scattering the results
obtained in different studies, especially the results on
the doublet length, remained severely at odds for a
long time. A reconciliation was made possible after
measurements of un and acoh by the Koester group103

(Garching, FRG). They constructed a gravitational
refractometer in order to determine aooh by the method
of specular neutron reflection. A circumstance aiding
precise measurements of the critical reflection angle
in this refractometer was the long distance (110 m)
over which the neutron fell in the earth's gravitational
field before it reached a liquid mirror of the test sub-
stance (D2O in that case). The mirror was placed at
various heights H; total reflection occurred only at a
certain H*. The length acob was determined from the
expression acl>^ = {gm2/2'nNK2)H*.

As mentioned earlier, the values of acoll and crn are
not sufficient for an unambiguous determination of the
scattering lengths. This problem was particularly
acute for nd scattering, since different theoretical
approaches led to mutually exclusive sets of scattering
lengths. The correct set for nd scattering was deter-
mined by Shapiro's group104 at the Neutron Physics
Laboratory of the JINR, using the polarization method
mentioned in Sec. 2. In addition to the polarized pro-
ton target (the beam polarizer), they constructed a
dynamically polarized deuteron target. This experi-
ment determined a set of scattering lengths with a
predominant quartet length. In np scattering the am-
biguity regarding sets of scattering lengths was re-
solved in experiments with ortho-hydrogen and para-
hydrogen.

Figure 20 shows the most recent data on the nd sys-
tem, which incorporate the polarization results of Ref.
104. This figure demonstrates the relationships be-
tween the quartet scattering length <z4 and the doublet
scattering length a2 corresponding to various mea-
sured cross sections: the coherent cross section o-coh,
the incoherent cross section alncoh, the total cross sec-
tion for the free atom, <rn, and the total cross section
for ortho-deuterium molecules. It should be noted that,

Only two of Eqs. (42)-(44) are independent. Since the
cross section is a quadratic function of the scattering
length, any pair of independent equations is satisfied
by two sets of lengths. A polarization experiment is

FIG. 20. Relationships between the a2 and at from various
experiments.
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TABLE IV. Experimental parameters of np and nd scattering.

System

np
nd

a, , b

20. -Sill (14)
3.390(12)

Ocoh,
F

3.741 (1)
6.672 (7)

Scattering lengths, F

<u

5.424(4)
6.35(2)

'•'-

-23.748(10)
0.65(4)

Effective radius, F

'>

1.759(5)
1.85 ( )

'-

2.75(5)

in view of the high accuracy of each experimental re-
sult, the agreement is poor. Nevertheless, the set of
scattering lengths based on the data on Ref. 103 and
Eqs. (42) and (43) found general acceptance. This set
is shown in Table IV along with the results of these
studies for np scattering as of the most recent compila-
tion.105 Here a, and a. correspond to the triplet and
singlet states in the case of the np system or to the
quartet and doublet states in the case of the nd system.
The numbers in parentheses are the experimental er-
rors in the last significant figures.

These experimental results, obtained by neutron
spectroscopy, are of fundamental importance in nuclear
physics. They are reference data which are used to
test both new models for nucleon-nucleon interactions
and any theory for few-nucleon systems. The large
difference between the neutron-neutron scattering
length [ann=-16.6(5) F] and the neutron-proton scat-
tering length in the singlet state [anp=-23.75(l) F]
definitely indicates that the charge invariance of nu-
clear forces is not an absolutely rigorous law of na-
ture. A difference at this level corresponds to an np
interaction potential which is about 3% higher than the
nn potential. This difference has been ascribed to a
difference between the masses of the charged and un-
charged mesons, since only neutral mesons participate
in the exchange interaction between identical nucleons,
while charged is and p mesons participate in the np
case.

Of particular interest for theories of three-nucleon
systems is the doublet nd scattering length, which is
the parameter most sensitive to the detailed proper-
ties of the nuclear forces. The present state of these
theories is reviewed by Kharchenko.107 The experimen-
tal error in this scattering length is presently about
10%, and in future it may begin to become possible to
compare the various theories. In the approach worked
out at Dubna by Efimov,106 for example, the doublet
length «2 is a parameter which is used to take into
account the many-body, essentially quark, nature of
the short-range three-nucleon interaction.

For the four-nucleon system, the next one up on the
complexity scale, both experiment and theory lagged
behind the progress on the np and nd systems for a long
time. Here we are talking about an interaction of a
neutron with tritium and with helium-3. Experimental
difficulties result from the radioactivity of the target
in the case of tritium and the very large cross section
(5337 b) of the competing (n ,p) reaction in the case of
helium-3. On the theoretical side, although the rigo-
rous Faddeev-Yakubovskif equations had been written,
the existing computers were not powerful enough to
solve them.

I0~' 0.105 ID'2 0.05 HI'' 0.5 I S f, MeV

FIG. 21. Effective cross section for neutron scattering by
helium-3, as a function of the neutron energy.110

Progress was reached in the late 1970's, essentially
simultaneously in the experimental and theoretical
areas. The cross sections an(3He) at E s 1 eV were
measured with thin gaseous samples (up to 30 torr; a
JINR experiment108), and the coherence length acoh was
measured with a new instrument: a neutron interfero-
meter (an ILL experiment109). It later became possible
to determine the cross sections for higher energies,
up to 200 keV. These cross sections are shown in Fig.
21 in Ref. 110. These data provided, over a broad
energy range, an independent determination of the n3He
scattering lengths in the zeroth approximation in the
effective radius: Reaa = 6.53±0.32 F, Reat = 3.62
±0.15 F (Ref. 110). In turn, the joint use of aoob (Ref.
109) and o-B(«l eV) (Ref. 108) in accordance with Eqs.
(42) and (43) led to the results109 6.6 ±1.1 and 3.55
±0.38 for the singlet and triplet scattering lengths,
respectively.

For nT scattering, the experimental data (on crn and
acoh) remained inconsistent for a long time and did not
provide values for the scattering lengths. In 1980,
measurements of the total nT cross sections were
completed at Los Alamos.111 These measurements
were based on the transmission of gaseous samples
and were carried out by a time-of-flight method over
the energy range 60 keV-80 MeV. The samples were
at pressures up to 171.4 atm (corresponding to an ac-
tivity of 2 • 105 Ci). The scattering cross section ex-
trapolated to zero energy turned out to be 1.70 ±0.06 b.
Because of the large error in the coherence length,
the latter was not used in the analysis; the nT scatter-
ing lengths were obtained on the basis of theoretical
arguments regarding the length ratio aja. (which was
assumed to be 0.92 ±0.04). The results presently avail-
able on the four-nucleon system are shown in Table V.

The values shown in Table V are taken from Refs.
110 and 111. The theoretical values107 were found by

TABLE V. nT and n3He scattering lengths.

System

n T (expt)
nT (theo)

n :)Fu> (expt)
" "He (theo)

ne ns, F

3.91 (12)
3 . 7 7 ( 3 . 8 9 )

6.53(32)
8 . 0 5 ( 9 , - ',2)

Im ns, F

—

•4.- ' i5(l)

Re ot, F

3.60(10)
3.13(3 ,22)

3 .02(15)
3.08 (3.1,5)

Im o,. F

_

1.7(8 ) . 10-8
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solving the Faddeev-Yakubovskii equations with the
simplest separable NN potentials; the Coulomb inter-
action was ignored. The numbers shown without
parentheses correspond to calculations with a Yukawa
form factor, while the numbers in parentheses cor-
respond to calculations with an exponential form factor.
According to the theory, the interaction of a slow neu-
tron with a triton reduces primarily to an effective
repulsion at distances of the order of the size of the
triton; the situation is similar to the scattering of a
neutron by a deuteron in the quartet spin states. In the
scattering of the neutron by the 3He nucleus in the
singlet state, however, the attractive nature of the
interaction gives rise to an excited bound state with
spin and parity 0* (more on this below).

Comparison of the experimental and theoretical re-
sults in Table V leads to the conclusion that the agree-
ment is even better than qualitative. The discrepan-
cies which remain point to the need for a further re-
finement of the theoretical methods used to derive the
properties of the four-nucleon systems; at present,
the theoretical methods are not as accurate as the
methods available for the three-nucleon systems.

b) First excited level of the 4He nucleus

Helium-4 is the first nucleus in the periodic table
which has excited levels. The possible existence of
such levels was discussed theoretically as early as
1936 by Feenberg,"2 who reached the conclusion that
such levels do exist if certain assumptions are made
regarding the nuclear forces. Convincing experimental
proof came 20 years later with the help of a modera-
tion-time spectrometer113 at the Lebedev Physics Insti-
tute, Moscow; these measurements revealed a pro-
nounced deviation of the 3He(n,p) cross section from
the 1/v law and showed that the reaction goes through a
single spin channel. These results were ascribed to
the existence of an excited level with an energy of about
20 MeV and a spin <7' = 0*. This conclusion was con-
firmed by a polarization experiment.114 The details
of the deviation of the cross section crnp(

3He) from the
1/v law were recently studied115 up to neutron energies
of about 150 keV (Fig. 22), through the use of a time-
of-flight method.

FIG. 22. Effective cross section for the reaction 3He(n, p),
as a function of the neutron energy,115
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FIG. 23. Scheme of the first few levels of the 4He nucleus.
Right—scale of the thresholds for the various decay channels;
left—kinetic energy in the c.m. frame of the neutron and the
3He nucleus.

The first excited level of 4He has also been manifest-
ed in many other reactions, including the reaction
3He(d,p)4He, the elastic scattering T(p,p)T, and the in-
elastic reactions 4He(e,e')4He and 4He(a, a'). Among
the studies of the latter reaction we wish to call atten-
tion to one of the new studies of the inelastic scattering
of a particles by helium-4, carried out by Baumgart-
ner et a/.116 An R-matrix analysis of the results of
that experiment confirmed, in particular, the set of
n3He scattering lengths discussed in the preceding sec-
tion. The quantitative characteristics, however, es-
pecially the reduced widths of the first excited level of
4He, remained undetermined for a long time. To some
extent the difficulty resulted from the special position
of the 0* level, between the thresholds for two channels
(Fig. 23). Threshold effects arise, and the reaction
cross section cannot be described by the simple formu-
la in (4). It becomes necessary to use more rigorous
expressions, e.g., the one-level approximation of R-
matrix theory:

This expression contains some quantities which do not
appear in (4): the characteristic energy Ex and the
level shift Ax, which are determined by the boundary
conditions of the problem; the reduced widths; and the
shift functions, which were determined in Ref. 15. If
we formally identify the term EK + Ax with £„ in (4),
we find that the effective resonance energy E0 becomes
a function of the parameters Ex, y\, andyp and of the
energy E. The net result is that the energy dependence
of the reaction cross section, anp(E) can be described
equally well by various combinations of these param-
eters. For a set of experiments of different types,
e.g., scattering and absorption, the uncertainty is
reduced, but it is not completely eliminated. For ex-
ample, according to Ref. 115 the two sets of param-
eters (Ex = 20.36 MeV, y\=y\ = 3A MeV) and (20.32
MeV, 10 MeV) lead to cross sections differing by less
than 1% and consequently correspond to a single
smooth curve in Fig. 22. Manifestations of the broad
0* level as narrow peaks (0.3-0.5 MeV) in several
experiments with charged particles
quence of these threshold effects.

116 are a conse-
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The theory on the subject has not yet furnished a
satisfactory explanation for the properties of the first
excited level of helium-4. According to the shell mod-
el, the lowest-lying excited level with a spin J = 0 has
a negative parity, in contradiction of experiment. When
the theoretical parameters are fitted to the experimen-
tal characteristics of this level, the model fails to
reproduce all the rest of the spectrum of excited levels
of 4He (Ref. 117). In an approximate solution of the
Faddeev-Yakubovskil equations without Coulomb forces,
a 0* level arises (as mentioned above) as a second
stationary set of the 4He nucleus. Other theoretical
approaches, e.g., the k-harmonic method and the vari-
ous versions of the cluster model, have also failed to
describe the properties of the 0* level of 4He. The
first excited level of helium-4 remains a subject for
present and future research.

c) Radiative capture of neutrons by the lightest nuclei

The study of this reaction began at almost the same
time at which the neutron was discovered. As early as
1935, Fermi drew attention to the magnetic nature of
the y emission in np capture and derived an expression
which would be written in modern notation as

here \j.f and jin are the magnetic moments of the proton
and neutron, in units of the nuclear magneton; a = l/
137, c is the speed of light; ;;„ is the neutron velocity;
Bn is the binding energy of the deuteron; y = VMBn/7z
is the reciprocal of the effective size of the deuteron;
and as is the singlet np scattering length. This ex-
pression is valid under the assumption that the deuter-
on ground state is a pure S state and that the entire
interaction is generated exclusively by one-particle
magnetic moments. The deuteron has a D-state ad-
mixture, on the other hand, and the exchange interac-
tion between nucleons in the nucleus gives rise to addi-
tional (exchange) meson currents.

Nuclei more complex than the deuteron contain iden-
tical particles, and this situation gives rise to a small
component of the S' state of mixed symmetry in the
wave function of the nucleus. In the case of the triton,
for example, this state is antisymmetric with respect
to the interchange of the coordinates of the neutrons
and symmetric with respect to the spins. A further
restriction is imposed on the cross sections crnr by the
circumstance that Ml transitions can occur only be-
tween states for which the spin wave functions are of
identical symmetry. The corresponding expressions,
which are analogous to (45) for 2H and 3He targets, are
given, for example, in Ref. 119. Zero cross sections
are expected for 3H and 4He targets, since ground
states of the 4H and 5He product nuclei do not exist.
Neutron capture is possible, however, at energies
sufficient to form nucleon-unstable states of these nu-
clei.

Interesting information has now been obtained in neu-
tron physics regarding the radiative capture of neu-
trons by the lightest nuclei. Various experimental
methods have been used to determine a.y. A direct

method is to measure the yield of y rays from the (n ,y)
reaction in which a nuetron beam passes through colli-
mators and strikes a sample, and the y rays which are
produced in the reaction are detected by a detector
making an angle 8 with the direction of the neutron
beam.

For a thin sample (no « 1) the number of "useful"
detector counts JVr is related to the differential cross
section ar(8) by

= no,, (0)-n (E n ) . E y AQ, (46)

where !!(£„) is the number of neutrons of energy En

which are incident on the sample, er is the capture ef-
ficiency, AQ is the solid angle subtended by the detec-
tor, and n is the thickness of the sample (in nuclei per
square centimeter). Absolute direct measurements re-
quire an independent determination of the factor
n(En)er— usually a difficult problem. In relative mea-
surements, this factor is eliminated by means of a
special experiment with a standard sample for which
the cross section ar(6) is well known. Some of the
results which we will discuss here were obtained in
direct measurements of this sort, through the use of
scintillation detectors with crystals and through the use
of Ge(Li) semiconductor detectors. Figure 24 shows a
representative y spectrum obtained in Ref. 120 in a
study of the reaction D(n,y); a Ge(Li) detector was
used. Difficulties arise in the study of this reaction
and (especially) the reaction 3He(n,y) because the cross
sections are small, and it is accordingly necessary to
increase the transmission of the apparatus and to sup-
press carefully all other processes which might com-
plicate the experiment. In several cases, the cross
sections crnr have been determined by indirect methods
for the lightest nuclei, by measuring the neutron life-
time in the medium, r, and the diffusion length L.
These measurements are based on neutron diffusion
theory, according to which r and L are related to the
cross section crn), by

(47)

FIG. 24. Experimental spectrum of y rays from the reaction
D(n, y), with the line D" corresponding to capture by a deu-
teron (at the top) and the line Cl", corresponding to capture
by chlorine (at the bottom, calibration).120
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TABLE VI. Cross sections for radiative capture of thermal
neutrons by the lightest nuclei. *

Target nucleus

"expt. ml>

"theo. mb

IH

332.6 (7)
303 (4) *•

2H

0.476(20)
0.52(5)

8H

0

3He

0.027—0,060
0.038 (20)

<He

^50
0

*According to the data from the studies analyzied in Ref. 119.
**Theoretical value ignoring meson exchange. FIG. 25. Cross section for the radiative capture of neutrons

by the 3He nucleus, as a function of the neutron energy.123

Here N is the number density of nuclei in the medium,
and \tr is the transport length.

In Table VI, which shows the data presently available,
it is clear that as we go to the deuteron and then to the
3He nucleus the cross section decreases sharply be-
cause of the selection rule regarding the symmetry of
the wave functions of few-nucleon nuclei with respect
to the interchange of identical nucleons.

The experimental value of O-W('H) is 10% larger than
the value found by the conventional theoretical approach
using (45). Riska and Brown121 introduced exchange
currents in a consideration of the D state in the deu-
teron and achieved agreement with experiment. This
fact is presently regarded as one of the important
pieces of evidence for the mechanism of one-pion ex-
change between nucleons in a nucleus. Expression (45)
corresponds to the singlet cross section, aw,*. The
D-state admixture also gives rise to a triplet cross
section crnrjt. The latter cross section, however, is
very small: a*r,i/aa7 ^lO"4 according to measurements
with polarized neutrons.118

The experimental error in the cross section anr(
2H) is

about 5% and much larger than the error in ornr(
1H).

The uncertainty in the theoretical prediction122 in this
case is 10%. This prediction was generated from a
microscopic theory for few-nucleon systems which
uses separable nucleon potentials and which incorpor-
ates meson effects. Comparison with experiment seems
to reveal evidence of one-pion exchange again in this
case, since the contribution of exchange currents to
the theoretical value is about 0.2 mb.

Finally, there is much uncertainty in the data on
anr(

3He). Two experimental results have been obtained
for thermal neutrons: 27 ± 9 Mb (Ref. 123) and 60 ± 12
)j.b (Ref. 124). A theory incorporating only meson ef-
fects predicts a value125 38±20 j-ib. On the other hand,
it is also possible to explain the cross section crnr(

3He)
by considering S' states of the nuclei and ignoring ex-
change currents. This approach leads to an experimen-
tal estimate 0.05% < P4He(S') < 0.5% for the component
of mixed symmetry in the 4He wave function. There is
accordingly an urgent need for more accurate measure-
ments of <rnr(

3He) and for more accurate calculations of
this cross section.

In addition to the measurements of anr(
3He) at ther-

mal energies, measurements have also been carried
out in the range 1-70 keV (Ref. 123). The neutron flux
densities fall off at these energies, but results have
been obtained (Fig. 25) through the use of cryogenic

techniques in fabricating a target of liquid 3He and
through the use of the pulsed beam of the IBR-30 reac-
tor. The energy dependence of the cross section indi-
cated by the curve can be explained quite simply: At
low energies, the decrease in the cross section with
increasing energy obeys the \/v law for s-wave neu-
trons. At high energies the cross section increases in
accordance with the -fE dependence expected for p-
wave neutrons.

6. CONCLUSION

We have examined several recent advances in high-
intensity neutron spectrometry— advances which have
yielded the first information from some new charac-
teristics of highly excited nuclear states, new data on
few-nucleon nuclear systems, and further information
on the special class of nuclear reactions which involve
a compound-nucleus step. Apparently a general result
of this research is the conclusion that the new charac-
teristics of the compound nuclei are described well in
a first approximation by the modern statistical theory
of the nucleus. Perhaps the only unexpected result has
emerged from a study of the behavior of the rms radius
of the deformed uranium nucleus. The effect is so
large that—if it is confirmed by further measure-
ments—it may force us to reexamine the fission of
heavy nuclei.

The number of physical problems which arise from
research by high-intensity neutron spectrometry, how-
ever, will continue to increase in the near future, and
these questions will become more interesting. We
might include here the search for and study of the
7Be(n,2a) reaction with the goal of detecting parity -
nonconserving nuclear forces. The program for such
research was examined in detail by Andreev some time
ago.126 Special experiments will apparently be carried
out to search for the (n,8Be) reaction. Study of this
reaction might shed light on the mechanism for the
emission by a compound nucleus of such a weakly bound
particle as 8Be. Would it perhaps be more convenient
to interpret this process as a very asymmetric fission ?

Of decisive importance for progress on these ques-
tions and many others will be the successful imple-
mentation of high-intensity pulsed neutron sources,
which are presently being adopted in neutron experi-
ments. Examples are the IBR-2 pulsed reactor, pro-
ton accelerators with energies of about 1 GeV, and
other high-current charged-particle accelerators.
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