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The results of study of the energy spectra of photoneutrons in the region of the giant dipole resonance are
reviewed. It is shown that the low-energy region of the spectra can be described by a statistical theory. The
nonequilibrium component of the spectrum due to decay of doorway states into the continuum is investigated.
A comparison with the spectra of neutrons from heavy-particle reactions is made.
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INTRODUCTION

Since they began more than 40 years ago, about 2000
experimental and theoretical studies have been made of
photonuclear reactions. Many of them have been con-
cerned with the giant dipole resonance, which is a
clearly expressed process of absorption of y rays by
nuclei in a comparatively narrow energy region (10-30
MeV). Detailed data have now been accumulated on the
gross structure of the giant dipole resonance: the de-
pendence of the position of the maximum in the photo-
absorption cross section and the half-width of the reso-
nance on the mass number A, the integrated cross sec-
tion, and so forth. The theoretical investigations have
led to the creation of two main models of the giant di-
pole resonance. These are the collective model and the
shell model, and they have made it possible to describe
many properties of the process of absorption of ¥ rays
by nuclei. On the other hand, various questions associ-
ated with the giant dipole resonance, for example, the
nature of the intermediate structure in the cross sec-
tions of the (v, n) and (¥, p) reactions, the width of the
resonances, and the applicability of the various models,
require further study.

It should be noted that the most important results
have been achieved in the study of the first phase of the
photonuclear reaction, i.e., the absorption of the ¥
rays. The processes belonging to the stage of the reac-
tion associated with the decay of the excited dipole
states have been studied in much less detail. Informa-
tion about the characteristics of the products of photo-
nuclear reactions (the energy and angular distribution
of the emitted nucleons, the final states of the nuclei to
which the decay takes place, and so forth) has not been
adequately systematized. The reviews on photonuclear
reactions hardly consider this field of investigation.
The aim of the present paper, which is devoted to an
analysis of the results of measurement of the energy
spectra of photoneutrons emitted by medium and heavy
nuclei in the region of the giant dipole resonance, is to
fill part of this gap. As the boundary between light and
medium nuclei, we have chosen the value A =40, at
which there is a change in a number of the parameters
of the giant dipole resonance. Thus, for nuclei with Z
> 20 one observes a rapid growth of the photoneutron
yield as measured by NZ VA a quantity which varies lit-
tle in the region of lighter nuclei. For A <40, the cross
section of the (¥, n) reaction has a complicated struc-
ture, whereas in the case of heavier nuclei it is char-
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acterized by a clearly expressed resonance or two re-

sonances in the case of deformed nuclei. These differ-
ences may be due to the predominance for A > 40 nuclei
of decay by evaporation of nucleons from the compound
nucleus due to the high centrifugal barrier for neutrons
of the 1fy/, shell.!

In this paper, we consider almost all the results so
far obtained, except for the photoneutron spectra meas-
ured near the threshold of the (¥, n) reaction. These
data, which contain rich spectroscopic information,
correspond to the region of small excitations and are
therefore outside the ambit of the problems discussed
below.

The study of the photoneutron energy spectra has a
particular interest for the following reasons. During a
nuclear reaction, nucleons can be emitted at various
stages. The energy spectrum of the decay products
contains a high-energy component corresponding to de-
cay of doorway states into the continuum, a part of the
spectrum due to pre-equilibrium decay from more com-
plicated configurations, and, finally, the component due
to decay of the compound nucleus.? The existing models of
pre-equilibrium decay® make it possible to calculate the
spectra of particles emitted during the nuclear reaction;
thus, the paper of Ref. 4 is concerned with the emission of
particles fromthe collective 1p -1k dipole state inthe
framework of the shell model, and also the emission of par-
ticles from the compound nucleus at the stage when equili-
brium is established; the agreement with the spectrum of
protons from the reaction ¥Ca(y, p)**K was found to be
entirely satisfactory. Without denying the value of cal-
culations of this type, we should like to point out a very
attractive possibility of separating the components in
the spectrum of emitted particles. It is associated with
the existence in the photoneutron energy spectra of
well-defined regions, which makes it possible to sepa-
rate the equilibrium component of the spectrum.!” Such
a possibility is realized, however, only for the (¥, n)
reaction. When charged particles (protons, « particles)
are emitted, the Coulomb barrier shifts the equilibrium
part of the spectrum to a region of higher energies,
which results in a superposition of the components of
the spectrum.

D The presence of an inflection in the photoneutron energy

spectrum due to the direct photoeffect was noted for the
first time in Ref. 6.
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FIG. 1. Energy spectra of photoneutrons from bismuth nuclei,
The numbers next to the curves correspond to the number of
the experiment in Table I; 4 and 12 are extrapolations of the
experimental data; the continuous curves are drawn by eye

(the same applies to the curves in Figs, 2—7).

In Sec. 1, we give systematic data on the measure-
ments of the photoneutron energy spectra made up to the
present time. Section 2 is devoted to a discussion of the
results, and after some general comments we analyze
from the point of view of statistical theory the data for
the low-energy component of the spectrum and discuss
the results relating to the high-energy part of the spec-
tra. We also compare the photoneutron spectra with the
spectra of neutrons observed in reactions with heavy
particles.

1. RESULTS OF MEASUREMENT OF THE
PHOTONEUTRON ENERGY SPECTRA

To facilitate the comparison of data obtained in differ-
ent experiments, we give all the results in the form
log[(1/€)dN/de,] =f(€,), where &, is the neutron energy
(Figs. 1-7). In some cases, the experimental points
are extrapolated by a smooth curve. In Tables I=VII
we give brief characteristics of the experiments and
also some results of analysis of the spectra, namely,
the effective temperatures T of the final nucleus and
the quantity a, which measures the level density of the
final nucleus. The results obtained for bismuth, the
nucleus most frequently used as a target in the study of
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FIG, 2, Energy spectra of photoneutrons from gold nuelei.
The numbers next to the curves correspond to the number of
the experiment in Table II; 2 is an extrapolation of the experi-
mental data.
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FIG. 3. Energy spectra of photoneutrons from tantalum nuclei,
The numbers next to the curves correspond to the number of
the experiment in Table ITI; 3 is an extrapolation of the experi-
mental data,

photoneutron energy spectra, are given in Fig. 1 and
Table I. In Fig. 2 and Table II we give the results ob-
tained for gold; in Fig. 3 and Table III, for tantalum;
and in Fig. 4 and Table IV, for lead. In Fig. 5 and
Table V we give the results obtained for several medi-
um and medium=-to-heavy nuclei. The data for several
nuclei of medium mass are given in Fig. 6 and Table
VI. Separately (Fig. 7 and Table VII) we give the re-
sults of measurements of the spectra of photoneutrons
emitted from chromium.

2. DISCUSSION OF RESULTS

Geneval comments, Examination of the results shows
that the spectra of photoneutrons from nuclei of medi-
um and large mass consist, apart from rare excep-
tions, of two regions with a clearly defined boundary.
The low-energy, exponentially decreasing part of the
spectrum is due basically to neutrons emitted by the
compound nucleus. The fraction of nonequilibrium neu-
trons in this region of the spectrum is small and rather
ill defined, which makes it possible to consider an ap-
proximation in which the low-energy region of the spec-
trum is entirely due to statistical neutrons. Such an
assumption is supported by various experimental indi-
cations discussed below.

The parameters g and T calculated from the data on
the photoneutron spectra are averaged quantities. In
contrast to a reaction induced by monoenergetic parti-
cles, the photoneutron spectrum obtained by means of
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FIG. 4. Energy spectra of photoneutrons from lead nuclei.
The numbers next to the curves correspond to the number of
the experiment in Table IV; 5 and 6 are extrapolations of the
experimental data.
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FIG. 5. Energy spectra of photoneutrons from medium-to-
heavy and heavy nuclei. The numbers next to the curves cor-
respond to the number of the experiment in Table V; 4 is an
extrapolation of the experimental data.

bremsstrahlung ¥ rays is determined by their effective
spectrum. Because of this, the aim of the comparison
with the parameters found from the reaction with neu-
trons consists of establishing that these parameters
have similar values, so that the low-energy component
of the photoneutron spectrum can be attributed to decay
of a compound nucleus.

The procedure of subtracting from the total photo-
neutron spectrum the exponential component extra-
polated to the region of energetic neutrons permits a
more detailed study of the nonequilibrium component of
the photoneutron spectrum, which exceeds 15% in heavy
nuclei. Such a procedure was carried out for the first
time in Ref. 20 in order to separate the spectrum of
“direct” neutrons from gold.

Analysis of the low-energy component of the photo-
neutron spectra. In accordance with the statistical the-
ory of nuclear reactions,® the spectrum of nucleons
emitted by the compound nucleus has the form

N (e) de ~ o () ep (£ — By — ¢) de, (1)

where p(E - E; - €) is the level density of the final nu-~
cleus formed after the emission of a particle with ki=

log [(1/2,)dN/dg,)
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FIG. 6. Energy spectra of photoneutrons from nuclei of med-
ium mass. The numbers next to the curves correspond to the
number of the experiment in Table VI.
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FIG, 7. Energy spectra of photoneutrons from chromium
nuclei. The numbers next to the curves correspond to the
number of the experiment in Table VII; 3, 4, and 5 are extra-
polations of the experimental data.

netic energy € and binding energy E,; ¢(€) is the cross
section of the inverse process. In the calculation of the
spectra, o(€) is usually replaced by the experimentally
measured cross section for the interaction of the parti-
cle with the nucleus in the ground state. In a compari-
son with an experiment, one frequently introduces a
further simplification, namely, that o(g) is constant for
all values of €. For the level density of the final nu-
cleus, one of two expressions is generally used. One of
them follows by applying thermodynamics to the nuclear
system® and corresponds to the well-known Maxwellian
energy distribution of molecules evaporating for a lig-
uid:

p () ~ exp (—&/T), (2)

where T is the effective temperature of the final nucle-
us. The second expression for p corresponds to the
zeroth approximation of the Fermi-gas model®:

p (E) ~ (1/E™) exp 2 (aE)¥2, (3)

where E is the excitation energy of the final nucleus,
and it is equal to E, — Ey— ¢ (E, is the binding energy of
the particle). The photoneutron spectra are usually
studied by means of a bremsstrahlung spectrum; in this
case, it is more convenient to use the expression (2),

TABLE I. Energy spectra of photoneutrons from bismuth
nuclei.

Type of detector or E -1| Ref-

LG detection method pmeMeV| g, deg | T %, MeV o %, MeV o
1 Nuclear emulsions 22.0 90 0.72 10.9 [5]
2 | The same 18.9 30-—-270 i1 4.5 [6]
3 90 30—140 1.14 5.0 [7

4 Time-of-flight method {14.3 120 o (e

15.8 120 0.76 9.1 18
5 | Nuclear emulsions 30.0 60—120 0.82 8.7 |19
G The same 23.0 30-—150) —_ _ [10)
7 14.0 30—270 1.0 4.85 (11
8 Time-of-flight method 16.0 [+4] 0.79 8.5 {12
9 Wilson diffusion chamber | 80.0 135 0.89 8.0 [13
10 Time-of-flight method 13.85 ** 115 0.98 10.1 [14
1 Nuclear emulsions 20.0 90 0.94 6.3 [15
12 Time-of-flight method 33.0 90 0.99 5.9 |16
12 Nuclear emulsions 28.5 6075 0.92 6.8 17
14 Scintillation spectrometer | 31.0 140 1.03 5.5 [18]

*The values of T and a in this and the following tables are cal-

culated using the data of the quoted papers.
**The energy of monochromatic y rays.
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TABLE II. Energy spectra of photoneutrons from gold
nuclei,

No. Type of detector or E._, MeV| _, | Refer-
detection method 0, deg T, MeV | a, MeV™!

1 Nuclear emulsions 30.0 90 0.98 6.2 [ [19]
2 | Time-of-flight method { 14.3 120 0.66 12.2

158 | 120 | o066 | 122 | 8
3 Nuclear emuisions 55,0 90 0,93 8,3 [20]
4 |'Thopatite 14.0 90 0.64 10.2 | [11]
5 »o» 20.0 90 0.90 6.6 [17]
6 » B 28.5 60—75 0.87 74 [17]

which does not directly contain the excitation energy.
Representing the energy spectrum in the form log| 1/
£,)dN/de,] =f(€), we obtain T from the expression tan a
=—(loge)/T. To analyze the spectra of neutrons from
reactions with heavy particles, formula (3) is generally
used, so that it is desirable to obtain not only T from
the experiments but also the value of a. If the level-
density parameter is assumed to be independent of E (in
fact, @ does depend on the excitation energy?®), then E
=aT?; the effective excitation energy E, can be deter-
mined from the formula

Eym

{ EyOyn (E3) N (Ey, Eym) dE
By=—yi= .

§ Gyn (Ey) N (Ey, Eyw) dE

The values of a found in this way are given in Tables
I-VI. The neutron spectrum from the reaction (¥, 2r)
differs in principle form the neutron spectrum from the
reaction (y,n), since the emission of the first neutron
leads to a decrease in the excitation of the final nucle-
us. At a certain energy, the total spectrum can have an
inflection [and it is in this manner that the change in the
slope of the spectrum in the (z, 2xn) reaction observed
for some nuclei is interpreted in Ref. 36]. Comparison
of the photoneutron energy spectra measured at E,, in-
sufficient for the emission of a second neutron with the
spectra obtained at E,, =28-30 MeV (see Fig. 2) does
not reveal the existence of the difference noted above,
which may be due to the inadequate statistical accuracy
of the results.

Let us consider the data on the low-energy part of the
photoneutron spectrum from bismuth (see Fig. 1). In
all measurements except those of Ref. 10, for which
€mn=3.3 MeV, a good extrapolation of the experiment-
al points is a straight line corresponding to a definite
value of T.> The mean value of T according to the data
of 12 studies is 0.93 MeV with an rms error of +0.04
MeV. This value agrees with the value of T obtained
from the spectra of neutrons scattered inelastically by
bismuth in a reaction with 14-MeV neutrons (T = 0.92
+£0,06 MeV).*® Measurements of the photoneutron spec-
tra from bismuth have been made for different maximal
energies E,, in the bremsstrahlung spectrum (from 14
to 80 MeV). Since the cross section of the reaction
20%gi(y, 1) Bi has a resonance nature with maximum
E,at E,=14 MeV, a dependence of T on E,n, if it
exists, may be revealed by comparing the results of

2)The straight-line extrapolation of the data of Ref. 16 differs

from the extrapolation used by the authors of the quoted paper.
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TABLE III. Energy spectra of photoneutrons from tan-
talum nuclei.

No. Type of detector or

E. miMeV
detection method wms 8, deg

T, MeV | a, MeV-| gpce

1 Nuclear emulsions 20 90 0.66 16,1 [21]
2 | The same 30 90 0.82 11,4 | [21]
3 Time-of-flight method { 14,3 120 0,43 B

5.8 | 120 [ 043 | 3 8]
4 Nuclear emulsions 20 90 0.79 11.2 [17]
5 The same 28.5 60—75 0.82 11.4 [17]
6 | Scintillation spectrometer | 31 140 0,90 9.4 | [18]

measurements made at E,,> E, with results at E, ,
~Em, i.e., at E,,=14-17 MeV. The available data do
not appear to indicate a significant difference in the
values of T'.

The results of measurement of the photoneutron spec-

tra from the reaction *"Au(y, n)!*®Au (see Fig.2) in-
dicate the existence of a rectilinear section until €,
=3-4 MeV, its slope corresponding to T'=0.84+0.06
MeV. The spectra of photoneutrons from tantalum (see
Fig. 3 and Table III) give nearly equal values of the ef-
fective temperature T except for the data obtained at
E,n,=15.8 MeV. The mean value (based on the data of
five measurements) T =0.79+0.04 MeV exceeds the val-
ue 0.67 MeV found®’ from experiments on the inelastic
scattering of neutrons. In the data on the photoneutron
spectra from lead, we have not included the results ob-
tained by the time-of-flight method at E,,, from 8.8 to
12.5 MeV.* The shape of the photoneutron spectra
measured in Ref. 38 differs very strongly from an e-
vaporation spectrum, . which confirms that the statisti-
cal treatment is not valid in a region with sparse levels
of the final nucleus. An unusual nature of the neutron
spectra was also found by McNeill ef al.,’ who investi-
gated neutrons from the reaction *'Pr(y, »)'*'Pr at B,
=27.5 MeV and from lead at E,, =31 MeV. The low-en-
ergy region of the spectra has a much shallower decay
than in the spectra measured in other experiments.
The reasons for these discrepancies require clarifica-
tion. For lead T =0.91+0.04 MeV, which is somewhat
higher than T deduced from the (n, n') reaction, which
is equal to 0.69 MeV.%

The values of T obtained from the photoneutron spec-
tra are given in Fig. 8. As can be seen from compari-
son of the data with the liquid-drop model,* there ex-
ists satisfactory agreement for E =5 MeV. The A de-

TABLE IV, Energy spectra of photoneutrons from lead
nuclei.

Type of detector or E....MeV _y| Refer-
Ne; detection method yme Me 0, deg T, MeV |2, MeV ence
1 Nuclear emulsions 23 90 0.88 7.5 [22)
2 Scintillation spectrometer 32.5 90 0.97 6.3 (23]
3 Time-of-flight method 16.0 90 0.79 8.4 (12]
4 Wilson diffusion chamber 80 135 0.79 | 10.2 [13]
5 Time-of-flight mehtod 33 90 1.65 5.4% [16]
6 The same 33 90 0.96 6.4%* | [16]
7 Scintillation spectrometer 31 140 0.98 6.1 [18]

*The *®pb nucleus
*xThe 2%Ph nucleus.
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TABLE V, Energy spectra of photoneutrons from med-
ium-to-heavy and heavy nuclei.

No. |Nucleus Type of detector or B i a, |Refer-
detection method 1&:3’ 8, deg |T\MeViptevr-1 | once
1 Rh | Nuclear emulsions 20 90 0.83 | 9.4 [17]
2 Rh | The same 28.5 | 60—75 | 0.80 | 11.7 | [17]
3 In 28 30—150 | 0.75 | 15.4 | [24]
4 | Pr | Time-of-flight method 27.5 98 |1.81] — |[[25]
5 Pt | The same 16 90 0.47 | 30.2 | [12]
6 Th | Scintillation spectrometer 3 140 1.08 | 5.4 [18]
7 | U | Timeofflight method 16 90 | 0.44|33.8 | [12]

pendence of the level-density parameter a obtained from
the photoneutron spectra is shown in Fig. 9. It can be
seen that in the region A=180-200 there is a discrep-
ancy between the data. This was pointed out by Evseev
et al.,'® who arrived at the fundamental conclusion that
the statistical theory does not describe the decay of col-
lective nuclear states of the type of the giant dipole
resonance. Evidently, the currently available data are
inadequate for such a radical conclusion. Comparison
of the dependence a(4) for the reaction (y, n) (meas-
urements by Bertozzi’s group of neutron spectra by the
time-of-flight method) and for the reaction (2, n’) (Ref.
40) does not reveal a significant difference (Fig. 10). It
should also be borne in mind that different excitation
energies of the final nuclei are investigated in the dif-
ferent experiments, so that a detailed comparison be-
comes difficult. In addition, features of the experiment
and the methods used to analyze the data may lead to a
difference (by almost a factor 2) between the a values
obtained, for example, from the (2, »’) and other reac-
tions.®

The question of the discrepancy between the shape of
the photoneutron spectra in the low-energy region and
the calculation based on the statistical theory has been
raised in a number of studies. For example, in Ref.
26, in which the use of a diffusion chamber made it
possible to reduce the detection threshold to 0.8 MeV,
it was noted that the number of neutrons with energy €,
<1.5 MeV for the nuclei 5'v, %Mn, and **Co is appre-
ciably lower than the calculated value. This difference
gave grounds for assuming a connection between the
-emission of low-energy neutrons and pre-equilibrium
decay. However, the replacement in formula (1) of
o(€,) by a constant in the description of the neutron
spectrum in the region £, 1 MeV is not justified, since

TABLE VI. Energy spectra of photoneutrons from nuclei
of medium mass.

No. Nucle Type of detector or By a, |Refer-

Lt detection method May |5 deg (T-MeViy vt/ ence
1 sy Wilson diffusion chamber 85 | 135 [ 1.03 | 6.7 | [26]
2 55Mn The same 85 135 | 0,90 | 10.3 | [26]
3 b4Fe Scintillation spectrometer 22,75 145 | 0.80 | 6.6 | [27]
4 %Fe | The same 25.0 | 145 | 0.82 | 10.9 | [27)
5 %8Co Wilson diffusion chamber 85 135 | 1.0 6.6 | [26]
6 Ni | Thesame 85 | 135 | 1.04 | 5.8 | [26]
7 Cu Nuclear emulsions 24 90 | 1.03 | 5.2 | [28]
8 59Co 30 90 | 1,07 | 5.0 | [29]
9 847n Scintillation spectrometer 23 145 | 0.89 | 6.4 | [30]
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TABLE VII. Energy spectra of photoneutrons from chro-
mium nuclei.

No. |E,.,.MeV| Detection method 0, deg T, Mev | Refer-
ence

1 20 Nuclear emulsions 90 0.76 [21]

2 30 The same 90 0,75 [21]

3 22,0 | Time-of-flight method - - [31]

4 29.4 The same = = [31]

5 31.3 » B — — [31]

the assumption 0(8,,) =const is a too crude an approxi-
mation. Allowance for variation in the penetrability for
neutrons can evidently eliminate the observed discrep-
ancy. :

Thus, it can be taken as established that the values of
a and T obtained by analyzing the low-energy component
of the photoneutron spectra are close to the values cal-
culated using the neutron spectra obtained from reac-
tions with heavy particles whose energy is sufficiently
low for one to be able to assume that production of a
compound nucleus is the dominant process. Such a con-
clusion is the basis for regarding the emission of low-
energy photoneutrons as a process due to decay of a
compound nucleus.

Analysis of the high-energy component of the photo-
neulvon spectra. In accordance with the conclusions of
the previous section, extrapolation of the low-energy
part of the neutron spectrum to the region of high-en-
ergy neutrons and subtraction of the obtained equilibri-
um component from the total spectrum makes it possi-
ble to determine the spectrum of neutrons emitted dur-
ing the stages of the reaction preceding the formation
of the compound nucleus.

The absence of a smooth transition between the two
components of the neutron spectrum suggests that pre-
equilibrium decay plays a small role for photonuclear
reactions in the region of the giant dipole resonance.
The energy spectrum of photoneutrons from medium
and heavy nuclei is determined by two processes—the
decay of doorway states with the emission of energetic
particles, and the evaporation of neutrons from the
compound nucleus.

Let us consider the main features of the spectrum of
nonequilibrium photoneutrons, doing this first for heavy
nuclei, for which there are more experimental data
(Fig. 11), and then for medium-to-heavy and medium
nuclei.

The differences in the form of the spectra in Fig. 11
are very slight if one discounts the lower threshold for
the emission of neutrons in Ref. 23. All the curves are

T,
MeV -
10

'-:i
%

D5p . .

L I L
a0 100 150 200 A

FIG. 8. Dependence of T on the mass number A. The contin-
uous curve is calculated using the liquid-drop model. ™
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FIG. 9. Dependence of the level-density parameter g on A.
The crosses are calculated using the data on the photoneutron
spectra; the points are the results obtained by the method of
calculating the number of resonances in the (1, 7) reaction.*

characterized by a maximum in the region of 5-6 MeV
with half-width 2.8 MeV and a slow decrease in the re-
gion of high energies. The spectrum of nonequilibrium
photoneutrons from tantalum has a similar form. For

bismuth and gold, one can compare the neutron spectra
measured at different energies E,,, (Fig. 12).

The form of the spectra in Fig. 12 for E,,, =19~20 and
28-55 MeV is almost the same; for E,n=14-16 MeV,
the upper limit of the distributions is at the energy ¢,
=T-8 MeV (the neutron binding energy is E;="7.5 and
8.1 MeV for *Bi and *'Au, respectively).

The low sensitivity of the shape of the energy spectra
of the nonequilibrium neutrons to a change in E,, indi-
cates a proximity of the position of the cross section
responsible for their emission to the giant dipole reso-
nance for heavy nuclei.

A more definite picture of the energy dependence of
the cross section of nonequilibrium neutrons can be ob-
tained by considering their contribution to the spectrum
of all neutrons (p) as a function of E,,. The dependence
of p of E,, for some heavy nuclei is shown in Fig. 13a.
A correction for the angular distribution of the neu-
trons, which has been inadequately studied, was not in-
troduced (a large fraction of the photoneutron energy
spectra has been measured at § =90°). The increase in
p on the transition from E, =15 MeV to E,,~ 20 MeV
observed for the nuclei **Bi, 1"Au, and '¥'Ta suggests
a certain displacement to higher energies (relative to

Mev-:| -

FIG. 10. Comparison of the dependence a(4) for the reactions
ty,n) and (n,n’). The black circles correspond to the reaction
(y,n), the open circles to the data for the reaction (n,n).5"
The continuous curve is based on caleulation in accordance
with the Newton-Lang theory. 5

605 Sow. J. Part. Nucl. 12(6), Nov.-Dec. 1981

—~

} o-{Z2)

a . |

ds, o Op. — [ 1512%p}, |

Rel. units w "‘“\ —= = -{i61%pp|
I}

3|» o
DO
z
1 [
g o
2
FIG, 11, Energy spectrum of nonequlibrium neutrons from

lead.'™?% (In the figure, the literature references are
given in square brackets.)

I 4% § & 7

the giant dipole resonance) of the cross section for the
emission of nonequilibrium photoneutrons. This could
be due, for example, to the opening of decay channels
to definite states of the final nucleus. At the present
time, there are no direct data on the energy dependence
of this cross section.

The existence of other maxima in the spectrum of
nonequilibrium neutrons besides the one observed in all
nuclei at £,=5-6 MeV remains open. It can be assum-
ed (see Fig. 12) that in the spectrum of neutrons from
Bi there are also peaks at €,~7 and 9 MeV. Measure-
ments made with natural lead and the 'Pr nucleus?
revealed the presence of structure in the neutron spec-
tra. In experiments with chromium, a structure in the
spectrum was not discovered under the same condi-
tions,* which probably confirms its physical origin in
the case of lead and praseodymium. The spectrum of
nonequilibrium neutrons from gold also evidently con-
tains structure.

The data on the photoneutron spectra for medium-to-
heavy nuclei are too sparse for one to be able to obtain
a picture of the decay of the doorway states. The spec-
trum of nonequilibrium neutrons from indium?®* has a
shape reminiscent of the corresponding spectra from
heavy nuclei. The results for rhodium, obtained at Eym
=20 and 28.5 MeV,!" indicate an appreciable growth in
the contribution of the nonequilibrium neutrons (p
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FIG, 12. Energy spectra of nonequilibrium neutrons from

the nuclei 2Bi and 1”Au, (In the figure, the literature ref-
erences are given in square brackets.)

B.S. Ratner 605



Tl - il b B ey

FIG. 13. Dependence of the fraction of nonequilibrium
photoneutrons on E,,, for heavy (a) and medium (b) nuclei.

=0.066 and 0.11, respectively), which is not observed
for the region of heavy nuclei. Preliminary results ob-
tained for photoneutrons from the reaction ®Y(y, )%y
mdxclate the presence of structure in the energy spec-
tra.t

For the nuclei of medium mass, the spectra of the
nonequilibrium neutrons, calculated from the data of
measurements by the method of nuclear emulsions, do
not differ appreciably from the results obtained for
heavy nuclei (Fig. 13b). For chromium (Fig. 14) the
measurements by the time-of-flight method® give an
appreciably higher threshold for the emission of non-
equilibrium neutrons (¢,=6-7 MeV). For the nuclei
*iFe, *Fe, and *Zn, the energy spectra of the photo-
neutrons have been measured with a relatively high
statistical accuracy at several values of the energy
Eyn-2*% Figure 15 shows the spectra of the nonequil-
ibrium neutrons from the reactions **Fe(y, n)**Fe and
%Zn(y, n)®Zn. Several features distinguish them from
the neutron spectra from heavy nuclei considered a-
bove. There is an appreciable change in the upper limit
of the spectrum with increasing excitation energy, an
appreciable contribution of structure, and a smaller
fraction of nonequilibrium neutrons. The first feature
indicates that ¥ rays above the giant dipole resonance
play an important part in the formation of the doorway
states that decay directly into the continuum. The data
of Fig. 16 agree with such a conclusion. The depend-
ence p(Eym) for these nuclei (see Fig. 13b) has a form
quite different from the dependence for heavy nuclei. It
should be noted that by using a sufficiently accurately
measured function p(E,,) one can calculate the curves
of the cross section separately for equilibrium and non-
equilibrium neutrons, which makes it possible to dis-
tinguish these processes.

As yet, an appreciable structure has been detected in
the neutron spectra only for a few nuclei in the region A
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FIG. 14, Spectra of nonequilibrium photoneutrons from
chromium (E,, =30 MeV) and cobalt (E,, =30 MeV).
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FIG. 15, Spectra of nonequilibrium photoneutrons from the

nuclei **Fe and *Zn measured at several values of Eom

= 60. Its existence is confirmed by the results of cali-
brated measurements of the spectrum of neutrons from
a Pu-Be source,* and also by the agreement between
the neutron spectra from the reaction %0(y, »)!%0 and
the spectra measured by the time-of-flight method.?® A
necessary condition for the existence of structure in the
energy spectra is the presence of structure in the par-
tial cross section of the corresponding reaction. As is
shown by the measurements of Ref. 44, the cross sec-
tion for the emission of energetic neutrons in the reac-
tions %*Cr(y, #)*'Cr and *'V(y, )V is smooth. Because
of this, the absence of appreciable structure in the en-
ergy spectra of the photoneutrons from the nuclei under
discussion appears natural.

A large fraction of the photoneutron spectra has been
obtained up to now by the method of nuclear emulsions,
which, being laborious, does not ensure a high statisti-

m .
,'rM'-m
L % @

*~r7ay:2.2¢2324 £y, MeV 12 1% 15 18 20 22 2% E,MeV
¥ b ¥

FIG. 16. Cross section of the reactions *Fefy,n)%Fe (a) and
*Fefy, n)’**Fe (b) for neutrons with energy € ,>3.7 MeV. The
broken curve is the cross section for neutrons of all energies.
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cal accuracy in the high-energy part of the spectrum.
It is necessary to await data on the structure of the
photoneutron energy spectra that can now be obtained
using modern experimental techniques. The rapid
growth in the yield of nonequilibrium neutrons with in-
creasing A discovered already in Ref. 45 anticipates the
yield of all neutrons, which can also be seen by com-
paring the curves in Figs. 13a and 13b. In part, this
result can be attributed to the difference in the number
of effective ¥ rays. Comparison of the corresponding
cross sections will make it possible to establish wheth-
er the decay of doorway states to the continuum does in
fact play a more important part for heavy nuclei.

Comparison of the positions of the peaks in the photo-
neutron energy spectra with the energies of resonances
in the cross section would make it possible, for the re-
actions *Fe(y, n)’*Fe and **Fe(y, n)*Fe, to identify the
levels of the final nuclei to which the individual reso-
nance states decay. The decay takes place predomi-
nantly to levels near the ground state of a shell nature,
and transitions to the ground state are hardly observed
at all (Fig. 17).

A theoretical study is make of the photoneutron spec-
tra in Ref. 46, in which an attempt is made to describe
the spectra by means of pre-equilibrium decay models.
It is found that neither an approximate multistep decay
model with parameters chosen to achieve agreement
with experiment in the (p, n) reaction nor a modified
exciton model can correctly reproduce the photoneutron
spectra, the discrepancy in the high-energy part of the
spectrum reaching an order of magnitude. The agree-
ment could be improved only by introducing into the ex-
pression for the density of exciton states a modulating
factor leading to a relative enhancement of the channel
for emission of a neutron into the continuum from the
initial state of the dipole excitation. It was pointed out
earlier that the presence of an inflection in the neutron
spectrum suggests that the doorway states of the nuclei
are responsible for the emission of the energetic neu-
trons. The calculations of the photoneutron spectra
based on pre-equilibrium decay models lead to the same
conclusion.

Let us consider the question of the shape of the spec-
trum of nonequilibrium neutrons in the low-energy re-
gion, which is of considerable interest for understand-
ing the mechanism of decay of the doorway states. We
A Ey,
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FIG, 17, Decay scheme of resonance states produced in the
reactions *Fe(y, n)**Fe and **Fe fy, n)* Fe,
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recall that in the framework of the approximation used
to analyze the results, the lower limit of the nonequil-
ibrium spectrum coincides with the inflection which di-
vides the two regions of the neutron spectrum. Let us
consider what changes are obtained by assuming a
smooth decrease to zero of the spectrum of nonequil-
ibrium neutrons at all values of the energy Eym:

Table VIII gives the results of calculation of the tem-
perature T of the final nucleus in both approximations
on the basis of data on the spectra of the reaction
*Fe(y, n)**Fe. In the region E,,< 20 MeV, the photo-
neutron spectrum consists solely of the evaporation
component, and the value T =0.80 MeV is the mean of
the results of three measurements at E,, =18.7, 19.5,
and 20.5 MeV. A decrease in T with increasing E,
contradicts the statistical theory, so that the variant
with Ty appears more justified. To within the errors,
the value of T, remains unchanged with increasing E,,
i.e., with increasing contribution of the nonequilibrium
part of the neutron spectrum (the same is observed for
photoneutrons from the *Zn nucleus®®). This circum-
stance suggests that this contribution is slight in the re-
gion of low-energy neutrons.

Another indication of the absence of nonequilibrium
low-energy nucleons is the result obtained by studying
the yield near the threshold of the reaction (y, p) for
the nuclei ®Ni and *Cr.”" Because of the ratio of the
neutron and proton binding energies, the evaporation of
protons in the reaction *Ni(y, p)®Co is suppressed,
whereas the reaction **Cr(y, )%V proceeds through the
formation of a compound nucleus. The measurements
showed that in the first case the observed threshold of
the reaction is 4 MeV higher than the energy threshold,
whereas in the second case it is only 2 MeV higher; this
last value agrees with the values of the penetrability of
the Coulomb barrier and the lower limit of the observed
photoneutron energy spectra for the investigated region
of nuclei. The high value of the threshold of the reac-
tion *Ni(y, p)*Co may be due to the absence of non-
equilibrium low-energy protons.

Compavrison of the energy spectra of pholoneutvons
with the spectra of neutrons from veactions with heavy
particles, The photoneutron spectra considered above
have various features. It is interesting to compare
them with the spectra of neutrons from the reaction
(m, n’) and reactions induced by charged particles in the
region of excitation energies near the giant dipole reso-
nance. In contrast to the analysis of the photoneutron

TABLE VIII. Values of the nuclear temperature T under
different assumptions about the shape of the nonequilibrium
neutron spectrum,

Eym, Mev 18.7-20.5 22.7 26.3
Ty, MeV 0.80 0.84 0.78
Ty, MeV — 0.77 0.71
Note. T, corresponds to the assumption that the lower limit

of the nonequilibrium neutron spectrum coincides with the in-
flection in the spectrum, and T, to the assumption that the
spectrum of nonequilibrium neutrons decreases smoothly to
Zero.
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spectra, no attempt is made here at a complete review
of the experimental material.

The spectra of energetic neutrons from the reactions
(n,n’) and (2, 2n) have been studied comparatively lit-
tle. The main aim of many investigations*%" was to
study the density of the nuclear levels as a function of
the excitation energy of the final nucleus in the frame-
work of statistical theory. This made it necessary to
adopt measures to reduce the contribution of direct pro-
cesses, so that the maximal energy of the detected neu-
trons was restricted to the value £,=2-3 MeV. For
comparison with the photoneutron spectra, I have used
the data of Ref. 36 on the inelastic scattering of 14-MeV
neutrons, in which the spectra were measured up' to g,
=5.5 MeV.

Investigations of the reaction (@, »n) for the nuclei V,
Co, and Ni at E, =11-20 MeV (Ref. 51) and the reaction
(p, n) for the nuclei Ni, Rh, Ta, and Au at E, =6-12
MeV (Ref. 52) showed that the neutron spectra agree
with the statistical theory either in the variant of the
Fermi-gas model of in the variant of the evaporation
model. The dependence of T on E, and E, found in the
quoted papers and interpreted as the influence of pre-
equilibrium decay ° was explained in Ref. 53 on the ba-
sis of allowance for thermodynamic fluctuations of the
temperature.

In reactions with charged particles, the contribution
to the spectrum of pre-equilibrium neutrons depends
strongly on the excitation energy.“ With increasing en-
ergy of the protons, the importance of nonstatistical
neutrons increases; however, because of the appreci-
able contribution of neutrons from pre-equilibrium de-
cay it is only possible to separate the individual com-
ponents by means of a calculation. A convincing sep-
aration of the direct and equilibrium components was
achieved in Ref. 55 by analyzing the spectra of neutrons
from the reaction (p, n) at different angles at proton
energy E,=22.2 MeV. In contrast to the photoneutron
spectra, the spectra of neutrons from the reaction
8Ni(p, n) decreases monotonically to £,=9 MeV, and
for the reaction '®'Ta(p, n) a smooth transition from
an exponential to a shallow decay is observed.

The energy spectra of neutrons from the reactions

*Bi(y, n)*"®Biat E,,, =20 MeV (Ref. 15), *®Bi(p, n)***Po_

at E,=12.5 MeV (Ref. 56), and **Bi(z, »') at E,=14
MeV (Ref. 36) are compared in Fig. 18 (curves 1, 3,

log [(7/&x)dNAde, )

0 71 2 3 4 858 7 enMev

FIG. 18. Comparison of energy spectra of neutrons emitted
during different reactions in bismuth.
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and 2, respectively). In the region of low-energy neu-
trons, all three spectra, which were measured at near-
ly the same excitation of the nuclei, are very similar
(T'=0.93, 0.92, and 0.76 MeV, respectively). The con-
tribution of nonequilibrium neutrons is appreciably
higher for the photoneutron reaction. One of the possi-
ble explanations is in the differing complexity of the in-
itial configurations: 1p=1# for the photonuclear reac-
tion and 2p-1#k in the case of a bombardment of nuclei
by heavy particles.

CONCLUSIONS

Analysis of the energy spectrum of the photoneutrons
makes it possible to separate the statistical component
due to decay of the compound nucleus. The level-densi-
ty parameter and the nuclear temperature determined
from the spectra are close to the corresponding quanti-
ties for reactions with heavy particles in the same en-
ergy region.

The spectrum of the nonequilibrium neutrons is as-
sociated with the decay of doorway states directly into
the continuum. For nuclei of medium mass, the cross
section of the process is shifted appreciably with re-
spect to the giant dipole resonance. The E,, depend-
ence of the contribution to the spectrum of nonequil-
ibrium neutrons from nuclei of medium mass shows
that the y rays which are responsible for them have an
energy exceeding the energy of the giant dipole reso-
nance. For heavy nuclei, a displacement of the cross
section for the emission of nonequilibrium neutrons
relative to the giant dipole resonance is either absent
or very slight. There are grounds for believing that the
inflection observed in the energy spectrum of the photo-
neutrons corresponds to the emission threshold of non-
equilibrium neutrons.

In some nuclei of medium mass (A= 60), the spectrum
of nonequilibrium neutrons has an appreciable struc-
ture, which is correlated with the structure in their
emission cross section.

There is a difference between the forms of the spec-
tra of neutrons from the photonuclear reaction and from
reactions induced by heavy particles. At excitation en-
ergy corresponding to the giant dipole resonance, the
contribution of direct neutrons from the reactions
Gz, n'), (p,n), and (@, n) is appreciably less than the
contribution of the energetic photoneutrons emitted on
the decay of resonance states. At a high excitation en-
ergy in reactions with heavy particles, the influence of
pre-equilibrium decay becomes appreciable, while it is
not manifested in photoneutron reactions. It can be as-
sumed that the statistical photoneutrons are associated
withthe rapidly damped dipole vibrations (whichform the
giant dipole resonance) of the neutrons with respect to
the protons, whereas the second component of the
photoneutron spectrum is due to the decay of narrower
doorway states.

Further study of the photoneutron energy spectra,
especially in the region of heavy nuclei, will lead to a
more complete picture of the decay mechanism of the
nuclear doorway states formed under the influence of
the ¥ rays.
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