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A review is given of the results of experimental and theoretical study of the emission of high-
energy y rays with E,, above the energy per nucleon (E /4) of the bombarding particle in heavy-
ion collisions with energies from 8 to more than 100 MeV /nucleon. Methods of detectin gthey
rays and also neutrons and charged particles are considered. Particular attention is devoted to the
region of y-ray energies corresponding to decay of giant dipole resonances. The data on such
resonances obtained by different methods of separating the heavy-ion reaction channel are
compared. The experimental data are analyzed by means of standard theoretical approaches (for
example, in the framework of the statistical theory) and also by means of models proposed by the

authors of the review.

INTRODUCTION

In this review we consider the results of experimental
and theoretical study of the emission of high-energy y rays in
heavy-ion collisions in which the bombarding ions have en-
ergies from 8 to 100 MeV/nucleon. In this energy range, the
kinetic energy of the incident nucleus is greater than the
height of the Coulomb barrier but significantly less than the
rest energy of each of the interacting nuclei. The first cir-
cumstance means that many reaction channels, including
the complete-fusion channel, are open, while the second cir-
cumstance permits use of the nonrelativistic approximation
in a theoretical analysis.

By a high-energy y ray we shall in what follows meana y
ray whose energy E. is greater than E /4, where E is the
kinetic energy of the relative motion of the ions, and 4, is the
mass number of the incident ion. Defined in this way, a
“high-energy y ray” is obviously a relative concept, since,
depending on the valueof £ /4 |, it can be a y ray with energy
10-20 MeV or 100-200 MeV. Nevertheless, whatever the
value of E,, one can pose this question: What is the mecha-
nism (or mechanisms) of the reaction that leads to the emis-
sion of ¥ rays with an energy kinematically forbidden for
single nucleon processes?

Heavy-ion collisions result in the emission of not only ¥
rays but also other particles {nucleons, light nuclei, pions,
etc.) with energies that are not possible for single-nucleon
processes. However, to elucidate the mechanism of heavy-
ion reactions study of the y rays, rather than of the other
particles, has a number of distinct advantages.

First, the relative weakness of the electromagnetic in-
teraction permits the use of the lowest orders of perturbation
theory.

Second, the structure of the electromagnetic currents is
well known, and this eliminates uncertainty in the construc-
tion of the Matrix elements of the radiation process.

Third, the problem of the effect of the nuclear field on
the emitted particle is removed because the particle is a ¥
ray.

Fourth, the relative smallness of the y-ray momentum
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permits the use of a multipole expansion of the amplitude of
the electromagnetic interaction in a number of cases.

Naturally, all these factors significantly raise the accu-
racy of the information obtained about the physics of the
phenomenon and attract the interest of investigators.

This problem has been the subject of many recent ex-
perimental and theoretical studies. The experimental studies
can be divided into two main groups. In one, the yield of ¥
rays was studied in collisions of ions with energies 5-12
MeV/nucleon, and in the other the energy of the incident
ions exceeded 20 MeV /nucleon. Naturally, the range of en-
ergies of the photons emitted in these groups also differed. In
the first case the y-ray energy was mainly in the interval 8-25
MeV, whereas in the second group the spectral properties of
¥ rays with energy above 25 MeV were investigated. The
ranges of the photon energies also largely determined the
characteristic shapes of the spectra. In the low-energy range
(E, ~8-25 MeV) the spectra were observed to have irregu-
larities at energies characteristic of giant nuclear resonances
superimposed on the background of the general exponential
decrease with increasing -ray energy.

As a rule, the high-energy spectra (E, ~25-200 MeV)
were found to be smooth and could be fairly well described
by simply an exponential dependence on the y-ray energy. If
the reaction mechanisms are to be elucidated by these char-
acteristically different experimental y-ray spectra, we must
also expect to use different theoretical models. However, as
we have already noted, the main aim is to determine the
mechanism of production of hard photons with energy
above the kinematic limit for single-nucleon processes.

In Sec. 1, the methods of detecting high-energy y rays
are analyzed, and a comparative estimation of the properties
of the scintillation materials used in these methods is made.

In Sec. 2, the experimental situation in the study of the
spectra of y rays with energies up to 30 MeV is analyzed. The
results of experimental investigations at y-ray energies
above 30 MeV are also briefly presented.

Section 3 presents a review of the theoretical ap-
proaches to the elucidation of the mechanism of heavy-ion
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reactions that leads to the production of high-energy pho-
tons. A microscopic model that, without using free param-
eters, permits the calculation of the differential cross sec-
tions of p-ray production with comparative ease is
presented.

Section 4 is devoted to a discussion of the results ob-
tained in the framework of the proposed theory.

1.METHODS OF DETECTION OF HIGH-ENERGY y RAYS

In experiments on the emission of high-energy ¥ rays in
heavy-ion reactions, different forms of scintillation detec-
tors based on the well-known scintillators Nal(T1) (for E,
<30 MeV) and lead glass (for E, > 20 MeV) were initially
used. Both materials are widely available and comparatively
cheap. The low value of the photoyield and, accordingly, the
high threshold of y-ray detection (~8 MeV) of the lead
glass was seen as an advantage of that material.' Later, new
scintillators were found. They possessed either a better p-ray
detection efficiency (for example, BGO, bismuth german-
ate>®) or a better time resolution and ability to distinguish
the detection of charged particles from y rays by means of
the ratio of the two components of the light burst [for exam-
ple, barium fluoride BaF, (Refs. 4 and 5) ]. In plans for new
facilities, cesium iodide CsI(T1) has also been proposed,®’
because the ratio of the two components of the light burst has
been found to depend on the form of the detected radiation in
the case of this material.*® The main parameters of the scin-
tillators are given in Table L.

The interaction of y rays with E,, >8 MeV with the
material of the scintillator leads in the majority of cases to
the production of a pair of particles—an electron and a posi-
tron. On the average, each particle of the pair carries away
half of the energy of the original  ray. In turn, the interac-
tion of the electron and the positron with the matter leads to
the emission of secondary y rays, mainly through brems-
strahlung. Thus, there develops in the scintillator a shower
of secondary electrons, positrons, and y rays, which occupy
a region in the form of a cone. It is convenient to characterize

TABLE 1. Properties of scintillation materials.

its linear dimensions by the radiation length, i.e., the dis-
tance over which the radiation losses of a high-energy elec-
tron through bremsstrahlung leads to a decrease of its energy
byafactore (e = 2.7...). For example, for a detector made of
the scintillator BaF, in the form of a cylinder of height 30 cm
and diameter 5 cm, 25% of the initial energy E, = 300 MeV
of a ¥ ray that enters the detector along its symmetry axis
escapes through the side surface.

An increase of the diameter of the cylinder to 15 cm
leads to a decrease of this value of 5% (see Fig. la). We
recall that the radiation length in the scintillator BaF, is
about 2 cm. It follows from this that a y-ray detector must
have a length and diameter of the order of a few radiation
lengths in order to increase the probability that the complete
cascade remains in the detector. It is found that the “loss” of
energy of the initial y ray, i.e., the escape of secondary parti-
cles from the detector, is the main reason for the broadening
of the peak corresponding to detection of a monoenergetic
high-energy y ray (see Fig. 1b). As an example, we can give
the results of investigations of an assembly of detectors made
from seven hexgonal BaF, modules, each of diameter 26 mm
and length 200 mm, in a beam of monoenergetic ¥ rays from
the facility MAMI A (see Ref. 7). The results of measure-
ment for the case of 50-MeV ¥ rays incident on the central
detector are shown in Fig. 2.7 In more than 90% of the cases
detection of the ¥ ray in the central detector was accompa-
nied by the detection of a pulse corresponding to an energy
above 100 keV in one of the detectors surrounding the cen-
tral detector. Therefore, the important thing for the detec-
tion of high-energy ¥ rays is not so much the “photoyield™
parameter (Table I}, which determines the energy resolu-
tion for low y-ray energies, as the amount of “loss™ of energy
of the initial ¥ ray from the volume of the detector. For ex-
ample, in the assembly of seven hexagonal BaF, modules the
width of the peak of the amplitude spectrum of the central
detector corresponding to detection of a 20-MeV y ray was
12% of E,.. By adding the amplitude of the central detector
to the amplitudes of the signals observed simultaneously in

Scintillator
Parameter
BGO BaF, CsI(T1) Nal(T}) 8F5

Density, g/cm’ 74 4.8 4.5 3.7 4.1
Radiation length, cm 1.12 2.05 1.87 2.59 2.47
Photoyield, y ray/MeV 800 1400 4200 10000 1—8
Decay time of light 300 1/630 10007300 25 1
flash, nsec

Resolution time, nsec 3 Wit 4 2 0.5
Cross section for radia- 7.1 1.2 35 6,7 0.3
tive capture of thermal :
neutrons (10 ** cm™)
by a molecule of the
scintillator material
Energy resolution for {2 9 i & —
E, = 661keV, %
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FIG. 1. Results of modeling of the process of detection of 300-MeV yrays
incident in a cylindrical BaF, detector along its symmetry axis’: a) losses
of primary energy of the y rays in the volume of the detector (lower curve)
and the sum of these losses with the energy escape through the side surface
as functions of the height and diameter of the cylinder; b) calculated
response functions for detectors of different sizes.

the six outer modules it was possible to reduce the width of
the peak to 6% of the energy of the initial y ray. This y-ray
detector was used to study the reactions *CAr(44 MeV/
nucleon) + '*Gd (Ref. 4) and *Mo(19.5 MeV/
nucleon) + Mo (Ref. 10).

In other experiments, mainly for detection of y rays
with energy above 20 MeV, a condition of observation was
again coincidence of pulses from detection of a high-energy ¥
ray in a central detector and in a shielding layer surrounding
it with subsequent addition of the two pulses. Asan example,
we can mention the facility HERMES. " Tt consists of a cen-
tral NaI(TI) crystal in the form of a cylinder of diameter 15
cm and height 25 cm surrounded by a Nal(TI) crystal with
external diameter 28 cm. A resolution of order 2.89% was
achieved for a y ray with energy 22.5 MeV. Qualitatively the
same results could also be obtained using large detectors and
collimation of the high-energy ¥ rays to ensure that they
entered the central region of a large detector. Examples are
the BNL-MKII and BNL-MKIII facilities,'* which were
based on Nal(TI) detectors in the form of cylinders of diam-
eter 24 cm and heights 25 and 36 cm, respectively.'? The
complete detector was, moreover, situated in an active plas-
tic shield, and detection was made only in the absence of a
signal in the shield. An energy resolution of about 2.2% at
E, =22 MeV was achieved.

However, to extract the true shape of the y-ray spectra,
the important thing is not so much the energy resolution as
the shape of the entire instrumental spectrum of the detector
for monoenergetic y rays, i.e., the response function of the
detector. Strong differences in the shape of the high-energy
“tail” of the response function lead to different instrumental
spectra. An example is the difference between the instru-
mental spectra obtained from measurement of high-energy
rays by lead-glass and BaF, detectors (y-ray spectra for
both detector types, measured in the *Fe + ''Sn reaction,
areshown in Fig. 3). The difference in the slopes is explained
by the presence of the high-energy tail in the instrumental
spectra for detection of monoenergetic ¥ rays (Fig. 4). Such
a shape of the response function for the lead-glass detectors
casts doubt on the results of temperature determination
from the instrumental spectra of high-energy ¥ rays that

[ 500 ©
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FIG. 2. Instrumental spectra (open circles) observed in each of
seven hexagonal BaF, modules {each of diameter 26 mm and
length 200 mm) for cases of incidence of ¥ rays with E =50
MeV in the central detector surrounded by the remaining six
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detectors. Also shown in the center is the spectrum of the total
energy (black circles) measured in the complete assembly of
seven modules for cases of incidence of  rays with E_=50MeV
in the central detector.” The histogram represents calculations
by the Monte Carle method.
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FIG. 3. Instrumental spectra obtained in measurements of high-energy 7
rays by lead glass (LG) and BaF, (BaF) detectors for the reaction indi-
cated in the figure at angle 90° (Ref. 7).

were obtained earlier using lead glass as the material of de-
tectors of high-energy y rays.">""

It follows from what we have said that the shape of the
response function, in particular the width of the peak, de-
pends on the geometrical configuration of the detector. Be-
cause sources of low-energy ¥ rays with E,, > 7 MeV are not
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FIG. 4. Instrumental spectra obtained with the MAMI A facility in detec-

tion of monoenergetic ¥ rays with different energies by a lead glass detec-
tor.” The coritinuous curves are the envelopes of the experimental data.
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readily available, theoretical Monte Carlo calculations of
the response functions (using. for example, the programs
GEANT" or JACKET'®) are used. The results of the calcu-
lations are verified in separate test experiments with the
same detectors. Besides calibration of the detectors by
means of tagged bremsstrahlung ¥ rays from facilities of
MAMI A type,'” high-energy  transitions from (p, y) reac-
tions on light targets are often used (Refs. 11, 12, 18, and
19). The energy calibration during the experiments is usual-
ly made by means of ¥ rays from the “Be(a, ny) *C reaction
in neutron sources, giving energy E, = 4.43 MeV, or by
measurement of the energy losses of cosmic-ray muons in the
detector. For example, the mean energy loss of a “cosmic”
muon after passage through a BaF, layer of thickness 1 cm is
6.5 MeV (Ref. 5).

In heavy-ion reactions, the yield of y rays with E, >8
MeV is only 10~ * of the total yield of y rays with energy
below 2 MeV (see Fig. 8). This corresponds to yield cross
sections of order 100x 10 ~* cm? and less. Simultaneously,
the mean energy of the neutrons evaporated from the highly
excited products of the nuclear reactions with the heavy ions
is about 2 MeV. As the energy of the incident ions is in-
creasedin therange E /4, = 10-100MeV/nucleon, the tem-
perature in the highly excited reaction product varies in the
range T'= 1-5 MeV, and the mean energy of the evaporated
neutrons varies in the range (£, ) = 2-10 MeV. With in-
creasing E /4, the yield at small angles of pre-equilibrium
neutrons and protons with mean energy of order E /4, in-
creases up to values that are comparable with the reaction
cross section. At such cross sections, it is necessary to take
into account carefully the contribution of fast neutrons and
protons to the instrumental spectrum detected by the y-ray
detector. Therefore, it is necessary to select detectors that
possess not only a high y-ray detection efficiency but also a
low efficiency for detection of the main background radia-
tions, i.e., neutrons and light charged particles, so that their
contribution to the experimental data can be suppressed in
the analysis. In this connection, we shall now comment on
some features of the detection of neutrons and charged parti-
cles by means of scintillators.

Neutrons

The mechanism of detection of fast neutrons in scintil-
lators with large Z is at present not well understood. Ttis
clearly at least a two-step process. One of the mechanisms is
moderation of the neutrons in the material of the scintillator
with subsequent capture of the neutrons in the (7, y) reac-
tion and detection of the secondary photon. In the employed
scintillators the cross section for the radiative capture of
only thermal neutrons is at present well known. It is largest
for CsI(T1) and smallest for lead glass (see Table I). But
time-of-flight measurements in the study of Ref. 13 showed
that the efficiency of fast-neutron detection by lead glass is
not so low as was hitherto assumed on the basis of data on the
reaction cross section (7,,.... 7). Moreover, as regards this
parameter, lead glass is comparable with other scintillators.
This can be seen by comparing the time-of-flight spectra
shown in Fig. 5. On the other hand, measurements of the
amplitude spectra of scintillation detectors made of
Nal(Tl), BGO, and BaF, corresponding to the detection of
fast neutrons showed that:
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FIG. 5. Time-of-flight spectra: a) for the “N(35 MeV /nucleon) + Ni
reaction'’ with lead-glass detector 50 em from the target; b) for the
“Ar(44 MeV/nucleon) + “*Gd reaction® with BaF, detector 60 cm
from the target (the arrows and numbers indicate the widths of the peaks
at half their heights).

a) the shape of the amplitude spectra depends weakly
on the energy of the neutrons (Fig. 6) in the case of BaF,
(Ref. 20} and NaI(Tl) (Refs. 21 and 62);

b) the shape can be represented by a rapidly decreasing
function with abrupt termination at an amplitude corre-
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FIG. 6. Instrumental spectra corresponding to detection of neutrons with
energy E, determined by the time-of-flight method over a 40-cm basein a
hexagonal BaF, detector of diameter 10 ¢cm and length 14 cm.
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FIG. 7. Total neutron detection efficiency (i.e., the integral of the ampli-
tude spectrum) normalized to the corresponding solid angle: a) for a
hexagonal BaF, detector of diameter 10 cm and length 14 cm (Ref. 20);
b) for a cylindrical NaI(TI) detector of diameter 7.5 cm and height 7.5
cm.” The continuous curve is the envelope of the experimental data.

sponding to E, of about 8 MeV (Ref. 18);

¢) the total detection efficiency, i.e., the integral of the
amplitude spectrum, increases slowly with the energy of the
neutrons and reaches values of 40 and 30% for Nal(Tl) and
BaF,, respectively, at E, > 6 MeV (Fig. 7).

Thus, the mechanism of detection of fast neutrons in
scintillation detectors of y rays includes not only radiative
capture of neutrons moderated to thermal energies but also a
further, as yet poorly understood mechanism. From analysis
of the shape of the corresponding amplitude spectra it can be
assumed that in the region E, >8 MeV the contribution
from the detection of fast neutrons in the scintillation ¥ de-
tector is nevertheless small and does not depend on the neu-
tron energies, although for reactions in which the energies of
the incident ions are above 20 MeV/nucleon there are indi-
cations that the neutron contribution cannot be entirely ig-
nored.” Therefore, an important parameter of the detector is
still its time resolution, which is better in BaF, crystals, in
which the scintillation flash has a fast component (see Table
I), which permits a time resolution significantly shorter
than 1 nsec (see Fig. 5b). In other materials, for example,
Nal(Tl), a typical time resolution of the order of a few nano-
seconds is achieved. On the other hand, compared with other
materials, an advantage of BGO detectors is that their linear
dimensions are almost two times smaller, and, accordingly,
there is a reduction by a factor of two in the efficiency of
detection of the evaporation and pre-equilibrium neutrons at
the same y-ray detection efficiency, i.e., in the same solid
angle relative to the target. The use of BGO crystals made it
possible to obtain satisfactory shapes of the response func-
tion up to y-ray energies of 20 MeV for small crystals in the
shape of cylinders of diameter 7.6 cm and heights 7.6 and 2.5
cm, respectively (see Figs. 18 and 19). The decrease in the
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volume of the detector simultaneously led to a decrease of
the contribution of background radiation to the measured
spectra of the high-energy ¥ rays compared with a standard
large detector based on a NaI(Tl) crystal of diameter 15 em
and height 10 cm.

Charged particles

The intensity of the light flash produced by entry of a
charged particle into a scintillator is proportional to the en-
ergy of the particle and is equivalent to the detection of a ¢
ray with an energy of about the same magnitude. If it is borne
in mind that the range of light charged particles with energy
10 MeV/nucleon in aluminum is less than 1 mm, additional
measures to eliminate the contribution of high-energy
charged particles to the instrumental spectra must be under-
taken only for heavy-ion reactions with energy above 10-20
MeV/nucleon.'? Besides passive shielding, active shielding
consisting of thin plastic placed in front of the detector is
used for this purpose. Because the plastic is thin, the thresh-
old for the detection of pulses in it can be arranged to be such
that practically all the charged particles that enter the y-ray
detector are detected, and this can be used to abort detec-
tion."® Recent experiments have also exploited the possibil-
ity of identifying cases of charged-particle detection by the
shape of the pulse in BaF, (see Refs. 4 and 10). A CsI(T1)
crystal also possesses such properties (see Fig. 6). As in the
case of neutrons, measurement of the time of flight of the
particle between the target and the detector is also used.
Here the good time resolutions of BaF, and lead glass permit
a short flight path and a corresponding increase of the detec-
tor efficiencies.

2. DISCOVERY OF A COMPLICATED NATURE OF THE
EMISSION OF v RAYS WITH8 < £, <30 MeVINHEAVY-ION
REACTIONS

Until 1981 the experimental study of the ¥ rays emitted
in heavy-ion reactions was restricted to energy £, <8 MeV.
During this time there was established the well-known pic-
ture in which the observed y-ray spectra were associated
with the process of de-excitation of the products of the nu-
clear reaction. In the statistical model, three main stages
were distinguished in the process of de-excitation of highly
excited nuclei.?? In the first stage, neutrons and light
charged particles (a, p) are “evaporated,” while in the case
of heavy nuclei fission into two fragments occurs. In the
second stage, when the excitation energy sinks below the
binding energy of the particles, there follows the emission of
some “statistical” y rays, whose spectrum is described by a
relation o(kE, ) ~exp( — E,/T) with temperature T~1
MeV. Then comes a cascade of comparatively low-energy ¥
rays, E, =0.5-1.5 MeV, between states near the “‘yrast
lines.” The number of low-energy ¥ rays and the sum of their
energies (the total energy of the cascade) are directly pro-
portional to the angular momentum of the state from which
the cascade commences. The data of numerous experiments
corresponded to this picture, and in the experimental spectra
of the photons one could readily identify the regions of the
dipole and quadrupole “bumps” or the cascades of low-ener-
gy ¥ rays with E, <2 MeV and the exponentially decreasing
spectrum of the “statistical” y rays forE,.>2 MeV (see, for
example, Ref. 22).

In 1981 the results of measurements of y-ray spectra in

316 Sov. J. Part. Nucl. 20 (4), July-Aug. 1989

- ABAI'(W(JMEVHBZSE T 122.1..3‘,..r "| 7
-1 Nap~1
07| 1
1| —1072

T 07| —1673
g ’ —Ho*
?—, ir 207165
el
5] 10—!7 ‘\I‘H ,N] ;rg-')-
el
g T pm ~is 10
g il finandialom ool -5
E b
% 10721 N Yot
Q
£ wit “Mﬂuﬂnﬂu b nng s
=

1074 1%

qu 1~30
1075} ol fn ol o Do {70-#
U Y TN T A T S M T VOO O M
0 10 20 30

E?; MeV

FIG. 8 Gamma spectra corresponding to different windows E, =10-40
MeV in the total energy of the y-ray transitions (see the text). The angular
momenta corresponding to the spectra are indicated in the figure. The
straight lines are the extrapolation of the lower-energy part of the spectra.

the range E, = 2-30 MeV in nuclear reactions between ac-
celerated “°Ar ions (170 MeV) and target nuclei of the iso-
topes *Se, '°Pd, and **Sn were published.* A new feature
in the experimental data of Ref. 23 was the detection in the -
ray spectra of characteristic breaks in the region of E,~8
MeV. An excess in the yield of y rays over the values calcu-
lated using the relation ¥, ~exp( — E,/T) for E, > 8 MeV
was also observed. The experimental spectra took the form
of an exponential as far as E,, < 8 MeV, but at higher energies
the spectra differed strongly from the exponential, and their
shape resembled a broad peak—a “bump.” The spectra
reached a plateau at £, ~20 MeV (Fig. 8). The appearance
of this plateau in the experimental spectra was due to the
method employed in the study to separate the nuclear-reac-
tion channel (the so-called gamma-start method), and the
authors of the study conjectured that the plateau was due to
cosmic rays. It has subsequently shown experimentally? that
the simultaneous arrival of ¥ rays and particles from a cos-
mic-ray shower in the start detector and the detector of the
high-energy y rays did indeed lead to the appearance of a
constant background contribution to the experimental spec-
tra.

The observed bumps in the experimental y-ray spectra
at E, > 8 MeV and the conjecture that they were associated
with excitation of a giant dipole resonance (GDR*) in the
compound nucleus stimulated great interest in the study of
high-energy photons from heavy-ion reactions that lead to
the formation of compound nuclei. Several studies investi-
gated different aspects of the change in the shape of the spec-
tra of the high-energy y rays for different values of the pa-
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rameters of the compound nuclei. A search was made for a
possible double-hump shape of the spectra corresponding to
splitting of the GDR* because of the large angular momen-
tum of the compound nuclei, and the angular anisotropy of
the emission of the high-energy y rays was studied. In paral-
lel with the experimental studies there have in recent years
been numerous theoretical investigations of the properties of
heated and rapidly rotating GDR* nuclei**! and of the gi-
ant quadrupole resonance (GQR*) .3

During the following seven years several publications
have given the results of investigation of y-ray spectra mea-
sured in heavy-ion reactions by means of the gamma-start
methods. These methods need special consideration, since
they do not permit the direct separation of the channel of
compound-nucleus formation that is customary when use is
made of detectors of the characteristic - or x-ray radiation
and of fission fragments, or accurate measurement is made
of the charges and masses of the reaction fragments. The
main difference between the various gamma-start methods is
the number or the total efficiency of the ¥ detectors that
produce the start signal. This results in different sensitivities
of these methods to the different reaction channels, which do
not always differ strongly in the multiplicity of the low-ener-
gy ¥ rays that accompany them,**

As will become clear from what follows, this may be the
reason for the difficulties that arise when the results of differ-
ent studies are compared. Therefore, in Sec. 2.1 we shall
describe the arrangement of the experiments that yielded the
data which are analyzed, in order to permit the readers to
draw their own conclusions about the reliability of the sepa-
ration of the compound-nucleus channel by means of these
methods.

Particular attention must also be given to the extraction
of the parameters that characterize the shape of the spectra
and the yield of high-energy 7 rays. In all the studies that
have used the gamma-start method, the analysis of the ex-
perimental data was based on the assumption of excitation of
a giant resonance in highly excited states of compound nu-
clei.”? For nonfissioning nuclei the shape of the y-ray spec-
trum can be described in means of the expressions®®

Y (E,) =T, (E)/Ty
9 2
Ly (E;) = 5oy { oo 0 (B p (B* — )}

If the total decay width of the excited nucleus is deter-
mined by the neutron width ", (thisis the case for medium-
mass nuclei), then

rp~rI,=

1 40, T2
{ Tt

*
T ED T wE onp (B Bn)} .
Here, B,, M,,, and T are the binding energy and mass of the
neutron and the nuclear temperature, respectively. Further,
to good accuracy we can write

Eyo (Ey)
2e2T2 M 0,

Y (E.,) = exp (B — Ey)/T).
The photoabsorption cross section o(E,) can be written as
0 (Ey) = LE,f (E,),

where L is the total cross section for absorption of £ 1 radi-
ation. The ground-state strength function Lf( £, for a giant
dipole resonance can be well reproduced by the Lorentzian
form
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where E, and I, are the energy and width of the resonance,
respectively. Thus, the y yield at given excitation €nergy can
be described in this simple statistical representation as

B oxp (B, — E)/T) {

TgE+
Y (Ey) ~ o e

(Ev—Eg)*+ EgT:

In general form o(E, ) can be described with allowance for
splitting of the giant resonance as follows:

g (E;) =60.1072T (MeV-cm?) (2/m)
X (NZIA) X SiTeES ((By— (02 + (BT p),
where S, E,and I' . are the strength of the resonance (in
units of the classical sum rule), its energy, and its width for
the two components.

However, by no means all the studies were based on the
assumption of splitting of the giant resonance for rapidly
rotating nuclei (this assumption was justified in the theoreti-
cal study of Ref. 24). Figure %a shows the y-ray spectrum
(¥, which is measured in units of the number of transitions
per decay of the compound nucleus by 1 MeV) calculated for
the '**Sn + **Ar reaction by means of the program GROGI
2in the single-component approximation for o(E,).** It can
be seen from this figure that without allowance for excitation
of the giant dipole resonance (broken curve) the spectrum is
roughly a sum of two exponentials of the form exp( — E v
/T). In the region up to 8 MeV, we have T~ 1 MeV, while in
the region E, > 8 MeV the nucleus has an effective tempera-
ture I'= I thatcanbe estimated from the initial excitation
energy of the compound nucleus:

Ty = (E*/a)'/?,

where a is the level-density parameter. Thus, for clarity, the
spectrum calculated with allowance for the excitation of the
GDR can be multiplied by exp(E, /T.z): Y = ¥, exp(E,./
T.4 ), in order to separate the contribution to the y-ray spec-
trum of the ¥ rays from the decay of the GDR* (see Fig. 9b).
The resulting curve (in a linear scale; continuous curve) has
a shape very close to a single-component Lorentzian profile
(broken curve in Fig. 9b). This is the essence of the method
used to separate the GDR* peaks from the experimental
spectra that was used in a number of studies (see below) to
obtain parameters characterizing the shape of the GDR*
bump.

In accordance with the considerations mentioned ear-
lier, i.e., with allowance for the differences in the experimen-
tal arrangements and in the methods of extracting the pa-
rameters of the giant resonances, it is not possible to make a
systematic analysis of the experimental data obtained in the
different studies on the dependence of such obvious physical
parametersas £, I',, and S, (£ 1), which are spectroscopic
characteristics ascribed to the nuclei, on the excitation ener-
gy and angular momentum that characterize the state of the
emitting nucleus. Where possible, such an analysis is made
for the experimental data obtained in each separate study.

In all the investigations, the values of E,, Ty, and 5,
obtained in the heavy-ion experiments were compared with
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FIG. 9. Gamma spectrum calculated with the program GROGI2 (see the
text).

the analogous values for the ground states of the investigated
nuclei. A systematic compilation of the GDR, GQR, etc.,
parameters can be found in Ref. 36 for a wide range of nu-
clear masses. Figure 10 gives a systematic representation of
the GDR parameters for the mass range 20 <4 < 220.

In this section we also give the results of measurements
of the angular distribution of the high-energy ¥ rays and of
the dependence of the multiplicity of the low-energy ¥ rays
accompanying the emission of high-energy y rays together
with the results of investigations directed at determining the
position of the process of emission of the high-energy y rays
on the axis of the interaction time of the complex nuclei.
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FIG. 10. Systematic representation of parameters*® that characterize the
bumps of the isovector giant dipole resonances for different nuclear
masses. The top figure gives the energy at the maximum, approximated by
the function E,4 '"?, whete 4 is the mass of the emitting nucleus; the
central part gives the width I', ofthe resonance; and the bottom part gives
thestrength of the E 1 transition, S, {E 1),asa percentage of the sum rule.
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In investigations of the yield of high-energy y rays in
heavy-ion reactions the investigations made at the Laborato-
ry of Nuclear Reactions at the Joint Institute for Nuclear
Research at Dubna occupy a particularly important place.
In these studies the channel corresponding to the production
of the residual nuclei, the reaction products, was separated
by direct methods based on detection of characteristic x rays
and fission fragments. In these studies it proved to be possi-
ble to systematize the data with respect to the ratio of the
masses of the interacting nuclei, a parameter that character-
izes the entrance channel of the reaction.

2.1.Investigation of the shape of the y spectrumin
experiments using the gamma-start meth od

The investigation of Ref. 23 initiated the use of analysis
of the shape of the y-ray spectra as a new tool for studying
nuclear dynamics for nuclei in states very far from the
ground state.

The experimental arrangement described in Ref. 23
consisted of a sum spectrometer and eight Nal( T1) detectors
(measuring 12.715.2 cm) of high-energy y rays. These
detectors were arranged at different angles. The detection
threshold in the eight y-ray detectors was set at values be-
tween 1.5 and 2.5 MeV according to the particular target in
order to accommodate the existing restrictions on the rate of
accumulation of data in the computer. This made it possible
to detect in the p-ray spectrum individual counts for ¥ rays
with E, >20 MeV simultaneously with 10° counts for
E, =4 MeV during one day.

The sum spectrometer consisted of two large NaI(Tl)
detectors, which measured 33} 20 cm and were placed 2.5
cm from the target, below and above it. Both detectors were
divided optically into four sectors. This made it possible to
use the sum spectrometer as a filter of the multiplicity of the
low-energy ¥ rays. A necessary condition for detection of a
high-energy ¥ ray was the presence of signals from at least six
sectors of the sum spectrometer. Thus, a high-energy y ray
corresponded to a nuclear reaction characterized by a multi-
plicity of the low-energy ¥ rays greater than five (if rescat-
tering of the p rays between neighboring sectors of the sum
spectrometer is ignored).

In the opinion of the authors, this arrangement of the
experiment guaranteed that the spectra obtained for the
high-energy ¥ rays were effectively freed from background
processes such as reactions on light nuclei present as impuri-
ties in the target and cosmic-ray processes. The choice of the
window in the total energy of the y rays in the interval
10 < E, <40 MeV permitted separation of y rays from states
of the compound nucleus with different spins in the interval
(20-60)4. Naturally, it was assumed that large values of the
spin must correspond to large values of E,.

Figure 8 shows y-ray spectra corresponding to different
E_ windows for the 8¢ 4 *Ar— 'Te* reaction. It is easy
to note the increase in the yield of high-energy ¥ rays with
decreasing spin of the compound nucleus, as would be ex-
pected on the basis of the statistical approach to the descrip-
tion of the mechanism of emission of the high-energy y rays.

The experimental value found for the yield of high-
energy y rays with £, = 10-20 MeV was (2-3) X 10° y rays
for one triggering. The excess of the y-ray yield over the
value calculated by means of the expression
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Y,=const E; exp (—E,/T,q)

atE, > 8 MeV was interpreted in Ref. 23 as an observation of
¥ rays corresponding to the decay of resonance nuclear
states (GDR*) based on highly excited states of compound
nuclei (see Ref. 37).

In Ref. 23 the procedure described earlier was used to
find the shape of the y-ray spectrum in the region 8-20 MeV.
For E, <8 MeV the shape of the ¥ spectrum was well de-
scribed by taking T,; ~1 MeV for all three reactions. The
fact that at E,, > 10 MeV the y-ray spectrum reached a pla-
teau indicated emission of these y rays at significantly larger
T.s. For the reaction leading to the compound nucleus
'“*Er* (target '**Sn) the value T.; = 1.43 MeV was chosen,
and for the conversion of T,; for the other reactions the
relation T.p =4 ~°° was used. The experimental spectra
were multiplied by exp(E, /T,.4). The results obtained in
this manner are shown in Fig. 11, from which it follows that
for the '**Sn + **Arreaction the energy spectrum has a max-
imum at 14 MeV and a width close to the width of the giant
dipole resonance based on the ground state. At the same
time, the energy at the maximum of the peaks (bumps) is
displaced to larger values for smaller masses of the com-
pound nuclei, in accordance with the relation E, ~4 ~ /?
for the energies of the giant dipole resonances (see Fig. 10).

In the statistical model, by fitting the results of the cal-
culation to the experimental spectra (see Fig. 9), the authors
of Ref. 23 determined the energies and widths of the GDR*
for the compound nuclei '2Te*, '°Gd*, and "“*Er*. The
values obtained for the energy E, corresponded to the
known values for the giant dipole resonances on the ground
states of the compound nuclei. At the same time, the authors
drew attention to the complicated structure of the bumps,
which was very different from a simple Lorentzian profile,
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FIG. 11. Gamma spectra corresponding to the total window in E, {see the
text). The arrows indicate the position at the maximum of the isovector
giant dipole resonances, calculated in accordance with the expression
E, =78/4"" MeV.
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and also did not deny a possible contribution to the observed
structures from y rays emitted in direct processes from co-
herent GDR states formed in the initial stages of the reac-
tion.

Similar investigations, but in a wider range of masses of
the compound nuclei ('*Er, '*Gd, "*Kr, and **Ti), were
made in the investigation of Ref. 38. In these experiments,
the high-energy ¥ rays were detected by the anti-Compton
spectrometer BNL MARKIII (Ref. 12), placed at distance
87 cm from the target. To reduce the contribution of neu-
trons from nuclear reactions on the target the ¥ rays and
neutrons were separated by the time-of-flight method. The
gamma-start method was used, and the start detector was a
Nal(Tl) detector that measured 24 X 25 cm and was placed
3 cm from the target.

In the investigation of Ref. 38 the reactions **S(141
MeV) + "9T1, #°Si(127 MeV) + '2%Sn, 'B0O(60 MeV)
+ %“Nj, and O (40 MeV) + 2*Si were studied.

The spectra that were measured are shown in Fig. 12,
The continuous curves in this figure are data calculated in
accordance with the statistical model using the modified
program CASCADE, which includes a unit Lorentzian dis-
tribution function. The values of the parameters E, and S,

T
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g 4 8 12 1 20 24 28 32
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FIG. 12. Gamma spectra of four reactions. The values of ¥, were ob-
tained with allowance for the total efficiency of the detector of the high-
energy ¥ rays, and also under the assumption of isotropy of the angular
distribution of the p-ray emission. The continuous curves are the result of
calculation in accordance with the statistical theory for the following val-
ues of the parameters of the isovector giant dipole resonances (from top to
bottom in the figure):
S;(E1) =100%, E, =17 MeV, T, =13 MeV;

S,(E1) =35%, E, = 15 MeV, T', — 11 M¢V;
S,(E1) = 65%, E, — 16 MeV, T, = § MeV;
S, (E1) =50%, E, = 17 MeV, T, = 12 MeV;
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FIG. 13. Comparison of the values of the energies at the maxima of the
GDR* optimized in the description of the experimental y-ray spectra for
four reactions (see Fig. 12) by means of the program CASCADE (at the
bottom of the figure) with values of E, for the GDR (at the top of the
figure) excited on the ground states of the nuclei in accordance with the
systematic representation in Fig. 10.

corresponding to the best fit to the experimental data are
indicated in Figs. 13 and 14. A tendency for the y-ray yield to
exceed the statistical decay in the region E, =11 MeV with
decreasing A was noted. The fitted values of E, and I, dif-
fered appreciably from the values of E, for the ground states
of these nuclei and did not satisfy the well-known systemat-
ics E,~A ~ ' (see Fig. 13). In the opinion of the authors,
this could have been due to a strong spin dependence of £, .
A similar deviation of E, from the systematics was observed
in Ref. 35.

On the other hand, good agreement was observed be-
tween the fitted values of S, (E1) and the values of S, (£ 1)
obtained for neighboring nuclei in the ground state in pho-
toabsorption reactions( Fig. 14). This indicated that the sta-
tistical approach to the quantitative deseription of the yield
of high-energy y rays was valid.

A detailed analysis of the y-ray spectrum in the frame-
work of the statistical theory in a wide range of masses of the
compound nuclei, 63 <4 < 127, was also made in the study
of Ref. 39. In this study particular attention was devoted to
the influence of the angular momentum of the compound
nucleus on the shape of the y-ray spectrum in the high-ener-
gy region In the study of Ref. 39 the high-energy ¥ rays were
detected by a Nal(T1) detector, which measured 25 x 30 cm
and was placed in an anti-Compton shield at distance 72 cm
from the target; the time-of-flight method was used to re-
duce the contribution of the neutrons from nuclear reactions
on the target. Reactions of '*C ions (42-60 MeV) with the

1201
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FIG. 14. Oscillator strengths as percentages of the sum rules (open rec-
tangles) determined as a result of caleulations (see Fig. 12). The black
rectangles are the valuesof S, ( E 1) for the giant dipole resonances excited
on the ground states of the nuclei in accordance with the systematic com-
pilation of Fig. 10.
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FIG. 15. Gamma spectra corresponding to decay of "Kr at excitation
energies 44.0, 46.3, and 53.9 MeV. The open circles are the data for the
180) + %N reaction, and the crosses are for the *C + **Zn reaction. The
cross sections are given for the reaction with "0 ions. The data of the
other reaction are normalized to them. The continuous curves are the
results of calculation in accordance with the statistical model with the
indicated values of the parameters E, for ', = 7.0 MeV.

nuclei °'V, Zn, and '"*In, leading to the formation of the
compound nuclei **Cu, "Kr, and *’Cs, respectively, with
excitation energy about 50-60 MeV, were investigated. The
same compound nuclei but with higher angular momentum
were studied in reactions between '*0 ions (42-60 MeV)
and the nuclei **Sc, **Ni, and 'Ag.

The experimental shape of the y-ray spectra shown in
Figs. 15 and 16 was well reproduced in the region E, > 8
MeV in calculations in accordance with the statistical model
(CASCADE program) with the fitted parameters E, and
I, given in Table IL.

In the study it was noted that the fitted values of E,
were found to be 1.0-1.5 MeV lower than the values for the
corresponding ground states of the nuclei, and that this ef-
fect could not be explained by the influence of the angular
momentum on the shape of the compound nucleus. This was
the case because the spins of the investigated compound nu-
clei were below the limit / = 20#% given in the theoretical
study of Ref. 26. Upper bounds were obtained for the vari-
ation of E, and I", with respect to the spin: dE, /dl < 0.1
MeV and dT", /dl < 0.1 MeV.

Contradictory conclusions about the agreement be-
tween the parameters of giant dipole resonances excited on
the ground state of nuclei and in heavy-ion reactions, in
which the excitation of the GDR* is necessarily associated
with a high excitation energy and a broad angular-momen-
tum distribution in the compound nucleus, raised the ques-
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FIG. 16. Gamma spectra corresponding to decay of different compound
nuclei. At the top, 'Y7Cs and excitation energy 48.4 MeV with crosses for
data on the 2C + "I reaction and the open circles for data on the *0
+ ' Ap reaction; at the center, "Kr (53.9 MeV) with the crosses for the
12C 4 “*Zn reaction and the open circles for the '*O + **Nireaction; at the
bottom #*Cu (54.3 MeV) with the crosses for the "*C + *'V reaction and
open circles for the '*0 + **Sc reaction. The curves are the results of cal-
culations made in accordance with the statistical model with the param-
eters indicated for the giant dipole resonances.

tion of the validity of the gamma-start method for separating
the channel of compound-nucleus formation.

The validity of the gamma-start method for this pur-
pose was tested in Ref. 40 by comparing the y-ray spectra
measured using this method and by using coincidence with
the characteristic y line of the isomer level of the residual
1%(3d nucleus with half-life t = 190 nsec.

In the experiment of Ref. 40 the high-energy y rays were
detected by a Nal(Tl) detector which measured 25.4 < 30.5

cm and was placed in an anti-Compton shield of Ne 102
plastic at distance 60 cm from the target. The time-of-flight
method was used to reduce the contribution of the neutrons
from nuclear reactions on the target, a paraffin block of
thickness 20 cm being used to moderate the neutrons. A
study was made of reactions of 145-MeV 2%Siions with 2°Sn
nuclei, which led to the formation of compound **Gd nu-
clei. The detector of the high-energy y rays was placed at
angles 0, 38, and 90° to the direction of the beam of ions, but
the experimental difficulties and poor statistics did not per-
mit reliable conclusions to be drawn about the angular ani-
sotropy of the emission of the high-energy y rays. The spec-
trum of the photons is shown in Fig. 17.

Four Nal(Tl) detectors, measuring 12.5x 15 ¢m and
placed in a lead shield, were used to determine the mean
multiplicity (M., } of ¥ rays accompanying the emission of
the high-energy y rays. A small decrease of (M, ) with in-
creasing energy of the high-energy y ray (Fig. 18).

A condition of delayed coincidence of the trigger detec-
tor of the '*Gd isomer level with the detector of the high-
energy y rays did not change at all the shape of the experi-
mental spectra. The experimental value of the yield of
high-energy photons with £, = 9-20 MeV, after subtraction
of the exponential, was (2.8 + 0.6) X 10 * ¥ rays for one
delayed triggering, in good agreement with the value given
in Ref. 23.

The fit of the calculations to the experimental spectra
led to the values £, = 12.2 MeV and ', = 8.9 MeV, which
differ strongly from the parameters of the giant dipole reso-
nance on the ground state of the compound nucleus. In par-
ticular, for 4 = 144 use of the relation £, =784 ~ ' gives
E, = 14.9 MeV. The authors also succeeded in describing
the experimental spectra by means of a two-component giant
dipole resonance with £, = 11.6 MeV and E} = 14.9 MeV
and width I'; = 6.7 MeV of both components (see Fig. 17).

As follows from what we have been saying, the study of
Ref. 40 is by no means alone in not denying the possibility of
describing the broad bump in the region of the giant dipole
resonance by means of two components corresponding to
longitudinal and transverse vibrations of deformed nuclei.

The experimental observation of a double-hump shape
of the bump in the spectrum of the high-energy ¥ rays for
E, > 8 MeV was first reported in Ref. 41. A measurement
was made of the direct spectrum of ¥ rays in reactions of 63-
MeV '*C ions with "*¥Sm and '**Sm nuclei, leading to the

TABLE II. Parameters characterizing compound nuclei formed in reactions with carbon
and oxygen ions: £ * is the excitation energy, / is the angular momentum, and E, and T,
are adjustable parameters obtained by attempting to reproduce the y-ray spectra from the

compound nuclei in accordance with the statistical model (see the text).

Compound | pu Mey | nreo) | nnom | ELMeV | Il Mev
nucleus
Gy 54.3 10 16 15.7 7.5
K¢ 4.0 9 15 15.5 7.0
WKr 46.3 12 15 15.5 7.0
WKy 53.9 17 19 15.5 7.0
107Cs 48.4 8 16 14.25 6.0

4 The values of E, and T', were obtained with an error 4 (0.5-0.75) MeV.
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FIG. 17. Gamma spectra measured using M, filter [curve (a) ] and in the
method of delayed coincidences with y rays from the decay of the isomer
state of the residual nucleus [curve (b) ] (see the text). The lower part of
the figure shows the experimental data corresponding to curve (a) shown
in the upper part of the figure in a comparison with a calculated curve that
consists of three components, namely, an exponential *“tail” and two Lor-
entzian curves. For better graphical representation the experimental &,
and -the calculated data have been normalized, ie., N, =N,/
[E 2 exp( — E, /Ty ) |, and, therefore, the vertical scale of the lower part
of the figure is represented in relative units.

formation of the compound nuclei '“Er and '*°Er, respec-
tively. Determination of the time correlations between the
detector of the high-energy y rays and the signal from the
high-frequency master oscillator of the accelerator made it
possible to reduce the contribution to the experimental spec-
tra from cosmic-ray showers and other background pro-
cesses.

In Fig. 19 the measured spectra are compared with cal-
culations made by means of the modified program CAS-
CADE. Comparing the theory with the experiment (Fig.
19), the authors of Ref. 41 concluded that the best agree-
ment is observed if two components of the GDR* are used in
the calculations. The optimized parameters are given in
Table IT1.

Using the data of Ref. 44 and the hydrodynamic model
of Ref. 45, which gives the specific ratio of the resonance
strengths for a prolate nucleus, .S ;: S ; = 2:1, and an oblate
nucleus, §2: §'; = 1:2, and also the ratio

E%:EL—0.911d +0.089,

TABLE III. Optimized parameters of GDR* (see the text).
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FIG. 18. Results of measurement of (M, ) and W as functions of £, by the
method of delayed coincidences with ¢ rays from decay of the isomer state
of the residual nucleus [see the text and curve (b) in Fig. 17].

where d is the ratio of the largest symmetry semiaxis to the
smallest, the authors succeeded in obtaining from the data of
Table TII the values 6 = (d — 1)d ~ * = 0.3 and 0.25, re-
spectively, for the deformations of the compound nuclei
160 r* and '"““Er*. These results agree well with the values
obtained from measurements of the quadrupole moments
for these nuclei at low energies (6 = 0.958 with the values of
B taken from Ref. 46; averaging over '**'*Er and '**'%Er
yielded values of § equal to 0.3 and 0.24, respectively).

The data of this study relate to nuclei with mean tem-
perature T'=1MeV (for level-density parametera = 4 /8in
the Fermi-gas model). This is below the critical temperature
T.. =2 MeV for such nuclei. In accordance with Ref. 47 an
yrast-like deformation must persist for T< T, = 4054 '
~2 MeV, and thus the authors concluded that the shape of
the GDR* y-ray spectrum for heated deformed nuclei at
mean temperature T'=1 MeV and spin / = 0-25h was re-
markably similar to the shape of the y-ray spectrum of the
giant dipole resonance excited on the ground state of the
same nuclei (Fig. 20).

The conclusions drawn in Ref. 41 contradict the data
obtained with the Crystal Ball facility, which possessed great

Nucleus E}, MeV | 1}, MeV st Fg, MeV | T MeV s;
166 p* 12.154+0.093.694-0.23/0.434-0,07)15. 770,17[5.75=0.71{0, T4=0.11
1F°EI* 12.21+0.09(3.43+0.21[0.392-0,07[15,472-0.18[4.81+0,51(0. 640,09
131Gma 12.35:+0.,10(3,3540.15(0.454-0.03({16. 1040, 10(5. 25+40_20(0. 764-0.05
Er2 12.0 2.9 0.42 15.45 5.0 0,84

Note. The asterisk signifies that the data refer to an ensemble of the nuclei '** '**Er and
158190 with mean excitation energy E * = 30 MeV and angularmomentum [ = 0—25#%; the

T

superscript “a” indicates data of measurements for the ground state of the nucleiin (y, n)

reactions from Refs. 42 and 43.
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methodological possibilities.*® In the study of Ref. 48 an in-
vestigation was made of the y-ray spectra in the reaction
*'$(155 MeV) + '**T1, which leads, as in the study of Ref.
41, to formation of an erbium isotope with mass close to that
of the nuclei studied in Ref. 41 and with excitation energy 71
MeV and angular momenta up to 65h. Gamma rays with
energy E, > 4.7 MeV were detected in any of the 160 mod-
ules of the spectrometer in coincidence with ¥ rays of any
energy detected by other modules.

Because of the 47 geometry the multiplicity N of the
response of the modules was proportional to the angular mo-
mentum of the residual nucleus produced in the interaction
event. The y-ray spectra for different windows with respect
to &, i.e., with respect to the angular momentum, are given
in Fig. 21. The same procedure for separating the GDR
bumps was used, namely, multiplication of the experimental
spectrum by the factorexp(aE, ),a ' = 1.6 MeV. The data
obtained in this manner are shown in Fig. 22. The authors
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FIG. 20. Photoabsorption cross section o( E,.) extracted from analysis of
experimental data: a) best fit for the case of ¥ decay of '*°Er; b) for ""Er
(see Fig. 19 and Table I1); ¢) fit of calculated curve for the case of pho-
toabsorption in the ground state in the "**Sm (¥, n) reaction. The data are
taken from Refs. 42 and 43 and Table IIL
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FIG. 19. Spectra of y rays from decay of '**Er nuclei at excitation
energy E* =49.2 MeV and of '"Er nuclei at E* = 43.2 MeV
formed, respectively, in the '>C + **Sm and '2C + "**Sm reactions
at mean energy 61.2 MeV of the bombarding carbon ions. The
broken and continuous curves are the rms fit of the spectra calculat-
ed in accordance with the statistical model (CASCADE program)
for the region E, = 9-21 MeV under the assumptions, respectively,
of a single-component and two-component form of the GDR*. The
detector response function was used in the calculations. The ordi-
nate gives the mean values of the cross section o, (E ,) in the region
of angles §, = 65-140". The right-hand part of the figure shows the
product o}, (£,) =0, (E,)exp(ak, ), where a ™" = 1.45 MeV for
'Er and 1.40 MeV for "*Er.

succeeded in describing the data by introducing into the cal-
culation of the y-ray spectra (CASCADE code) just one
GDR component. However, this approach necessitated a
decrease of the energy and width of the resonance with in-
creasing spin. For small values of the spins the energies E,
agreed well with the data for the ground state. The optimized
parameters are given in Table TV.

A study of the shape of the spectra of the high-energy
photons for Er isotopes was also made in Ref. 49. Studies
were made of the reactions'®O(84 MeV) + "°Nd and
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FIG. 21. Spectra of high-energy y rays for an individual detector corre-
sponding to different numbers & of ¥ rays coincident with them in other
detectors. The straight lines are the extrapolations of the low-energy part
of the y-ray spectra to the region of energies above 8 MeV.
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FIG. 22. The same as in Fig. 21, multiplied by an exponential factor (see
the text).

Y0(72 MeV) + “®Nd, which lead, respectively, to the for-
mation of compound nuclei '**Er with excitation energy
E*=61.5 MeV and angular momenta /<36 and '*Er
with E* = 49.9 MeV and /<23#. In this experiment, as in
that of Ref. 48, only a single-hump structure of the bump in
the region £, 10 MeV was observed. By means of a special
technique it was established that about 25% of the total
cross section for y-ray emission in the region 10-20 MeV was
associated with the emision of y rays in competition with
evaporation of the first neutron from the compound nucleus
lbﬁEr.

1t should be noted that the differences in the shapes of
the y-ray spectra of neighboring Er isotopes found by com-
paring the data of different studies could be due to the signif-
icant differences in the excitation energies and angular mo-
menta. A double-hump structure of the bump is most clearly
observed at a relatively low excitation energy, around 30
MeV (Ref. 41). In the other studies of Refs. 23, 38, and 48—
50 the erbium isotopes were studied at higher excitation en-
ergies, and the conclusions drawn in them about the number
of peaks forming the bump are not unambiguous.

In the study of Ref. 35 a special investigation was made
of the yield of high-energy y rays as a function of the energy
of the residual nuclei. The high-energy ¥ rays were detected
by seven Nal(Tl) detectors that measured 12.7x15.2 cm
and were placed at distance 50 cm from the target. Six of
them lay in a single (the horizontal) plane at angles + 90,

4 120, and + 150° relative to the beam direction, and one
was perpendicular to this plane. The '*Xe(1150
MeV) + “Au reaction was studied. Fragments close in
mass to the Xe nuclei were detected at angle 29° near the
classical grazing angle by eight silicon detectors (£ = 6.4
msr/detector), which were placed in a ring around the beam
axis (Fig. 23). The photon spectra corresponding to differ-
ent “windows” of Q values of the reaction (the mean ener-
gies in windows 1-5 were 34, 80, 119, 159, and 199 MeV,
respectively) are shown in Fig. 24. The spectra were correct-
ed totake into account the Doppler effect and correspond to
only two-body kinematics. In this experiment there was ob-
served to be a sharp growth of the yield of high-energy ¥ rays
in the region 10-20 MeV with increasing degree of inelastic-
ity of the interaction or, in other words, with increasing exci-
tation energy of the fragments.

Comparison of the experimental spectra with spectra
calculated using the statistical model showed that it was nec-
essary to change the parameters £, and I', in order to de-
scribe the complete set of y-ray spectra at different excita-
tion energies. Thus, with increasing excitation energy of the
fragments it was necessary, in order to achieve the best
agreement between the calculations and the experiments, to
reduce the energy of the resonance and increase its width
relative to the values of these quantities for the ground state.

There have been several investigations in which mea-
surements similar to those described earlier were made and
the shape of the y-ray spectra and the yield of high-energy ¥
rays were analyzed. For example, the '*C(100
MeV) + *°Tb reaction was studied.”® An analysis of the
shape of the photon spectra in a wide range of masses of the
target nuclei and of the energies of the bombarding ions,
£ = (54 7T) MeV/nucleon, in reactions with the light ions
**He, *C, and '°0O was made in Ref. 52.

In Ref. 50 the results were given of investigations of the
reactions *He(12-26 MeV) + Mg, '°0(40 MeV) + °C
and of the reactions '°C 4+ °'V—=%'Cu and *He 4 **Co— %
Cu with **Cu excitation energy from 17 to 52 MeV, and data
for the reactions *C(61.5 MeV) + ""*Sm— "*Er* and a (27
MeV) + *1%*Sm were analyzed.

The experimental data characterizing the shape of the
y-ray spectra and the yield of ¢ rays in the region of energies
of the giant dipole resonances and their analysis that we have

TABLE IV. Optimized parameters of GDR* used in calculation of the spectra of high-
energy ¥ rays for the reaction **$(155 MeV) + '*Te in various windows in the angular

momentum / of the residual nuclei (see the text).

N I, h Eg, MeV T, MeV 5.
2940 45 12.0 6,50 0,56
2528 36 12.5 5.75 0.56
2124 30 13.0 5.00 0,67
17—20 23 14,0 5.00 0,52
13—16 16 15.0 7.00 0,44

9—12 10 14.5 g.00 0.30

324 Sov. J. Part. Nucl. 20 (4), July-Aug. 1989

Kamanin et ai. 324



4-10%

7104

2-10%

Number of counts

._;

5
-+
[

0 500 1000
£, MeV

FIG. 23. Summed energy spectrum in the laboratory system of fragments
that had mass and charge close to those of the bombarding Xe ion and
were detected at angle 29° by eight silicon detectors. The geometry of the
experiment is shown schematically in the inset.

given in this subsection are not, of course, complete, but they
doreflect the general picture that has been obtained from the
investigations of the high-energy y rays emitted in heavy-ion
reactions and studied by means of the gamma-start method.

On the one hand, the shape of the spectra and the yield
of the y rays in the GDR region can be satisfactorily de-
scribed in the framework of the statistical theory under the
assumption that the properties of the giant dipole resonances
excited on the ground state or a higher-lying state of the
nucleus are equivalent (Brink’s hypothesis). On the other

1972

il =

1074

1075

FIG. 24. Gamma-ray spectra corresponding to the five different regions of
the energy spectrum of the fragments with parameters close to those of Xe
as shown in Fig. 23 (see also the text).
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hand, the GDR* parameters deduced by analyzing the ex-
perimental data in the framework of the statistical théory
differ significantly, as a rule, from the parameters of the
GDR excited on the ground states of the same nuclei. They
also differ for neighboring nuclei studied in different investi-
gations, for example, for the erbium isotopes. The reason for
these differences is not clear, and one cannot rule out the
possibility of an influence on the final result of the actual
arrangement of the experiments using the gamma-start
method. The reason could lie in the parameters of the reac-
tions—the excitation energy, the angular momenta, and the
mass ratio of the interacting nuclei. As was noted in Ref. 50,
after the euphoria associated with the apparently obvious
fact of the statistical nature of the excitation of giant reson-
ances on high-lying states of the compound nuclei additional
detailed investigations in this field of heavy-ion physics are
needed.

We give now data of experiments made using a funda-
mentally new approach to investigate the emission of high-
energy y rays in heavy-ion reactions.

2.2. Investigation of the yield of high-energy v rays by means
of the characteristic x-ray radiation and the fission fragments

As we noted above, to separate the channel of the for-
mation of the compound nucleus the authors of Refs. 23, 49,
and 50 and other studies used the gamma-start method, i.e.,
they investigated the yields of y rays with energy E >4
MeV in coincidence with a cascade of low-energy (E, =1
MeV) y rays corresponding to the final stage in the decay of
the excited residual nuclei. However, in heavy-ion reactions
highly excited nuclei are formed not only in the fusion chan-
nel but also in the majority of the other channels of deep
inelastic interactions. This fact partly devalues the advan-
tages of using the gamma-start method in these reactions
and casts doubt on the correspondence between the high-
energy y rays observed in this manner and the y decay of
giant resonances in excited compound nuclei. In this connec-
tion it is necessary to use direct methods to separate the
channel in which the compound nuclei are formed, basing
these, for example, on detection of the characteristic x-ray
radiation of the residual nuclei and fission fragments of the
compound nuclei.

a) The fission channel. Results of experiments to ob-
serve the emission of high-energy ¥ rays corresponding to
the channel in which the compound nucleus Bi* is formed
were presented in Ref. 53. The fusion channel in the reac-
tions °Tb + **Ar(220, 300 MeV), '"'Ta + *Ne(155
MeV) and '?Os + "N(147 MeV) was separated by detect-
ing the fission fragments of the compound nuclei. It was
established that the experimental y-ray spectra obtained in
the investigated reactions have the same shape in the region
E, <10 MeV (Ref. 54). This fact agrees with theoretical
estimates of the yield of ¥ rays accompanying decay of excit-
ed compound nuclei Bi* and excited Bi* fission fragments as
calculated by means of the modified program CASCADE
and a Monte Carlo program,™ respectively. The results of
these calculations showed that the calculated yield of high-
energy y rays depends mainly on the excitation energy of the
compound nucleus Bi*, i.e., itis relatively larger for the reac-
tions '*Os + *N(147 MeV) and 'Tb 4 Ar(300 MeV)
and relatively smaller for the reaction "Tb + **Ar(220
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FIG. 25. Gamma-ray spectra. The points are the experimental data nor-
malized at E, < 8 MeV to the theoretical curve (continuous line); see the
text.

MeV). However, this result is in manifest disagreement with
experiment (Fig. 25).

b) The evaporation channel. The yield of high-energy
rays in the evaporation channel of the reactions was studied
by means of the method of coincidence with characteristic x
rays of the K shell (K x rays}, which is described in Ref. 58.
The advantages of detecting K x rays to separate the reaction
channel in a wide Z range of the products of heavy-ion reac-
tions were demonstrated.

A detailed study of the dependence of the high-energy
rays on the entrance channel was made for the reactions
ONe(220 MeV) + '*Sn and %Zn(290 MeV) + %8Zn,
which lead to the formation of the same compound nucleus
132N d with nearly the same excitation energies.>* The experi-
ments were made with thick targets, behind which the detec-
tor of the K x rays was placed, ensuring a high efficiency of
their detection.

The measurement of the y-ray spectra by the gamma-
start method did not reveal, to within the experimental er-
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FIG. 26. Photon spectra measured by means of the gamma-start method.
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FIG. 27. Spectra of high-energy ¥ rays measured in coincidence with
characteristic X rays of products having Z values close to that of the com-
pound nucleus for the reaction **Zn + **Zn (black circles) and the reac-
tion 2°Ne + ''?Sn (open circles). In the inset X is the number of the chan-
nel of the spectrum of the K x rays corresponding to the position of the

centroid of the peak of the characteristic x rays measured in coincidence
with the high-energy y rays.

ror, any differences in the shape of the y-ray spectra for the
two reactions up to E,, =19 MeV (Fig. 26). The y-ray spec-
trahad rises at £, > 8 MeV like those observed in the studies
of Refs. 23, 50, and others. In contrast, the ¥ spectra mea-
sured in coincidence with K x rays of reaction products with
Z near its value for the compound nucleus differed apprecia-
bly (Fig. 27). A theoretical analysis showed that the differ-
ences in the excitation energies and angular momenta of the
compound nuclei, formed in different combinations, could
not explain this difference in the y-ray spectra. The results of
calculations of the spectra of high-energy y rays accompany-
ing decay of the compound nuclei, made for the studied reac-
tions in the statistical model by the Monte Carlo method, are
shown in Fig. 28. It can be seen that up to energy E, =~ 14
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FIG. 28. Calculated y-ray spectra (see the text),
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FIG. 29. Arrangement of experiment.
|

MeV the calculated spectra for the two reactions hardly dif-
fer.

Toinvestigate the contribution of the different channels
to the emission of high-energy ¥ rays the experiments of
Refs. 2 and 3 measured for the reaction "Sn + *°Ar(300
MeV) the spectra of y rays with E,, = 4-20 MeV in coinci-
dence with K x rays of the residual nuclei, and measurements
were also made of the yield of the K x rays in the wide range
Z = 50-68 as a function of E,, . The angular anisotropy of
the high-energy photons in a wide range of £, was also mea-
sured for the same reaction. The experiments were made
using an extracted beam of 300-MeV*°Ar ions from the U-
300 cyclotron of the Laboratory of Nuclear Reactions at the
Joint Institute. The arrangement for measuring the spectra
of y rays in coincidence with the K x rays is shown in Fig. 29.
The extracted beam of *°Ar ions struck the target, a metallic
foil of tin of the natural isotopic composition of thickness 15
mg/cm?, and was completely stopped in an absorber in the
form of a metallic thorium foil of thickness 47 mg/cm*set up
behind the target. The x-ray detector, made of pure germani-
um, had an efficiency at the total-absorption peak of 5% in
the region E, = 25-80 keV. The energy resolution for this
region was 600 eV. The high-energy y rays were detected by
BGO and Nal(T1) detectors, which measured 7.5x 2.5 cm
and 15X 10 cm, respectively, and were placed at right angles
to the direction of the beam at 10 cm and 20 cm from the
target. The detection threshold in them was set above 4
MeV. The method of measurement is described in more de-
tail in Ref. 57.
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FIG. 30. Spectra of high-energy y rays measured by the gamma-start
method.
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Figure 30 shows the spectrum of y rays detected by the
BGO detector in coincidence with the Ge detector, which
detected y rays in the energy range 25-400 keV (Fig. 31) in
the reaction **Ar + "'Sn. In the region of energies £, <10
MeV the y ray spectrum can be approximated by the func-
tionexp( — E, /T.q), with T e = 1.1 MeV. This low-energy
region corresponds to the emission of statistical photons ba-
sically in the final stages of de-excitation of the residual nu-
clei.”® At higher energies we observe a deviation from the
exponential dependence, and the spectrum has the shape of a
broad peak superimposed on an exponentially decreasing
function, in qualitative agreement with the shape of the ¥
spectra in the "*Sn + *°Ar reaction measured by means of
the gamma-start method in the study of Ref. 23. In accor-
dance with the conclusions of Ref. 23, the GDR* y rays
emitted by highly excited compound nuclei in equilibrium
decay must make a large contribution to this region of the -
ray spectrum. One could also expect an appreciable contri-
bution of photons with E,, = 10-14 MeV emitted in the ini-
tial stages of the fusion reaction.*** However, as can be seen
from the x-ray spectrum (Fig. 31), the spectrum shown in
Fig. 30 corresponds to a spectrum of photons of products of
not only the complete-fusion channel of the "'Sn + *°Ar re-
action but also channels leading to the formation of target-
like products.

Figure 32 shows y spectra measured by the BGO and
Nal(T1) detectors in coincidence with K x rays of nuclei
with Z values near that of the compound nucleus. It can be
seen that for £, > 10 MeV this spectrum differs significantly
in its shape from the spectrum in Fig. 30. The main distinc-
tive feature is the presence of a minimum at an energy
around 16 MeV, which makes it possible to identify in the
spectrum three characteristic regions: a first £ <10 MeV, a
second 10<E, <16 MeV, and a third £, >>16 MeV.

Figure 31 shows the x-ray spectra measured in coinci-
dence with high-energy ¢ rays in the different regions of the
y-ray spectrum. In the spectrum of the x rays in coincidence
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FIG. 31. Spectrum of K x rays measured in coincidence with y rays of
various energies (the range of E. is shown in the figure).
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FIG. 32. Spectra of high-energy 7 rays measured in coincidence with K x
rays by two different detectors. The scale on the right gives W, the ratio of
the yields of the high-energy ¥ rays in the directions perpendicular to and
parallel to the ion beam.

with the spectrum of the high-energy ¥ rays of the second
region there are both x-ray transitions corresponding to re-
sidual nuclei with Z values close to that of the compound
nucleus and transitions corresponding to nuclei with Z val-
ues close to that of the target nucleus. From this it can be
concluded that the processes that lead to the formation of
these nuclei make a significant contribution to the second
region of the high-energy spectrum. This fact is in disagree-
ment with the assumption adopted in Ref. 23 and other stud-
ies that the main source of the high-energy y rays responsible
for the excess above the exponential decay in the spectrum at
E,>10 MeV is statistical decay of the compound nucleus.
1t follows from the x-ray spectrum measured in coinci-
dence with the spectrum of ¥ rays with E, > 16 MeV that the
¥ rays of the third region come mainly from processes that
lead to the formation of residual nuclei with Z values near
those of the compound nucleus. Thus, an excess of the yield
of ¥ rays that are associated with decay of the compound
nucleus above the exponential decay is observed in the com-
plete range of energies E,>10 MeV. But a corresponding
excess for nuclei that are neighbors of the target nucleus is
observed mainly only in the region E, = 10-16 MeV.
Thus, the method of direct separation of the channel of
the reaction accompanied by the emission of high-energy
photons gave basically new results. From the experiments
made in this way it can be concluded unambiguously that the
bump observed when the gamma start method is used con-
sists of several constituent peaks belonging to different reac-
tion channels. Like the complete-fusion channel, the other
channels of inelastic interaction of complex nuclei (incom-
plete fusion, many-nucleon transfer reactions, etc.) are ac-
companied by a large number of low-energy y rays.* A
change in the mass ratio of the interacting nuclei and in the
energy of the bombarding ions results in a change in the ratio
of the cross sections in the different reaction channels and, as
a consequence, must lead to a change in the contributions of
the peaks to the overall bump. This could be a reason for the
deviation of the values of the energies at the maxima of the
bump from the GDR energies of the corresponding com-
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pound nuclei that is observed to different degrees in the ex-
periments described in Sec. 2.1

A more detailed analysis will be made in Sec. 2.6. In the
following sections we give experimental data on measure-
ment of the angular anisotropy of the high-energy ¥ rays;
these data cast light on the nature of this emission and its
multipolarity. We also give data on the measurement of the
multiplicity distribution the mean multiplicity of the low-
energy y rays accompanying the high-energy ¥ rays. This
work relates to attempts to determine the region of angular
momenta in the nuclei responsible for the emission of the
high-energy y rays.

2.3. Angular anisotropy of the high-energy vy rays

In deformed axisymmetric nuclei the giant dipole reso-
nance is split at low angular momenta into two components,
and the energy of the splitting is proportional to the defor-
mation. At higher angular momenta, the resonance is split
into five components through the effect of Coriolis forces on
the nucleus, which has a triaxial shape. The vibrations of the
protons relative to the neutrons along the spin axis (the x
axis) are de-excited by the emission of “nonaligned” dipole
radiation (m, =0, Al =0), which takes place predomi-
nantly at right angles to the spin. The vibrations in the plane
perpendicular to the spin are de-excited by emission of
“aligned” dipole radiation (|m,|=1, |AI|=1), which
takes place mainly along the spin axis. Thus, one of the com-
ponents of the giant dipole resonance can, in principle, be
separated from the others in the angular distribution of the
corresponding high-energy y rays.

Because the spin direction of a nucleus formed in a
heavy-ion reaction has an uncertainty in the plane perpen-
dicular to the beam direction, the expected anisotropy of the
y-ray yield with respect to the direction of the ion beam can-
not be large in experiments in which it is directly measured.
Such measurements were made for the O + **Mo reaction
at 84 MeV (Ref. 61) and the **Si 4+ '*°Sn reaction at 144
MeV (Ref. 40). The quoted studies did not draw definite
conclusions about the anisotropy of the y radiation apart
from finding some indications that at £, < 11 MeV the emis-
sion takes place mainly along the spin axis and is perpendic-
ular to it at higher energies.

The effect may be significantly greater in correlation
measurements in which the directions of emission of at least
two ¥ rays are measured. The results of such experiments
were published in Ref. 48. The Crystal Ball facility was used
to detect all ¥ rays from the **S(155 MeV ) + *°Te reaction.
The low-energy ¥ rays corresponding to the quadrupole
bump were used to determine the spin direction of the nu-
cleus for each individual event, and the direction of emission
of the high-energy y rays was then determined relative to this
direction. The data obtained in this manner are shown in
Fig. 33. Gamma rays with energy up to about 10 MeV (Fig.
33) were emitted mainly at right angles to the spin direction
for (M, ) <30 and along the spin direction for (M.} = 31—
50. At larger values of the multiplicity y-ray emission per-
pendicular to the spin direction of the nucleus was dominant
in the range of £, from 8 to 10 MeV.

The angular distribution of the high-energy y rays can
be expressed by the relation

W (0) =14 2 ApPy (cos0), k=2,4 ...,
h
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FIG. 33. Angular anisotropy of the high-energy y rays as the ratio of the -
ray yields perpendicular to and parallel to the direction of the spin of the
nucleus in the range of angles + 30° for three windows in the number N of
detectors that responded. The arrows indicate the positions of the center
of the peak of the giant resonance in the given N window.

where the P(&) are Legendre polynomials, and & is the angle
of emission relative to the spin direction. Figure 34 gives the
coefficient 4, as a function of £, for the "*C(100 MeV)

+ »*Tb—"""Dy" reaction.” In this investigation correla-
tion measurements of the low-energy and high-energy  rays
were made, Analyzing the dependence shown in Fig, 34, the
authors of Ref. 51 noted the negative value of 4, in the re-
gion E_ =3 MeV and in the region 10 <E, <13 MeV, and
also the isotropic distribution in the region between 3 and 10
MeV. For a GDR* excited directly in a heavy-ion reaction
along the spin direction the authors expected the excitation
mode to be weakly populated, since the collective electric
dipole moment lies near the reaction plane. In this case, the
value of 4, must be about 0.5, a value that differs strongly
from the one obtained (Fig. 34). For a GDR* excited statis-
tically in an elongated compound nucleus, the low-energy
component must have a value 4, > 0. Therefore, it was con-
cluded in Ref. 51 that in the studied reaction an appreciable
fraction of the y-ray spectrum up to = 10 MeV was not due
to GDR* decay in the complete-fusion channel.

To elucidate the nature of the y emission measured in
the "Sn + “*Ar reaction® and corresponding to the E, re-
gions described in Sec. 2.2, measurements were made of its
yield at angles 90 and 0° to the direction of the ion beam.
Since the investigation of Ref. 51 had not revealed a distin-
guished direction of emission of the ¥ rays for E, <8 MeV in
the "*C + "**Tb reaction, which leads to the formation of a
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FIG. 34. Gamma-ray spectrum (a) and the coefficient A, (b) as a func-
tion of E, (see the text).

compound nucleus with neighboring mass, the observed
spectra were normalized to each other in the region E, <8
MeV. This automatically introduced a correction for the
Doppler shift of the energy of ¥ rays observed along the beam
direction relative to the energy of the y rays observed at right
angles to the beam. The observed ratio of the y-ray yields,
W=N,(90°)/N, (0", is shown as a function of E, in Fig.
32. In the range of energies £, = 10-16 MeV we observe an
increase in the yield of ¥ rays emitted at right angles to the
beam direction, and this may correspond to aligned dipole
transitions. In the range of energies E, = 16-22 MeV a dis-
tinguished direction of emission of the ¥ rays is not observed
to within the experimental errors. The data obtained on the
anisotropy of the y-ray emission relative to the beam direc-
tion are an additional indication of different natures of the
sources of their emission in the different energy ranges.

Wemade analogous measurements for the **Ne +- "Sn
reaction. The observed E, dependence of the anisotropy of
the y-ray emission repeats the data for the *°Ar + "™Sn reac-
tion (Fig. 35; cf. Fig. 32).

In the study of Ref. 53 data were obtained on the angu-
lar anisotropy of high-energy ¥ rays in the fission reaction
with Bi compound nuclei. Determination of the plane of
emission of the Bi fission fragments made it possible to deter-
mine the ratio of the yields of y rays with £, > 12 MeV per-
pendicular to the direction of the spin I (Fig. 36a) and along
the direction of the fissioning nucleus Bi (Fig. 36b) in the
reactions **Ar(220, 300 MeV) + **Tb. The high-energy ¥
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FIG. 35. Gamma-ray spectrum normalized to the function

exp( — E, /T, ) for two reactions. At the top, the angular anisotropy of
radiation for the Ne(178 MeV) + "“Sn reaction is shown.
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rays emitted along the spin direction of the fissioning nuclei
and perpendicular to it were observed by a single detector.
This arrangement of the experiment eliminated methodolog-
ical errors associated with comparison of y-ray spectra mea-
sured by different detectors. For the region of energies £,
> 12 MeV the ratio of the y-ray yields along and at right
angles to the spin direction of the Bi nuclei was found to be
approximately the same (0.5 + 0.3) for the two energies of
the Arions. The experimental data are in agreement with the
assumption that the y rays with £, > 12 MeV corresponded
to aligned dipole transitions.

Thus, the results of most experiments to measure the
angular anisotropy of the high-energy component of the y
emission confirm the assumption of its dipole nature. The
data of the experiments of Ref. 53 do not preclude a possible
contribution to the y-ray spectrum at £, > 16 MeV of y rays
from decay of the giant quadrupole resonance, which could
be excited in the nuclei of the bombarding particle and target
in the interaction process. More details about this contribu-
tion are given in Sec. 3.

2.4. Multiplicity of v rays accompanying emission of high-
energy y raysin heavy-ion reactions

In some studies the multiplicities of the y rays were
measured as functions of the y-ray energies in order to obtain
estimates of the angular momenta of the nuclei emitting the
high-energy y rays. For example, in the study of Ref. 40
(M,(E,)) was measured in the range of energies 2 < E,
<20 MeV in the reaction **Si(145 MeV) + *°Sn (see Fig.
18). To within the statistical errors, constancy of (M, (E, )}
was observed in this reaction.

<M .
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FIG. 37. The value of (M, ) as a function of E,, measured for three reac-
tions.
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FIG. 36. Arrangement of experiment to measure the angular
anisotropy of high-energy 3 rays: a) measurement in the di-
rection perpendicular to the direction of the spin of the nu-
cleus; b) measurement parallel to this direction. The y-ray
and fragment detectors are 4., and 4, respectively, and 1 is
the spin of the nucleus.

Investigations of the dependence of {M, ) on E, in the
range of energies £, = 3-24 MeV in the three reactions
“Zn(290 MeV) + %Zn, Ne(110 MeV) + "28n, and
®Zn (358 MeV) + '"*Sn were made in the study of Ref. 5¢.
In the first and third of these reactions a slow increase of
(M, ) with increasing energy E, was observed (Fig. 37).

In the *’Ne + ''*Sn reaction, a sharp growth of (M, )
with variation of £, from 3 to 12 MeV was observed, this
being different from the (M, (E,.)) dependence observed for
the Si + Sn reaction.*®

Analysis of these data showed that in the region E,
= E, the observed (M) corresponds mainly to the evapo-
ration channel of the fusion reaction for the Zn + Zn reac-
tion, while for the Ne + Sn reaction it corresponds to the
reaction channel in which “*sticking™ is followed by breakup
of the fragments (sticking process). The main conclusion of
the study was that the experimental dependence of (M. ) on
£, does not agree with the model of dominant GDR* excita-
tion in the channel of complete fusion of the nuclei (Ref. 23
and other studies; see Sec. 2.2).

2.5. Experimental investigations of the de-excitation time
associated with high-energy y rays

To understand the mechanism of formation of the high-
energy ¥ rays, investigations aimed at determining the de-
excitation time for them are important. A number of studies
made in recent years have indicated the existence of y-ray
emission in the first stages of the reactions between complex
nuclei. In the studies of Refs. 59 and 60 an experimental
observation was made of a “cooling” of the spectra of pro-
tons and « particles measured in coincidence with y rays (E,
> 14 MeV) in the **Ni + '%0(76 MeV) reaction, and the
same thing was observed for the spectra of neutrons in coin-
cidence with y rays (E, > 10 MeV) in the reaction **Tb
+ 2C(100 MeV).

In Ref. 63 the yield of evaporation products of the *Ru
+ ®Cu— "*Dy reaction was measured. This resulted in the
observation of an unexpectedly large (compared with the
results of a calculation in accordance with the statistical the-
ory) yield of the products of evaporation of a small number
of neutrons (1n, 2n) at a relatively high thermal excitation
energy of the compound nucleus around 50 MeV. The mech-
anism of reactions like those studied in Refs. 59, 60, and 63
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FIG. 38. Spectra of K x rays measured in coincidence with 3 rays of
different energies (the ranges of energy £, are indicated).

has not yet been definitively established. Therefore a possi-
ble mechanism is pre-equilibrium emission of high-energy ¥
rays (£, > 10 MeV).

At the same time, as we have shown in the foregoing
subsections, the study of the yields of y rays with £, > 10
MeV in heavy-ion reactions in recent years has been asso-
ciated mainly with the assumption of the presence of y-decay
giant resonances constructed on highly excited states of
compound nuclei. The analysis made in Ref. 54 of experi-
mental data obtained for the **Zn -+ *Zn reaction showed
that in the energy spectrum of the K x rays (Fig. 38) the
centroid of the peak corresponding to the products of the
fusion channel and measured in coincidence with the high-
energy y rays is displaced when E, > 10 MeV to higher ener-
gies. This displacement is shown in the inset of Fig. 27. Tt
corresponds to a smaller number of evaporated charged par-
ticles. For the **Ne + ''’Sn reaction no such correlation was
found to within the experimental errors (sece the inset in Fig.
27). Calculations made by means of the modified ALICE
program® showed that the observed correlation between the
Z values of the residual nuclei and the energy of the y rays for
the *Zn + *Zn reaction indicates that the emission of y rays
with K., > 10 MeV occurs in the first steps of the evaporation
cascade or before it, reducing thereby the excitation energy
of the compound nucleus and, accordingly, the number of
evaporated particles (protons).

2.6. Theoretical approaches to the explanation of the
mechanism of emission of high-energy y rays with energy
E, <30MeV

We summarize some conclusions that follow from the
foregoing analysis. The data obtained on the yield of high-
energy y rays in the channels corresponding to formation of
a compound nucleus (Refs. 2, 3, 53, 54, and 65) indicate the
existence of a mechanism of their emission different from
that assumed earlier (Refs. 23, 50, and others). Noteworthy
is the fact that the y-ray spectra measured in a distinguished
channel corresponding to formation of a compound nucleus
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do not always have the characteristic breaks in the region of
8 MeV (see Figs. 25,27, and 32), and they thus cast doubt on
the method used to separate the GDR bump based on multi-
plication of the ¥ spectrum by the factor exp(E, /Ty). As
was shown in Ref. 2, the use of the gamma-start method
may, unless special measures are adopted (the signals in the
gamma-start detectors bounded above), have the conse-
quence that “y rays” of cosmic-ray origin will make a large
contribution to the high-energy part of the y-ray spectrum.

For the qualitative interpretation of the results, we con-
sider one of the possible mechanisms of emission of such
“cosmic” y rays. It is known that in heavy-ion reactions the
excitation of various modes of giant resonances (GDR,
GQR, GMR) is observed already at a comparatively small
contact of the interacting nuclei, i.e., in inelastic reactions. *®
The excitation of giant resonances was noted in Refs. 66 and
67 as one of the possible mechanisms of kinetic-energy dissi-
pation in the interaction of complex nuclei. It is natural to
assume that giant resonances are also excited in the process
of mass transfer in the double nuclear system of interacting
nuclei that is formed in the first stages of deep inelastic reac-
tions and fusion reactions.

It has been established experimentally that the decay of
giant resonances leads in approximately a proportion
10 '-10" *of the cases to the emission of y rays with energy
E,=E, . On the basis of data obtained in photonuclear
reactions it can be asserted that for comparable probabilities
of excitation of the various giant-resonance modes it is the
decay of the giant dipole resonance that will make the main
contribution to the y-ray emission.* Since in the initial
stages of the existence of the double nuclear system the giant
dipole resonances must be excited mainly along the symme-
try axis of the system,’" i.e., at right angles to the direction of
its spin, the corresponding y rays will be emitted mainly
parallel to the spin direction. For such ¥ rays, the energy E,
is determined by the dimension 2#” of the double nuclear
system along the symmetry axis. In the initial stage of the
interaction

pll = pmax | (Ai"s—}—AéN),

where A, is the mass number of the target nucleus, and this
relation makes it possible to obtain a lower bound on the
GDR* energy (MeV):
man | 78

i~ Ay a

Subsequently, the double nuclear system can decay into
two excited fragments (target-like and ion-like) or form a
prolate ellipsoid that gradually acquires the equilibrium

configuration of a compound nucleus. For the compound
nucleus

rll = oo |l (Al -+ Az)lm ’

and one can estimate the maximal energy of the GDR*
(MeV) corresponding to vibrations of the nucleus perpen-
dicular to the spin:

max | 78 23
BN oy )

In the region of energies £, = (E ™!, E7**l) contribu-
tions must be made not only by the ¥ rays corresponding to
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decay of the compound nucleus but also by the y rays corre-
sponding to decay of the double nuclear system into target-
like and ion-like fragments. Since the spin of the double nu-
clear system is most probably oriented at right angles to the
direction of the beam, the y rays with E, = EJ™I-E 7
must be emitted at right angles to the beam direction.

As the shape of the nucleus is transformed from a pro-
late ellipsoid to an equilibrium, nearly spherical configura-
tion, there may also be excitation of GDR" in the plane per-
pendicular to the symmetry axis of the system, i.e.,

Ed s Em . (3)

In the energy range E, > E 7**!l the main contribution
must be made by y rays that correspond to the transverse
GDR mode in the compound nucleus that has been formed
and do not have a distinguished direction of emission rela-
tive to the beam direction.

Using the relations (1)—(3), one can establish for the
40Ar 4 "Sn reaction that the ¥ rays corresponding to the
formation of a compound nucleus and of the decay products
of the double nuclear system and emitted mainly at right
angles to the beam direction must have energy E, = 8-16
MeV. The ¥ rays emitted isotropically relative to the beam
direction and corresponding mainly to the formation of a
compound nucleus must have energy E, > 16 MeV. These
estimates agree well with the results of the measurements
given in Fig. 32.

The data show that in the spectrum of y rays associated
with the interaction of the nuclei in the **Ar(300 MeV)
+ "*Sn reaction an appreciable contribution in the range of
energies E. = 8-16 MeV is made by y rays that correspond
to many-nucleon transfer reactions. This conclusion disa-
grees with the conclusions drawn by authors of earlier stud-
ies (Refs. 23 and 52, for example). In the region of energies
E, = 16-22 MeV the contribution of the y rays correspond-
ing to fusion of the nuclei was dominant. There was observed
to be an increase in the yield of y rays in the energy range £,

= 8-16 MeV emitted at right angles to the beam direction,

while an isotropic angular distribution was observed in the
energy range F., = 16-22 MeV. The model proposed for the
formation of the high-energy part of the y-ray spectrum in
heavy-ion reactions on the basis of the assumption of excita-
tion of giant dipole resonances in dissipative processes in the
double nuclear system explains qualitatively the presence of
three regions of the energy E. in the y-ray spectrum and the
contributions to them of the various channels of the “Ar
+ ™8n reaction. In the framework of the model the E,. de-
pendence of W (see Fig. 32) finds a transparent interpreta-
tion.

If we assume that the break in the dependence W(E,, )
in the region E, =~ 8 MeV and 16-17 MeV for the Sn + Ne
and Sn + Ar reactions (see Figs. 32 and 35) is due to defor-
mation of the emitting nucleus,” then we can estimate the
deformation & of such a system (see Sec. 2.1). For E }:E ]
=0.6-0.7, we readily obtain § = 0.35-0.4. Such a large de-
formation cannot correspond to the target nuclei, Sn, or to
the nuclei of the incident ions Ne and Ar. It is also too large
for the putative compound nuclei Nd and Er.

The assumption of emission of high-energy y rays from
the double nuclear system, for which deformations such as
0.5 are not unusual,™ can explain the dependences W(E, )

332 Sov. J. Part. Nucl. 20 (4), July-Aug. 1989

observed for both reactions.

In the framework of this approach, the y-ray spectra
measured in the gamma-start method must be a superposi-
tion of GDR* that are excited in different stages of evolution
of the nuclear system and have, thus, different energies. We
then recognize as obvious the fact that with increasing angu-
lar momentum of the interacting nuclei the mean energy of
the superposition must decrease, as was noted, for example,
in Ref. 48. This may also be related to the broadening of the
GDR* bumps and the shift of their energy to lower values
compared with the values obtained in the systematics for the
ground states (see Fig. 10), an effect noted in the over-
whelming majority of studies. Excitation of giant dipole re-
sonances in the sticking channel with subsequent breakup of
the double nuclear system is indicated by measurements of
the y-ray multiplicity in the Ne + Sn reaction.*®

We note also that the existence of a mechanism leading
to excitation of GDR" mainly at right angles to the spin of
the compound system was suggested in Ref. 48 to explain the
relatively large yield of ¥ rays in the region E, »>7 MeV in the
g "Te reaction.

A certain contribution to the spectrum of y rays with £,
>16 MeV may be made by the process of pre-equilibrium
excitation and decay of an isovector giant quadrupole reso-
nance. The quantitative estimate of such a contribution of
order 10~ ¢ for a compound nucleus was given in Ref. 68 for
the °°Zr + *°Zr radiative-capture reaction. Another possible
mechanism responsible for this part of the y-ray spectrum is
the bremsstrahlung process in the collision of complex nu-
clei. This mechanism is considered in detail in the following
section. Good agreement of the data calculated in accor-
dance with this model with the experimentally measured y-
ray spectra was found in Ref. 69 for the reactions
2Ne(155MeV) + "'Ta and **Ar(300 MeV) + '*Tb (see
Sec. 4).

Everything said above applies to reactions with suffi-
ciently large mass asymmetry in the entrance channel. With
regard to reactions between nuclei with nearly equal masses,
comparison of data on the Zn + Zn and Ne + Sn reactions,
which lead to the same compound nucleus, shows that there
are grounds for supposing the picture of the formation of the
high-energy ¥ rays to be still more complicated. In Fig. 39
the yields XY, of ¥ rays with energy in the GDR energy
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FIG. 39. Experimental and theoretical yields of high-energy ¥ rays (see
the text) in units of the number of transiticns per nucleus, multiplied by
107, in the energy range 12<E, <14 MeV.
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FIG. 40. Gamma-ray spectra measured in reactions of accelerated **Ne
ions of energy 178 MeV on different targets.

range 12<E, <14 MeV are systematized with respect to two
parameters: the excitation energy E* and the ratio of the
mass numbers of the projectile nucleus, 4, and the target
nucleus, 4, (Ref. 54).

Figure 39a demonstrates the strong dependence of the
calculated values of 2. on E * and the absence of any sys-
tematic dependence of the experimental values of £Y,, on
E*. Figure 3%9b shows a monotonic increase of the experi-
mental values with increasing 4, /4., i.e., it reveals a sys-
tematic dependence of 2 ¥, on a parameter which character-
izes the reaction in the entrance channel.

We used the gamma-start method to investigate the
yield of high-energy ¥ rays as a function of the mass-asym-
metry parameter in the entrance channel of the reaction,
keeping the mass of the bombarding ion constant. Figure 40

w
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FIG. 41. Angular anisotropy of y rays measured by the gamma-start
method for the *"Ar + "Sn reaction (a) and y-ray spectra for the reac-
tion between the target nucleus "Sn and ions of different masses (**Ne
and ""Ar) measured by the gamma-start method and normalized to
exp( — £, /T) (b) (see the text).
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FIG. 42. Gamma ray spectra measured in the separated fission channel of
Bi nuclei and normalized Lo exp( — E. /T) (see the text).

shows the spectra of y rays measured in reactions with 178-
MeV **Ne ions on the targets ***Th, '**Ho, and '**Sn. The
hatched region in the -ray spectra corresponds to an excess
of the y-ray yield above the exponential decay. Figure 41
gives the dependence of the excess R, of the y-ray yield
above the exponential decay as calculated under the assump-
tion of a single-exponential decay,

R,=Y jexp (—E,/T) =~ E}f(E,),

for the two reactions **Ne(175 MeV) + "™'Sn and *°Ar(220
MeV) + "Sn. It follows from Figs. 40 and 41 that the yield
of y rays with E, > 10 MeV increases with increasing mass
ratio 4, /4, when the mass of the target nucleus is kept the
same. Aneven clearer growth of R, withincreasing 4, /A4, is
shown in Fig. 42 for the distinguished fusion channel in the
experiment of Ref. 53 described in the foregoing.

It would be natural to assume that the yield of high-
energy y rays could also be associated with pre-equilibrium
mechanisms like those proposed to explain the emission of
fast charged particles.” Then the values of £¥,, should in-
crease as the energy per nucleon of the bombarding ions is
increased above the Coulomb barrier of the interaction with
the target nucleus. However, as can be seen from Fig. 43, the
dependence of 2 Y., on € differs strongly from the expected
growth of the yield of pre-equilibrium particles with increas-
ing €." In Ref. 71 the high-cnergy part of the y-ray spectra
measured for the Zn + Zn reaction was interpreted on the
basis of calculations using an exciton model.

Thus, there are grounds for supposing that some of the
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FIG. 43. Yields of high-energy 3 rays as functions of the energy € of the
incident ion (see the text).
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high-energy ¥ rays with E,, > 10 MeV are associated with a
new mechanism of interaction of complex nuclei that de-
pends strongly on the mass asymmetry of the interacting
nuclei in the entrance channel of the reaction. In Ref, 72 the
emission of ¢ rays in the process of the evolution of the shape
of the double nuclear system was considered in the frame-
work of the hydrodynamic approach. Two emission mecha-
nisms were investigated. In the first the density of nucleons
was assumed to be constant and the emission to be quadru-
pole in nature. In the second it was assumed that there was
excitation in the system of isovector density vibrations, and
allowance was made for only the lowest mode, which was
described as a giant dipole resonance in a spherical nucleus
with a time-dependent radius equal to the length of the com-
posite system. The yields of ¥ rays in the region of energies
12<E, <14 MeV calculated for the “*Zn 4 *Zn and *'Ne
4 1128 gystems in the framework of the first approach were
5% 10~% and 107°, respectively, while in the second they
were43% 10~ ?and 34 X 10~ *. These last data agree with the
tendency of the systematics of Ref. 54 shown in Fig. 39, and,
moreover, the y-ray yield for the Zn + Zn reaction is close to
the experimental value. Thus, in Ref. 72 quantitative confir-
mation was found for the idea that high-energy y rays could
be emitted as the shape of the double nuclear system evolves,
as was proposed in Ref. 21.

2.7. Experimental investigations of the spectra of y rays with
E,>30MeV

We now consider the main results of experimental stud-
ies of the spectra of ¥-ray emission accompanying collisions
of ions at intermediate energies (E /4, > 20 MeV/nucleon).
Although for this region of energies the number of published
studies is as yet small, it has recently been increasing stead-
ily. This is due to both the commissioning of new accelera-
tors and the significant interest shown by theoreticians in the
elucidation of the reaction mechanism, which was found to
be not particularly simple. In Table V we summarize the
properties of reactions with ions of intermediate energies in
which the yield of high-energy photons for specific reactions
was determined. Table V gives only the range of approxi-
mate values of the differential cross section d*c,/dE d(},
at the beginning and end of the spectrum. The more accurate
behavior of the experimental cross section d’c /dE d for
the majority of the reactions listed in Table V will be present-
ed in Sec. 4 in a comparison with the results of theoretical
calculations. Here we only give a general characterization of
these spectra.

At y-ray energies E,>30 MeV the dependence of
d’o/dE,d{}, on E, can be approximated for all the reac-
tions by a function exp( — E,/E; ), where E, is a parameter
that determines the rate of decay of the curve (or the slope of
the straight line when plotted on a logarithmic scale). As
follows from Table V, the range of E; values is fairly small,
and E, has a tendency to increase with increasing E /4, (for
example, for the "N + C, Zn, Pb reactions) and depends
very weakly on the mass of the colliding nuclei. Inindividual
cases the deviation of E, from the value averaged over all the
y-ray spectra, (E,) = 11.5 4- 0.5 MeV, is due to the use, in
the approximation of the spectrum, of a function more com-
plicated than exp(—E,/E,) (for example, in Ref. 75). The
y-ray yield has a certain tendency to increase with increase
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both of the beam energy and of the masses of the colliding
nuclei (Fig. 44, which is taken from Ref. 78). Figure 44
shows the cross section for the total yield of y rays with E,,
~ 50 MeV, normalized to the geometrical cross sections of
the colliding nuclei, as a function of the beam energy £ /4.

The angular distributions of ¥ rays emitted in the reac-
tion process were investigated in the studies of Refs. 13, 14,
and 74, and, in contrast to the energy distributions, an unam-
biguous picture was not obtained in this case. For example,
whereas for the reactions **Kr(44 MeV/nucleon) + C, Ag,
Au and '>C(48, 60, 74 and 84 MeV/nucleon) + *C an iso-
tropic y-ray distribution was observed,"’”” and for the
4N (20-40 MeV/nucleon) + C, Zn, Pb reactions a small
peak at small angles was noted, ™ the angular distribution of
the y rays in the ""N(35 MeV/nucleon) + *¥Ni reactions
exhibited a pronounced anisotropy with a maximum at &,

=90° (Ref. 13). In this last case the position of the maxi-
mum did not depend on the y-ray energy.

Since the beam energies and masses of the colliding nu-
clei in some of these reactions differed only slightly [for ex-
ample, in the reactions "N (30 and 40 MeV/nucleon) + Zn,
%Kr(44 MeV/nucleon) + °C, and "N(35 MeV/nu-
cleon) + **Ni], the pronounced difference between the re-
sults of Refs. 74 and 77, on the one hand, and Ref. 13, onthe
other, poses the question of their origin. However, irrespec-
tive of its solution, it would be interesting, in order to obtain
general conclusions, to continue the investigation of the an-
gular distributions, which are as yet not sufficiently well es-
tablished,

3. THEORETICAL APPROACHES TO THE DESCRIPTION OF
THE EMISSION OF HIGH-ENERGY vy RAYS

The main question that arises in the theoretical analysis
of the experimental y-ray spectra in heavy-ion reactions is
the manner of formation of the high-energy ¥ rays in a colli-
sion of nuclei if each nucleon has a relatively low energy of
translational motion (E /A4, <ET<E). 1t is therefore ob-
vious that any microscopic mechanism of formation of high-
energy radiation must be based on some method of taking
into account the internucleon interaction. The manifesta-
tions of this interaction may be quite varied—from the for-
mation of an average nuclear field and an optical potential to
redistribution of the nucleons in the energy or phase spaces
through collision terms in kinetic equations. However, it i$
unfortunately by no means always possible to relate unam-
biguously the observed properties to parameters of the inter-
nucleon potential. This gives rise to the variety of theoretical
approaches to the description of the same phenomenon in
the case considered here—the properties of the high-energy
y-ray emission.

Depending on the way in which the interaction of the
nucleons is taken into account, the known theoretical ap-
proaches® " can be divided nominally into four main
groups:

1) thermodynamic models

2) first-collision models®'~*7;

3) statistical models®® ™

4) quantum models of electromagnetic radiation in an
optical potential.®”?* %

In what follows we shall analyze the basic ideas of each
of these approaches and formulate in more detail the quan-

79,80,
¥
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TABLE V. Properties of reactions with ions of intermediate energies accompanied by emission of ¥ rays with E, >30 meV.

. E/A, MeV/| Rangeof | Angleof Range of
Reaction . o E. MeV observation of | d?0/dEdQ, 10 ¥ | E, MeV Detector Refer-
! y rays, deg cm* MeV sr ! ence
40Ar - T0Ge 15 5—45 — — 812 1
24 5_55 _ — 1055 Nal(Th) [73]
1N 12 20 2075 30; 60; 90; 102 — 1071 741 [74]
30 20—85 120; 150 11.1 Cs1(T1)
40 20—105 13.3
N4 Zn 20 20—175 30; 60; 90; 102 —101 8.3 [74)
30 20—85 120; 150 11.8 CsI(TI)
40 20—109 13.7
1N -|-208Ph 20 20—T75 30; 60; 90, 102—10-1 10.0 [74]
30 2085 120—150 12.0 CsI(T1)
40 20—105 14,2
A0AY -} 18TAY 30 20—55 40; 90 157 10—10-1 7.3 BaF, [75]
Nal(Th)
14N - 58N 35 20—150  [30; 60; 90; 120 10—10- 155400 | Load glasses 113]
WUN 1L Cu 40 20—140 — — —_ — [76]
40Ar 158G 44 5—80 90; 10 —10-1 12.6+0.6 | BaF, [4]
145 10,540,7
88K r - 12(] 44 30—80 40; 90; 130 10— 10-1 14.6+0.5 | Bar, 177]
BKr 1 Ag 44 — 40; 65; 100; — 12.5+0.3
153,5
86Ky 187Ay 44 — 30; 90; 153,5 - 12.14-0.2 | Nal{Tl)
120 12Q 48 30—80 90 inc.m.s. 10—102 —_ [14]
80 30—120 — — Lead glasses
T4 30—140
84 30—200 — —
120, 2387 84 30—200 52,5 90 10—10-2 — The same 114]

tum model of electromagnetic radiation in an optical poten-
tial.

3.1. Thermodynamic models

In this group we put the approaches in which an entire
compound nucleus (or part of it) formed as a result of the
reaction is in a state of thermodynamic equilibrium and has a
definite temperature. It is usually assumed that at relatively
low energies of the colliding ions (8-12 MeV/nucleon) the
entire compound system is uniformly heated. At a collision
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energy above 20 MeV/nucleon the formation of a strongly
heated individual region in the compound system—a fire-
ball—becomes possible. In both cases the source of the elec-
tromagnetic radiation is the random thermal motion of the
nucleons.

We shall not here make an analysis of the theoretical
studies of the y-ray spectra in reactions of ions with E /4,
= 8-12 MeV/nucleon in the framework of evaporation
models, since they were reviewed in Sec. 2, and we shall
restrict ourselves to considering just the fireball model. We
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merely note that in the range E,, <25 MeV it is necessary t0
investigate not only the evaporation spectra but also the elec-
tromagnetic emission due to decay of giant resonances excit-
ed in the reaction process in the colliding nuclei, in the com-
pound nucleus, and in the reaction products. The procedure
of the corresponding calculations is known and implemen-
ted in the form of various standard programs (for example,
ALICA, CASCADE, GROGI, etc.).

The fireball model supposes that a collision of nuclei
leads to the formation of a heated region that constitutes a
Boltzmann gas with temperature 7. The nucleons of the gas
collide with each other randomly, and this gives rise to inco-
herent electromagnetic radiation. As was shown in Ref, 79,
in the classical description of the bremsstrahlung resulting
from individual #p collisions the differential cross section for
emission by the fireball of a high-energy y ray is determined
by the expression

do . Op i VrZp
oo~ 87340 JE (2v 1) TEZE

oo™ (2 (Fr) e () ()]
(4)

Here, oy, is the total reaction cross section, m is the nucleon
mass, V- and Z are the numbers of neutrons and protons in
the fireball, and Ay = N, 7 | The parameter v determines
the mean number of collisions undergone by each nucleon in

the fireball. In the case of greatest interest, when 7,7, ~ 1 (5
is the Fermi energy)

v 22 4,610 g Ry exp (BIT)
¥ [1 — exp (—0,8.107% T1 (16 4+ Smep/T) /)], (5)

where R - is the radius of the fireball in fermis, B is the mean
separation energy of a nucleon, and o+ is the mean cross
section of nucleon-nucleon collisions (in units of 10 ~27
cm?).

The fireball model was used to describe the low-energy
part (below 50 MeV) of the electromagnetic spectrum in the
"2C U reaction at 84 MeV/nucleon. Agreement with
the experimental data was obtained under the assumption
that the thermalized source has temperature 6 MeV and that
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the mean number of collisions per nucleon is about 30.

A simplified fireball model, augmented by a quantum
calculation of the cross section for emission of a y ray in an
individual np collision was also used in Ref. 80. We shall
consider the results of this study later in our discussion of the
statistical approaches.

We note that the presence of several free parameters
(Rp, Tr, v, and B) and the absence of a clear physical justifi-
cation of equilibrium thermalization in a strongly nonequi-
librium situation prevent, despite certain successes, the wide
use of the fireball model to describe the emission of high-
energy ¥ rays.

3.2 First-collision models

The properties of the bremsstrahlung resulting from the
scattering of nucleons by nuclei have been fairly well studied
(see, for example,the review of Ref. 97). This circumstance
provided the basis for a number of approaches to the solution
of the problem of the electromagnetic radiation in nucleus-
—nucleus collisions.®'*" In these approaches, as a rule, one
considers the emission of high-energy ¥ rays in the initial
stage of the collision of the ions, the emitters being either a
complete ion or individual protons of the colliding nuclei. In
the latter case the emission process can be regarded as either
due to the deceleration of the nucleons of the incident ion in
the average field of the target nucleus (this field may vary
with the time) or due to nucleon—nucleon collisions (usual-
ly, only np collisions, which give the greatest radiation inten-
sity, are considered).

There are two possible ways of treating nuclear brems-
strahlung—classical and quantum. We consider below the
main results of each of these approaches.

a) Classical bremsstrahlung models. The approaches de-
veloped in the studies of Refs. 79 and 81-84 can be included
among these models. In them it is assumed that the ions
move along classical trajectories and that the radiation is due
to a change of the relative velocity of the nuclei in the colli-
sions. The differential cross section for y-ray emission,
d’c,/dE,dQ,, can be calculated in accordance with the
expression®

dioy e g d
a0, % I _2!] )
j=a, b -0
vt .
X [P (p;) ﬁ;—:—&—)] exp [iw (¢ —n- R, )] de)z. (6)

Here, p(r) is the nuclear density; p(p) = fp(r)e?”'d *risits
Fourier transform; o, = 47R?, where the radius R is deter-
mined by the condition p{R) = 1/2p(0); v; and p; are the
velocity and momentum of the ion; j = a or bis the index that
identifies the incident ion or target, respectively; n is the unit
vector in the direction of emission of the y ray, and R, () is
the radius vector that determines the trajectory of ion j. The
collision dynamics is determined by the time of deceleration
of the ion, 7, or, if a hydrodynamic model of the nucleus is
used, this time can be related to the coefficient of friction & of
the nuclear medium. These quantities are parameters of the
theory that cannot be calculated. In Refs. 81-84 such a mod-
el was used to calculate the yield of ¥ rays and ions from
collisions of heavy ions of different masses and energies
(from 20 to 84 MeV /nucleon). It was found that for a value
of the parameter k£ that was the same for all the reactions it
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was possible to explain all the pion spectra, but the calculat-
ed y-ray yields were on the average half of the experimental
yields. However, the authors did not regard this defect as
critical because of the discrepancies between the results of
the different experimental groups.

Although the classical models do have some heuristic
value, this method of describing the reactions is unsatisfac-
tory, since it does not permit one to relate the observable
properties of the high-energy y rays to details of the nuclear
structure and to the properties of the internuclear interac-
tion of the specific nuclear systems that participate in the
reaction.

b) Quantum models. The calculation of the bremsstrah-
lung cross section in Refs. 88 and 86 took into account the
time evolution of the average nuclear field as a result of the
encounter of the two nuclear systems. To find the single-
particle wave functions ¢, (rf) a time-dependent
Hartree—Fock equation was solved. In Ref. 85 the distribu-
tion function

fir, k, o, t):z §d3sdte*iks+i‘“1

o
X(pa(r—i——.i-s, t-l—%t)(p;(r—%s, t——.iu'c) (7)

(the summation is over the occupied single-nucleon states)
was then calculated and used, after averaging over the vol-
ume of the region and the time during which the reaction
takes place, to find the momentum distribution g(k). The
results were found to be not very sensitive to the parameters
that characterize the chosen intervals of averaging. For the
doubly differential cross section for emission of a  ray due
to an np collision the expression

o DBy S a3k, d3k, g (k,) g (k,)

AEdQy
¢ dQ B d2gly , ,
X\ ,mqg;} ey 1= ) U—g ), (8)

where ¢ = 1/2 (k] — k), was used.

For the elementary reaction n +p—n' + p’ + 3, the
cross section d *0"’/dE dQ),, was determined by the classi-
cal relation

d2gie "Y1 ) -
T — a5 —— (2B} + 3P sin?
dE,d0y " T2n Iy (267 4- 3p1 sin? 0,). (9)

Here, a = 1/137 is the fine-structure constant, and 3, and
B; are the initial and final velocities of the proton (in units
of the velocity of light ¢) in the center-of-mass system. The
value of the parameter R = 2.1 F was chosen on the basis of
an analysis of the (p, ny) reaction with 140-MeV and 200-
MeV protons. To determine the total yield of y rays as a
result of the nucleus—nucleus collision, an integration was
performed over the impact parameter in a simplified geome-
try, and this yielded the result in the form

Loy N oZy+ N2/ (A Ap)it) — L0 (10)
m%lg[(l oZy+ N Zo)1(4,45) ]m

In the framework of this model a satisfactory description of
the total yield of ¢ rays with energy above 50 MeV was ob-
tained for the reaction *C + "2C(48, 60, 74, and 84 MeV/
nucleon). This success was the justification for the conclu-
sion that the initial stage of the collision makes the dominant
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contribution to the process of formation of the electromag-
netic radiation.

In the study of Ref. 86 of the same group the formalism
of the time-dependent Hartree-Fock equation was also used
to estimate the contribution of the electromagnetic radiation
produced as a result of coherent deceleration of the nucleons
of one nucleus in the field of the other. In this case a direct
quantum-mechanical calculation was made of the probabili-
ty of y-ray emission by a nucleon moving in a time-depen-
dent potential field with separation both of the collective
component in the bremsstrahlung due to the time and space
variation of the single-nucleon current and of the component
due to electromagnetic transitions of nucleons between pop-
ulated and free time-dependent single-particle states. Be-
cause of the complications, calculations could be made only
for reactions of light nuclei ('*C + ">C) in a simplified ge-
ometry, and this made it difficult to estimate the accuracy of
the results. Nevertheless, the authors asserted that this
mechanism could not give a y-ray yield sufficient to explain
the experimental data. Although, in our view, the method of
describing the reaction proposed in Ref. 86 is the most con-
sistent, at the present time it does not appear to be realizable
in three-dimensional geometry, particularly for investiga-
tion of reactions involving ions more massive than '2C or ‘0

In Ref. 87, in which the approximations of infinite and
semi-infinite nuclear matter were used, a comparative analy-
sis was made of two mechanisms of formation of the high-
energy ¥ rays in ion collisions—through deceleration of the
nucleons of the incident ion in the average field of the target
nucleus and through np collisions. From the model estimates
that were made it was concluded that the second mechanism
plays a more important part in the formation of the radi-
ation, although an attempt to calculate quantitatively the
shape of the y-ray spectrum for "N + ***Pb (40 MeV/ nu-
cleon) reactions gave a y-ray yield three times smaller than
the observed value. Since rather crude approximations (infi-
nite nuclear matter, zero-range #p interaction) were used in
the model, it is rather difficult to draw a definite conclusion
about the adequacy of the model for describing the process.

We note that in the quantum description of first-colli-
sion processes the coherent production of ¢ rays as a result of
np collisions was in essence considered only in Ref. 86, in
which the amplitudes for y-ray production, outside the cross
section were summed. However as we have already noted,
the approximations used in Ref. 86 to simplify the calcula-
tions and the uniqueness of the reaction for which compari-
son of the results of the calculation with experiment was
made do not permit an unambiguous conclusion about the
part played by coherent processes to be drawn. This question
evidently requires further investigation.

3.3. Statistical models

In the statistical models the main problem is to calcu-
late a time-dependent single-particle distribution function in
the phase space or energy space of the system of two collid-
ing nuclei. For this purpose various modifications of the
Boltzmann equation are used. The emission of a ¥ ray in
these models takes place as a result of individual np colli-
sions, and the total ¥-ray yield is calculated using the single-
nucleon distributions that have been found. In such calcula-
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tions the contribution of the electromagnetic radiation from
pp and nn collisions is usually ignored in the considered
range of energies.

To determine the single-particle distribution of the nu-
cleons in the phase space, f(r, k, 1), the authors of Ref. 88
solved the Boltzmann—Uehling—Uhlenbeck equation”"":

da(®

v~ ru.-vp_f1=(2—::)3- { aote, @k a0, S

¥ 0% (ky + kg — kg — Ky} [fifa (1 —T3) (1 —F0)
—fafa (A —F) (L —=T2)]- (1)

Here, do'®'/dQ is the differential cross section for
nucleon—nucleon scattering, v, , is the relative velocity of
the colliding nucleons, and u is the potential of the average
field in which the nucleons move. For this the parametriza-
tion

+ b (plpo)**, (12)
a' = — 218 MeV, and

u (p) = a’'plp,

where p(r) is the nuclear density,
b’ = 164 MeV, was used.

To find the differential cross section for the emission of
¥ rays when the ions collide the following expression was
used:

d2|5(t0t) N d.Qq E.\,
mar= ® 3w
1 dev
— = k,, —f(r, k, 1),
X e iy LT By B U—F 00 K W) (3]

where b is the impact parameter, o yy = 30X 10 ™% cm?,
and 6, and @, are the angles that determine the direction of
the vector q= 1/2(k; — k, ). The summation is over all
possible np collisions. The cross section d *0}”’/dE dQ,
determined by the relation {9), but in this study the param-
eter b was taken equal to 3 F2.

Calculations of d *o%'/dE., dQ), were made for the reac-
tions ">C + "*C(84 MeV/nucleon) and "N 4+ “C(20, 30,
and 40 MeV /nucleon). It was found that, to order of magni-
tude, the model reproduces the shape of the energy spectrum
and the dependence on the initial energy of the colliding
ions, and also on the direction of emission of the ¥ ray. Anal-
ysis of the time evolution of the process showed that the
high-energy ¥ rays are emitted in the initial stage of the reac-
tion.

In our view, an advantage of the model is the absence of
free parameters, but a shortcoming is the essentially classical
method of description and the obvious complicationis in the
practical realization of the method.

A different approach to the solution of the problem was
proposed in Refs. 89-91. This used a system of quantum
Boltzmann equations of the form

d
#ﬂ =g 2 {Z (o5 ;eseveyn nt (1 —ng) (1.—nd)

v ikt
s (')I‘JJ—»kfgugr\; a;fn';‘n'.' (1— n"C) (1— n*l}] —nfwt_, } +fi(p, n).
(14

Here, the indices x and y identify the nucleon species (n or
1); g7 is the density of the single-particle states with energy /
(the Fermi-gas model was used for its determination ); #] are
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the population numbers; &7} . is the probability of transi-
tion of nucleons x and y, respectively, from the states &, / to
the states {, jdue to collisions; and w7 ; gives the probability
of transition of nucleon x with energy / to the continuum
state with energy i’. The term f; (p,n) takes into account the
probability of transition of a nucleon with energy iiin the
incident nucleus into a bound state of the target nucleus (in
the calculations it was assumed that the mass of the incident
nucleus is significantly less than the mass of the target nu-
cleus). One of the main approximations in the sclution of
Eq. (14) was that the energy carried by the incident ion into
the compound system is distributed statistically in the initial
stage among 71, excitons. The number n, is a parameter of
the theory to which the results of the calculations are par-
ticularly sensitive. From analysis of the pre-equilibrium neu-
tron spectra and calculations of the yield of pions in heavy-
ion reactions made on the basis of the solution of Egs. (14) in
Refs. 100 and 101 it was concluded that n, = A4, .

To find the y-ray yield resulting from collision of the

ions the following quantity was calculated:

aaNy, <
Tydr = & Y um S8R (1 =) (1—n7).  (15)
ijkl

Here, @y, is the probability of emission of a ¥ ray with
energy m as a result of an individual np collision. For this the
classical expression for dipole bremsstrahlung analogous to
relation (9), but with the introduction of an additional nu-
merical factor to take into account quantum corrections,
was used. The value of the factor was determined by analyz-
ing bremsstrahlung spectra for the pd reaction. The ap-
proach permitted a successful explanation of both the angu-
lar and energy distributions of the ¥ rays in the reactions
HN 4 2C, ®8PB(20, 30, and 40 MeV/nucleon), *°Ar
+'"7Au(30 MeV/nucleon), and *°Kr4 “C, Ag(44
MeV/nucleon). The results for the reactions '2C 4 '’C,
P (E /A, above 50 MeV/nucleon) and '*N + **Ni(35
MeV/nucleon) were not quite so good. As one of the possi-
ble reasons for the excess found in these last reactions in the
experimental y-ray yield above the theoretical value the au-
thors drew attention to the use in the measurements of y-ray
detection by lead glasses, the detection efficiency of which
was not sufficiently well known.'* Of course, there may also
have been a certain inadequacy of the description proposed
for treating reactions with a fairly high energy of the relative
motion of the ions (above 50 MeV/nucleon).

It should be noted that the model proposed in Refs.
89-91 is very sensitive, as the authors themselves note, to the
parameter n,, which determines the number of excitons in
the compound system, and there do not exist clear physical
grounds for its choice apart from agreement between the
results of the calculations and the experiments.

Close to the models that we have already discussed is
the approach proposed in Ref. 92, in which the yield of the
¥ rays is determined by an intranuclear cascade. Calculating
the angular and energy distributions of the bremsstrahlung
rays resulting from collisions of symmetric systems
(160 4 160, 0Ca + 40C3, Nz + 9021.’ 208ppy ZOSPb)’ the
authors demonstrated the sensitivity of the process of y-ray
emission to the dynamics of the unfolding nuclear reaction.
It was shown that an incoherent dipole component is domi-
nant in the radiation spectrum at p-ray energies above 30
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MeV. In Ref. 92 the theory was not compared with definite
experiments, since the authors saw its main aim as a method-
ological study of the reaction mechanism.

In Ref. 80 the fireball model was combined with the
statistical approach. A formula analogous to (13) was used
to determine the y-ray yield, but the cross section do!”/d k
was calculated quantum-mechanically with allowance for
the higher orders of the np interaction and without restric-
tion to the dipole approximation. The distribution function
S(r, k, t) was chosen in accordance with the simplified fire-
ball model in the form

A
Kk f)=—AE
ek )=

: 1 £ |2

exp| —gr—am (=B )], a6
where T and R are the initial temperature and radius of
the fireball, and 4, is the mean number of nucleons in it.
Comparison of the results of the calculation of the y-ray
spectrum with the experimental data for the reactions
"N + **Pb (40 MeV/nucleon) and °C + >**U(84 MeV/
nucleon), and also with the data of Ref. 79, showed that the
use of the exact value of the bremsstrahlung cross section for
the individual np collisions significantly improved the agree-
ment between the theory and experiment, although, in our
view, all the advantages of the exact calculation of the cross
section do”)/d k are reduced to nothing by the use of the
evaporation model with its numerous parameters.

The study of Ref. 93 occupies a special place in the sta-
tistical approaches. In this study it was assumed that the
high-energy y rays are emitted as a result of the interaction
of virtual clusters formed in the colliding nuclei. The proba-
bility of formation of a cluster of a definite number of nu-
cleons was determined by the poisson distribution. Unfortu-
nately, in the published studies®'® the actual mechanism of
emission by the clusters of ¥ rays (and also pions) was not
described, and the expressions that were given suggest that it
was not included in the calculation, although one would
think that this mechanism must be the thing of greatest in-
terest. Therefore, it is not clear what, apart from the conser-
vation laws, ultimately controls the reaction nor what pa-
rameters are ultimately put into the calculation.

3.4. Quantum models of electromagnetic radiationin an
optical potential

In Refs. 69 and 94-96 the optical-potential formalism
was used to study different versions of a microscopic model
of the emission of high-energy y rays in a collision of heavy
ions with energy E /A4, <100 MeV/nucleon. This model
does not have free parameters, and its use does not require
lengthy calculations associated with solution of time-depen-
dent Hartree-Fock equations or kinetic equations. The
model is based on the assumption that the initial stage of the
collision, when the distance between the centers of mass of
the colliding ions still satisfies |R| 2 R, + R,, where R, and
R, are, respectively, the radii of the incident nucleus and the
target nucleus (the “deceleration” stage preceding nuclear
fusion), plays the essential role in forming the yield of high-
energy y rays. This stage corresponds to a situation in which
several nucleons of one of the ions are simultaneously pres-
ent in the region in which the gradient of the nuclear poten-
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tial of the other ion acts, and then these nucleons can coher-
ently emit a y ray. In such an approach the probability of the
process will depend on the charge distributions and the two-
nucleon correlation functions of the colliding nuclei, and
also on the properties of the potential of the internuclear
interaction.

Thus, for the production of high-energy y rays this pro-
cess requires the simultaneous participation of several nu-
cleons present together in the region of action of the gradient
of a potential which is produced by some “external” field
(for the peripheral process that we shall consider, this is the
nuclear field of the collision partner). In our view this condi-
tion is satisfied by the real nuclear density and by the single-
nucleon potentials known from experiments on the scatter-
ing of nucleons by nuclei (these optical potentials can be
used to model the nuclear field). Indeed, the range of influ-
ence of the gradient of a single-nucleon optical potential
with coordinate dependence of the real part in the form of
the Woods-Saxon potential has a diameter of about 1 F. This
is sufficient, given the real values of the nuclear density, for
several nucleons of the incident ion to be present at once in
this region, and therefore the emission of a y ray by the entire
group simultaneously becomes possible.

The process of  emission is treated in the first order of
perturbation theory in the internuclear interaction. Such an
approximation is valid for an energy of the relative motion of
the ions above 30 MeV/nucleon. The potential gradient
needed to form the high-energy radiation (£, > 30 MeV) is
achieved only in a narrow region near the surface of the nu-
cleus. The typical value of the optical potential that acts in
this region on an incident nucleon is 15-20 MeV for energy
30 MeV of the nucleon and decreases when that energy in-
creases.'® This is significantly less than the kinetic energy of
the nucleon in the incident ion and is what justifies the use of
perturbation theory. In our treatment we also bound E /4,
above by the value 100 MeV/nucleon. At energies 2 100
MeV /nucleon the description of the scattering by means of
the optical-potential formalism becomes much poorer be-
cause of the strong growth of the effects of bulk absorption.
In fact, in this case the de Broglie wavelength of the incident
nucleon is A S r,, where 7 is the mean distance between the
nucleons, and the picture of diffraction by many centers be-
comes more realistic.

For the matrix element of the process of electromagnet-
ic emission of colliding nuclei @ and b with interaction poten-
tial energy U we obtain in this approximation the result

]IJ“” -3 % { {fs | Hi‘\’) [ma) {my | w | i)
~ = giy —Emy - Ey
h=n, b my

(fa L | m) (my, | HY [ i) }
s,-?_fe.ml—E-p .

= (17)

Here, the indices /, m, and f label the initial, intermediate,
and final states of the colliding nuclei; €, (s =i, m, f) are
their corresponding energies; and H ' is the operator of the
interaction of the nucleus with the electromagnetic radi-
ation.

The further treatment involved separation in the opera-
tors and wave functions of the coordinates R, and R, of the
centers of mass of the nuclei and of the relative coordinates
of the nucleons in the nuclei, £ = — R, and £ = r®

— R, where r'*’ is the coordinate of a nucleon in nucleus A
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in the laboratory coordinate system. Thus, the wave func-
tions of each of the colliding nuclei, a or b, were expressed in
the following form (s =1, m, /' ):

82y = kM, BV — exp (ikVR,) W (E), (18)

where () = (£,E20.& 4 );k, =# 'P; P, isthe momentum
of the nucleus; and 3, are the quantum numbers that de-
scribe the internal states of the ion. The form of the operator
and of the matrix elements, calculated using the functions
(18), is given in the Appendix, which also shows some de-
tails of the calculations.
We consider the form of the matrix elements
(S |u|S, ). The potential energy of the interaction of nuclei
a and b was represented as follows:
V=S W - i), (19)

A i

where W, is the potential energy of the interaction of nu-
cleon j of nucleus a with nucleon / of nucleus b. Suppose that
when ¥ rays are emitted by one of the nuclei the other does
not change its internal state (the use of the first order of
perturbation theory justifies such an assumption ). Then, for
example, nucleus b acts on the nucleons of nucleus a with the
following field:

u= (k" BV K, B
:_—E\ BRIV (R, — R, &) exp [i (k" — k") Ryl, (20)
j

where

Ve ()= B 1S W (e —E) BD- 21
Introducing the relative coordinate R,, =R, — R,

and the coordinate R, of the center of mass of the system, we

can, using (20), represent the matrix element (s5|uls, ) in

the form

=5 (k"

(i u s, —E"+ Usys,)

_-1(1 ,
x | @Ry, exp (a0 Ru) (| Sl T Ry +8) | B
s

(22)

The matrix element (s} |u|s,) is obtained accordingly from
(22) by the substitution a=b..

In Refs. 69, 95, and 96 more detailed analyses were
made of two different physical situations:

a) a y ray is emitted in the initial stage of the collision
without interpenetration of the nuclei, which corresponds to
the condition R, > & |, £[” (Ref. 96);

b) the y ray is emitted after complete penetration of the
nucler as a result of fusion.®

As we noted above, it is assumed in the model that the
high-energy y rays are emitted only in the first stage of the
collision, before the energy of the incident ion has been dis-
tributed over many degrees of freedom. The second situation
is realized in the low energy part of the spectrum, and here
the ¥ decay of nuclear states excited in the collision process
may also play an important part. In what follows, each of
these situations is considered separately.

a) Emission during the initial stage of the collision.
Adopting the condition R,, > £ ', £;”’, we can make an

340 Sov. J. Part. Nucl. 20 (4), July-Aug. 1989

expansion in (22) in powers of £ | {ed

; @ av5”
Vi Ry, +87) = ”WRM+( )()§$+

"-(”]
i Ej'u =)

(23)

The individual terms of this expansion lead to excita-
tion in nucleus a of internal states of a definite multipolarity.
The contribution of these states is most important in the case
of the emission of ¢ rays with energies near the energies of
the corresponding giant resonances. Since we consider high-
energy y rays (E, > 30 MeV), the contribution of the virtual
nuclear excitations in the expression (17) can be ignored.
Then

Vi Ry, + 87) ~
and the form of the matrix element simplifies to

8 (k(i?:) ] k&b) e qsas;) 6’3(&)‘ ﬁ(ﬂf)' (25)

V" Ry} (24)

(saluls,) =uf” (4, )

where

A
up (a)= 3 VP (q). (26)

j:

Making the substitution # = bin (25), we can obtain an anal-
ogous expression for the matrix element (s, ).

In a collision of symmetric systems, for example,
2C 4 *C,wehave V| (R,,) = V" (R,,), and, therefore,
U (q) = U (q)=U,(q). It is easy to show [see Eq.
(44) in the Appendix] that the emission matrix element
M is determined by the Fourier transform of the interac-
tion potential of the colliding nuclei, which depends only on
the relative internuclear distance. In principle, if this poten-
tial were well known, the calculation of U,(q) (q is the mo-
mentum transfer to the target nucleus) would not be par-
ticularly complicated. However, data on the optical
interaction potential of heavy nuclei are very ambiguous,
although in recent years attempts have been made to obtain a
universal formula (see, for example, the review of Ref. 105).
Under these conditions it appears more consistent to model
the internuclear potential by a sum of single-nucleon optical
potentials, whose parameters are known with much greater
accuracy.'™ Therefore, in what follows we take

Uy (q) = .\: Vi (a). (27)
2

where ¥, (q) is the Fourier transform of the single-nucleon
optical potential.

For completely symmetric systems of two colliding nu-
clei (or for ones with nearly equal masses) the single-nu-
cleon optical potential of either of the colliding nuclei can be
taken as V;, (r). For strongly asymmetric systems, for exam-
ple, 2C + **®U, the single-nucleon optical potentials of the
heavier ion are used to model Uj,. Only in this case can the
relative coordinates £ of the emitting nucleus be assumed to
be less than the internuclear separation R, and the approxi-
mation (24) be used. The validity of this method of model-
ing the function U, is justified a posteriori by comparing the
results of the calculation with experiment.

Finally, for the differential cross section d o, /dE,dQ,
we obtain the expression”
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d*a ally i (). (a)
- : \ dQ k" Ju, (@)]2

By d%y — (2ancy P
UBIE— [k B|*+Z, (Z,—1)
X Gu (k) (l-B}2 = “{U'Bu IE) = (A(r’fAb)z
X Zy (Zp—1) Gy (k) (IBy |*— [ky- By 1%} (28)

Here, ¢ = ki’ — k{*’ — k, where k is the wave vector of the
y ray, k, = k/k, and

B=Z,fi" (k) B, + (4,/4,) Z,[{” (k) By: (29)
By, = he (k[ E, — 2!’:; (21;5‘“.1;-1;2)]”

— 1) [ B —g— P k1] 30)

G, (k) and /"’ (k) are, respectively, the form factors of the
proton—proton correlation function G "’ (r) and the proton
density p#' (r):

Gy (k) — | drGP () eike, (19 (k) — \ drpi® (F)eihe;  (31)

dQ;” =sin @ ;Vdg Pde (V, 0 ' p | are the angles that de-
termine the direction of the vector k;*’ (the direction of the
vector k{® is chosen as the quantization axis). In the deriva-
tion of (28) it was assumed for the sake of definiteness that
nucleus a is incident on nucleus b at rest, and M 4 1s the mass
of nucleus A.

b) Allowance for the effects of penetration. In the origi-
nal matrix element (s, |u|s,) [see Eq. (22)], we can inte-
grate over the magnitude and direction of the vector R,,
without recourse to the approximation (24):

(salulsy) = 6 (K" — kY + q, )

nta

g Ae —ig g0
i« Kﬁ'(""'ll .\:' 1'5“‘)-; (q::““_;!) g afald ‘ l:}&;!)> - (32)
=1

The emission process may take place either without ex-
citation of the internal degrees of freedom of the colliding
nuclei or with their excitation. Use of the well-known multi-
pole expansion of the exponential gives

. I b 1 4m
(Sa|u|sa>=6(ki )_’kf )+q_¢ {)Z 3711 V?‘H (‘l:“l!)
T S ‘e
” (‘
A (E'L('I} [ (qw;. E9| [3::‘))1 (33)

where

.4{!
Oy (4, E) = 3‘1 V5 a) gy B™YY Lo (857 @), (34)

in which "’ and §”’ are unit vectors, and j, (x) is a spheri-
cal Bessel function. If in the emission process the internal
state of the nucleus does not change, 8”8, then in
(33) there remains only the first term of the expansion, and
itis proportional to the nuclear form factor £, (q,,.)- irgin

#/3 {’, then each term in the sum over L leads to the excita-
tion of nuclear states of a definite multiplicity. Among the
possible nuclear excitations we shall retain in what follows
only states of the type of giant resonances (dipole and quad-
rupole). After separation of states of this kind from the in-
termediate states in the expression for the matrix element of
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the emission M'" [see Eq. (17)] we obtain for the cross
section for y-ray emission®

doy—doy’+ X o3, (35)
where
2ol .
v By {a) .
dEy Ay Qaney K V Q5 (1G12— |ky- CJ2);  (36)

C=A,1Z,7 (k) V1" (q) 1 (q) B,
+ Z, 15 (&) V7 (g) 15 (q) B,I; (37)
doy
dE,dQ, ~

FUEHDR) L (Ey (A 7 (3)
5 70109 [z [LIr
Ey(Ey—efy)>+Th, 4 CEFDT | ZaPy®

Z [o4 ( Z;\,Nﬁ, )2(1442)

por e BT A

X \ A9 ()2 — (ly k)21 [P (c0s 0,)12 D%y gy (a, L).

(38)

Here, V5 (q) and ¥ (q) are the Fourier transforms of the
single-nucleon optical potentials of nuclei a and b, respec-
tively [in contrast to case (a), these are now different poten-
tials if the colliding nuclei have different masses];

£ (@)= | drpg (x) e-iar, (39)

2" (r) is the nuclear mass density;

()
DJEU)__.J(”) (q" L)
i r

An 5
=[] B vt gu (a8 Yo €  (40)
=

)

P, (x) isa Legendre polynomial; 8, = (k, q); €7 is the ener-
gy at the maximum of the corresponding giant resonance,
andI'; isitswidth; B, , (EL) isthe reduced probability of
the electromagnetic transition J;—J,, where J, and J, are
the total spins of the corresponding nuclear states. The
method of calculating the reduced probabilities B 44, (EL)
and D, , (q, L) is described in the Appendix.

We shall consider the results of the calculation of d *c,/
dE, d}, in accordance with the quantum model of electro-
magnetic radiation in an optical potential when we make a
comparison with the experimental data and other theoreti-
cal approaches.

4. RESULTS OF THEORETICAL CALCULATIONS OF THE
SPECTRA OF HIGH-ENERGY y RAYS AND COMPARISON
WITH EXPERIMENTS

In this section we consider the results of calculations of
d*o,/dE, dQ, in the framework of the quantum model of
electromagnetic radiation in an optical potential, and we
make a comparison with the experimental data and other
approaches. The form of the single-nucleon optical potential
V, (1), the analytic expressions for its Fourier transform and
for the binary correlation function G'*’(r), and the final
computational formula for the cross section d’c,/dE. d{},
are given in the Appendiz.

In comparing the theory with the experiments, we also
give the results of calculations from Refs. 88 and 90. The
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most extensive calculations were made in Ref. 90 on the basis
of the alternative model of incoherent emission (see Sec, 3).
With regard to the other theoretical studies, in them only
selected reactions were analyzed, and the results obtained do
not create an integral picture (we have already given a gen-
eral characterization of these studies and their results in Sec.
3).

In our quantum model of electromagnetic radiation in
an optical potential the basic quantity that determines the y-
ray yield is the single-nucleon optical potential. The form of
this potential is usually taken to be a Fermi distribution, but
for a given nucleon energy there are, as a rule, different sets
of parameters that permit satisfactory description of the data
on nucleon scattering by nuclei. Therefore, the cross sections
of specific reactions were calculated for several sets, but in
the comparison with the experiments we give only the pa-
rameters for which the best description of the experimental
data is obtained. Here we note merely that the slope of the
theoretical curves depends strongly on the values of the dif-
fuseness parameters of the real and imaginary parts of the
volume optical potential, and the spread of the theoretical
values, particularly at the high-energy end of the spectrum,
may reach an order of magnitude. This circumstance may
provide an additional criterion for testing the single-nucleon
optical potentials,

With some exceptions, which will be mentioned special-
ly, the charge and density form factors were calculated with
Fermi distributions in which the diffuseness parameter and
radius were taken to be a = 0.56 F and R = L.O7A'* F.'%
The investigation of the part played by pair correlations of
the protons in the colliding nuclei made in Ref. 95 showed
that such correlations become important when one is calcu-
Jating the yield of ¥ rays with energy above 100-120 MeV,

increasing this yield in individual cases by 2-3 times. There-
fore, in the cases in which y rays with energy above 120 MeV
were not observed in the experiments the calculation was
made in accordance with the simplified scheme in which the
values of G, (k) and G, (k) were taken to be zero.

We begin the discussion of the results of the calcula-
tions with the nuclear reactions in which the energy of the
relative motion of the ions was 30 MeV/nucleon and higher.
We analyzed the following reactions, in which the yield of
high-energy ¥ rays has up to the present time been observed:
4N 4 12C, Ph(E /A4, equal to 30 and 40 MeV/nucleon),
WAL 4 197 A0(30 MeV/nucleon), "N + *Ni(35 MeV/nu-
cleon), “Ar + '"*Gd (44 MeV/nucleon), *Kr -+ ""C, ""Ag,
97Au(44 MeV/nucleon), ""C + '*C(48, 60, 74, and 84
MeV /nucleon), and '2C + ***U (84 MeV/nucleon). As we
already pointed out, the proposed model does not contain
free parameters, and in the calculation we used single-nu-
cleon optical potentials obtained by different authors who
analyzed nucleon—nucleus scattering (thescare summarized
in the review of Ref. 104). In the cases when the necessary
nucleon energy was not found in the summary table of Ref.
104, we used the parameters of the optical potentials of near-
by energies for the given isotope or an isotope with neighbor-
ing mass number. Their values which give the best descrip-
tion of the experimental data are given in Table VI. We
consider in what follows the results for each of the reactions
just listed.

The reactions "N+ °C and "N+ ?°Pb at energies 30 and 40
MeV/nucleon.

Experimental data are given in Ref. 74 for the y-ray
emission angle &, = 90° in the laboratory system. The re-
sults of the calculations are compared with the experiment in

TABLE VI. Parameters of single-nucleon optical potentials used in calculation {references to the corresponding sources are given in

Ref. 104, and the form of the potentials is given in the Appendix).

Reaction
Parameter
e o 1MSm | e | 1v88m | 12¢ 4 1518m AT 4 MGe nN 412 11N 4 208Dk WAr + 19740
E'A, 6.75 9 10 15 24 30 4 30 4 in
MeV/nucleon
¥V, MeV e 59.8 58.5 50.3 54,2 5.0 55.1 (9.6 49,0 470
ro. F 125 1.2n 1.25 1.24 1.11 1.15 1.00 1.03 1.21 120
a,. F 0,35 0,72 0,65 .63 077 01.63 0.62 0.77 077 070
Continuation of Table VI
Reaction
Parameter
BN} PN | ST R 18G4 920 [seg. o (M), POKr + 17 AU 120+ 120 IR0 2aR]
ElA, a5 A4 A% 44 4k 48 60 T4 84 84
MeV/nucleon
I, MeV 4.2 36.5 49.6 45.4 .0 31,1 | 41.3 | 254 |25.4 4.4
rus F 1,25 1.25 1.15 1.24 1,24 1.11 1.08 1:13 | 1:13 1.22
2y, F 0,63 1,05 0.91 067 0.55 o[ 69 | 0,49 | 0.49 0.57
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FIG. 45. Values of d’,./dE dQ, for the reactions “N + "C (a) and
14 4 208py (b) at 91‘. =90% 1) E/A4, =40 MeV/nucleon; 2) E/4, =30
MeV/nucleon (the theoretical and experimental values have been re-
duced by a factor 10%}. The broken and chain curves represent the results
of calculations from Refs. 88 and 90, respectively.

Fig. 45. Note that whereas for the reactions "N + '*C(30
and 40 MeV/nucleon) and *N + 2*®*Pb(30 MeV /nucleon)
the best agreement with the experiment was obtained for the

values of the optical-potential parameters indicated in Table.

V1, for the reaction "N + ***Pb (40 MeV/nucleon) values
of &, /dE, d, close to those given were also obtained for
some other sets, for example, ¥ =51 MeV, r, = 1.20F, and
@, = 0.65F, or V= 52.8MeV, r, = 1.15F, anda, = 0.76 F.

The reaction ““Ar+ "% Au(30 MeV/nucleon).

Experimental data for this reaction are given in Ref. 75
for different y-ray emission angles (&, equal to 40, 90, and
157° in the laboratory system). The results of the calcula-
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FIG. 46. Values of dla]. /dE, dQ, for the reaction YAr + "Auat E/A,
= 30 MeV/nucleon. The broken curve represents calculations with
allowance for-interpenetration of the ions, and the chain curve gives the
results of calculations from Ref. 90.
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tions are presented in Fig. 46. We note a certain excess of the
theoretical yield of the  rays above the experimental value
for angles &, equal to 40 and 90°. Since in this reaction ¥ rays
of comparatively moderate energies (E , <55 MeV) were
detected, the region of formation of the y rays is relatively
larger, and effects of the interpenetration of the ions become
more important. In Fig. 46 the broken curves show the val-
ues of d’0' " /dE, dQ, calculated with allowance for the in-
terpenetration effect in accordance with (36). It can be seen
from Fig. 46 that for @, equal to 40 and 90 the calculations
with and without allowance for the penetration effect form a
corridor within which the experimental data are situated.

The reaction "N+ *°Ni(35 MeV/nucleon).

Experimental data for this reaction from Ref. 13 and
the results of calculations of d’o, /dE, dQ, for angles a8,
equal to 30, 60, and 90° in the laboratory system are present-
ed in Fig. 47. We note that the theory and experiment agree
less well at 6, = 90°.

The reaction “’Ar+ "*’Gd(44 MeV/nucleon).

Experimental data for this reaction were obtained in
Ref. 4 for 6, equal to 90 and 145° in the laboratory system.
The results of theoretical calculations are presented in Fig.
48 for y-ray energies above 30 MeV. As in the preceding
case, the experimental data are described somewhat less well
at the larger value of the angle 8,

The reactions °Kr+"°C (0, equal to 90 and 150°), “°Kr+ "*'Ag
(0, equal to 65, 100, and 153.57), and **Kr+ ""Au (0, equal fo
80and 153.5°) at 44 MeV/nucleon).

Experimental data for these reactions were obtained in
the study of Ref. 77. The results of theoretical calculations of
d*o,/dE,dQ, aregivenin Fig. 49. We note aslight excess of
the theoretical yield of ¥ rays above the experimental value
in the region of relatively low energies for the “Kr 4 “C
reaction. This may indicate that the interpenetration of the
nuclei may play a more important part in this case.

iy
<
=3

~
5
by

d%6y/aE ydi2y, 1070 cm--MeV .5
=
=]

4
5
K

0%

40 0 720 Eg MeV

FIG. 47. Values of d'¢,./dE, d(), for the reaction "N + “NiaL £ /4,

= 35 MeV /nucleon for different emission angles. The chain curve repre-
sents the results of calculations from Ref. 90.
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The reaction '°C + "2C(48, 60, 74, and 84 Me V/nucleon).

Experimental data for this reaction are given in Refs. 14
and 16 for the angle ¢, = 90" in the center-of-mass system.
The results of calculations of d°../dE,.d(}, are given in Fig.
50. Since in this case y rays of high energies (above 120
MeV) were also detected, nucleon—nucleon correlations
were also taken into account. However, this was done by
replacing the charge form factor /¢’ (k) of the '*C nucleus
by the dynamical form factor /%’ (k), for which the experi-
mental value obtained in the investigation of Ref. 107 (see
Ref. 95) was used. In contrast to all the reactions considered

107 e 5

10° ““”—‘QEQ
. 10Tes, 8 =§39
ol TTas J

T -

-EF -t - i'_!"é—i; L] § 750,5
‘>”0 L L ! L I -JJ\Q; 1
L Tt
= o *Te £ B
e 0 T Ty
g p 1’-‘:"--..._“ ¥h'_i_"‘-—-.
I e Y 8y =65
o 10k %_ s 7
b [ aar ol op°

2
d Gzidfzdﬂl,
S 88
L R
T T T
L ]
}/
o
=
Id
- ]
e
H
ol .
—b-“. /'.n;_

5
L=
T
It
e

; e 87T~ a
107} ~+-YE3:
" Tryees,
7 b - o
0_1 o'..‘.- — 5?—.9;.7
e H EL‘LH 750°
1072 R
1 | ] 1 1 i 1 ] I 1 1 J
W w0 50 50 W EpMeV

FIG. 49. Values of d*c,. /dE, d€}.. for the reactions **Kr + X at E /4,
= 44 MeV/nucleon: a) "“Kr + "’C; b) "Kr + "Ag; ¢) Kr + ""Au
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so far, in this case we observe a systematic and appreciable
excess of the experimental y-ray yield over the theoretical
yield. This result appears surprising, since in our mechanism
the y-ray emission is maximally coherent. We recall that an
analogous systematic discrepancy between theory and ex-
periment for the same reaction was noted in Ref. 90 which
reports the investigation of the incoherent component of the
emission (see Fig. 50 and Sec. 3.3). The discrepancy be-
tween the theoretical and experimental values of d’c, /
dE.,dQ, is still appreciable after summation of the y-ray
yields obtained in our calculations and in Ref. 90. One of the
possible reasons for the discrepancy could be shortcomings
in the method of detecting the high-energy ¥ rays that was
used in the measurements (see Sec. 2).

The reaction >C +2°U(84 MeV/nucleon).

Experimental data for this reaction were obtained in
Ref. 14 for angles &, equal to 52.5° in the laboratory system
(case 1) and 90° in the center-of-mass system (case 2). The
results of the calculations are given in Fig. 51. Here, as for
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FIG. 51. Values of d°g, /dE, dQ, for the reaction "’C(84 MeV/nu-
cleon) + *™U (all values decreased by a factor 10%). The chain curve
represents the results of calculations from Ref. 90.
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the foregoing reaction, the calculation of the yield of high-
energy ¥ rays took into account two-nucleon correlations by
replacing the static charge form factor of the '*C nucleus by
the dynamical form factor. We note an excess of the experi-
mental y-ray yield over the theoretical yields, as in the '*C
+ '*C reaction, though in this case the discrepancy between
theory and experiment is not so great.

The expression (28) for the cross section do, permits
the use of the Fourier transform of the ion—ion optical poten-
tial as U, (q). We made such calculations using the ion—ion
potentials from the review of Ref. 105 for some of the reac-
tions listed above. The results of the calculations show that
with these potentials the experimental data are not repro-
duced well for either the shape of the y-ray spectrum or the
absolute magnitude of the yield. As a rule, the calculated
shape of the spectrum is much flatter than observed, and the
y-ray yield is less than the experimental yvield by one or two
orders of magnitude or more. This fact can be understood.
The parameters of the ion—ion potentials are chosen to de-
scribe the elastic scattering of ions in the region of relatively
large values of the momentum transfer ¢(g>3 F~'), and
these potentials are not intended to explain phenomena with
small values of g. In the process of  emission accompanying
ion collisions the effective values of q are less than 3 F .
Therefore, it is not surprising that the use of the ion—ion
potentials in this problem leads to worse results than the use
of the single-nucleon potentials, the parameters of which
make it possible to describe the region of small momentum
transfers much better.

From the analysis of reactions in which the energy of
the relative motion of the ions was fairly high (30 MeV /nu-
cleon and more) and high-energy y rays (E, = 30-150
MeV) were detected, some conclusion can be drawn.

First, the proposed microscopic model, which does not
use adjustable parameters and does not require lengthy cal-
culations, can give a perfectly satisfactory description of a
quite wide range of experimental data on the energy distribu-
tions of ¥ rays emitted in ion—ion collisions. In our view, this
can indicate that the adopted reaction mechanism is one of
the main mechanisms, at least for y rays emitted in the for-
ward hemisphere, though, of course, we cannot rule out a
possible contribution to the total p-ray yield from other
mechanisms. Among such mechanisms, the most important
part is probably played by incoherent np collisions. Com-
parison with the results of calculations based on the kinetic
equation of Ref. 90, in which the emission accompanying
such collisions was studied, shows (see Figs. 45-47 and 49—
51) that the two models give similar results. However, it
should be remembered that in Ref. 90 an adjustable param-
eter—the number #, of excitons—was used. Admittedly, the
final choice of n, was based on analysis of not only the y-ray
reactions but also other reactions; for example, the yield of
subthreshold pions was calculated in the same scheme.
However, in these reactions too the “bremsstrahlung”
mechanism, which was not taken into account, could play an
important part, as follows from Ref. 94. The question of the
relationship between the contributions of the coherent and
incoherent mechanisms to the emission requires further in-
vestigation.

Second, the exponential shape of the y-ray spectrum
observed experimentally does not require for its explanation
any “‘exotic”” assumptions, and in the proposed model it is a
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consequence of purely nuclear circumstances—the expo-
nential behavior of the charge form factors and the optical
potential of the colliding nuclei in the region of the nuclear
boundary.

Third, using the sensitivity of the computational
scheme to the values of the single-nucleon optical potentials,
we can independently test these potentials by comparing the
theoretical and experimental y-ray yields. In our view, inves-
tigation of the diffraction structure of the y-ray spectrum
may also be particularly informative for such purposes.
Since in the model the differential cross section of the y-ray
emission process satisfies

d*a,/dk, dP; ~ ]Vo (@)%

the diffraction structure of the Fourier transform of the sin-
gle-nucleon optical potential ¥,(q) [q is the momentum
transfer, and it is assumed that the volume part of V,(r) is
taken in the form of the Fermi distribution] leads to the
appearance of diffraction peaks and minima in the shape of
the specitum of the bremsstrahlung ¥ rays as well. However,
for their observation it is necessary to determine the momen-
tum P’ of the scattered ion. In Fig. 52 we show as an exam-
ple the diffraction pattern for the reactions "N (35 MeV/nu-
cleon) + *Ni and '’C(84 MeV/nucleon) + **U with
different optical potentials. Experimental investigation of
such spectra could also be interesting from the point of view
of obtaining more definite conclusions about the mechanism
of the y-ray emission process when the predictions of alter-
native theoretical approaches are compared.

The successful application of the optical-potential theo-
ry to the emission of ¢ rays in collisions of ions with energy
above 30 MeV/nucleon stimulated its application to the in-
vestigation of reactions with ion energy up to 30 MeV/nu-
cleon as well. Of course, in this region of energies the use of
the first Born approximation raises certain doubts. How-
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ever, we hope that our proposed model will make it possible
in this region of energies too to identify the main features of
the phenomenon, though the quantitative results will now
have a large error. A justification for such a conclusion is
provided, on the one hand, by the experience in the use of the
DWBA, according to which the use of distorted waves to
describe the state of motion of nucleons with energy above
the separation energy does not, as a rule, radically change
the results obtained in the plane-wave approximation, and,
on the other, by the fact that the optical-potential method
with parameters chosen by analysis of nucleon—nucleus
scattering itself already takes into account the effects of the
distortion to a certain degree by the energy and mass de-
pendence of these parameters. In addition, the simplicity of
the practical realization of the method permits its use, at the
least, for preliminary rough estimates of the y-ray yields
even in cases when the method, strictly speaking, is invalid.
We shall now illustrate the possibilities of the model for the
description of reactions of ions with energies below 30 MeV/
nucleon.

The reaction *“’Ar+"°Ge(15 and 24 MeV/nucleon).

Results for this reaction were published recently in Ref.
73. The theory and experiment are compared in Fig. 53.
Since in the given case the y-ray energies were in the range
155 E, 550 MeV, the calculation was made in accordance
with the expression (28) with inclusion of the terms do”* to
take into account the de-excitation of the giant resonances
[see the relations (38) ]. We note, however, that in this case
their contribution was found to be small compared with the
purely “bremsstrahlung™ terms. Since the absolute value of
the y-ray yield was not determined in the experiment, we
matched the theoretical curve for E /4, = 24 MeV /nucleon
to the experimental curve at the y-ray energy E,. = 20 MeV.
As can be seen from Fig. 53, good agreement between theory
and experiment is observed, and, most important, for the
energy 15 MeV/nucleon, where only relative data for both
reactions were used, too.
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FIG. 53. Values of do. /dE, for the reaction *Ar + ""Ge: 1) E/4, =15
MeV/nucleon (all values increased by a factor 10%): 2) E /4, = 24 MeV-
/nucleon.

346 Sov. J. Part. Nucl. 20 (4), July-Aug. 1989

102

doy [dEy, 10~ om? [MeV
5
T T

1

38
|

UBURALEE L) I L

20 Ep,MeV
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+ "**8m (b) at energy E = 27 MeV. The broken curve shows the results
of calculations from Ref. 109.

The reactions *He -+ '"°Sm, ‘He + '**Sm (energy of ions in
beam 27 MeV),and ">C(121 MeV}+ *'Sm.

Data for these reactions, with specification of the abso-
lute y-ray yield, were recently given in Ref. 108. A feature of
the reactions, in the first place with the He isotopes, was the
investigation of the y-ray spectra up to the kinematic limit 27
MeV. The theoretical analysis of the reactions made in Ref.
109 using well-known models led the authors of that study to
the conclusion that these reactions were particularly “mys-
terious,” since in none of the models that were used could
they obtain a sufficient radiation yield, particularly at the
high-energy end of the spectrum. Results of calculations in
accordance with our model are presented in Figs. 54 and 55.
The charge form factors of the He isotopes were taken in the
form of Gaussian distributions with parameters from Ref.
110. As follows from Fig. 54, the spectrum of the observed
high-energy ¥ rays for the reactions with He ions can be
perfectly well interpreted as bremsstrahlung (naturally, un-
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FIG. 55. Values of do,. /dE.. for the reaction "*C(121 MeV) + '**Sm. The
broken curve gives the results of calculations with allowance for interpen-
etration of the ions, and the chain curve gives the results of calculations
from Ref. 109.
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derstood in the terminology of our quantum model). With
regard to the reaction "*C + '**Sm, the calculation without
allowance for penetration in accordance with the expression
(29) gives a somewhat too large result in the region £, > 20
MeV, though the calculations with and without allowance
for the interpenetration of the ions form a corridor of results
that have the experimental data within it. Thus, in this case
too the observed spectrum can be interpreted as a brems-
strahlung spectrum with allowance for partial interpenetra-
tion of the *C and '**Sm ions.

The theoretical results that we obtained for the reac-
tions listed above appear to us promising in the light of the
previously noted doubts about the validity of the model in
the region of relatively low ion energies (below 30 MeV /nu-
cleon).

There have been a considerable number of experimental
studies of the emission of y-rays in the energy range 5-20
MeV resulting from collisions of ions with energy 8-10
MeV/nucleon (see Sec. 2). Since in these experiments the
reaction of fusion of the colliding nuclei was realized and, in
addition, y rays of comparatively low energies were detect-
ed, the y-ray yields were calculated theoretically in accor-
dance with the expressions (35)-(38) with allowance for
interpenetration of the ions. Strictly speaking, the calcula-
tion of the y-ray spectra in the indicated range of E, should
also take into account emission that proceeds through the
stage of formation and decay of a compound nucleus. How-
ever, attempts at the theoretical description of some of the
mentioned reactions in the framework of the equilibrium
thermodynamic approach did not make it possible to obtain
a yield of y rays with energies above 12 MeV sufficient to
explain the results of the experiments. Therefore, from the
point of view of establishing the reaction mechanism, an al-
ternative approach in which an additional source of high-
energy j rays is considered is of particular interest.

In the framework of our model the y-ray spectra were
caleulated for the reactions **Ar(300 MeV) + “*Tb and
“Ne(155 MeV) + **!'Ta. The calculations took into ac-
count only the giant quadrupole resonances of the colliding
nuclei, the energies and widths of which were taken from
Ref. 111. Since the calculation used the oscillator sum rule
[see the expressions (50) and (51)], the absolute yp-ray
yields were calculated under the condition of a 100% contri-
bution from these sums. The true situation may be different,
but in a comparison of the theory and experiment this cir-
cumstance does not play a significant role, since the absolute
values of the cross sections were not determined in the ex-
periments. The results of calculations are presented in Fig.
56; the experimental and theoretical curves were matched at
E. =6 MeV. It can be seen from Fig. 56 that the theory
reproduces entirely satisfactorily the relative behavior of the
experimental curve, and the distortion of the shape of the
spectrum in these reactions can be fully explained by the
strongest (in our model) quadrupole excitations of the
heavy nucleus. We emphasize that in the proposed approach
the excitation of the giant resonances is due to the internu-
clear interaction of the colliding ions, for the description of
which the standard sets of parameters of the single-nucleon
optical potentials found from analysis of nucleon scattering
by nuclet were used.

Unfortunately, the experimental studies of Refs. 2, 3,
53, 54, and 65 do not permit more definite conclusions to be
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drawn about the validity of the model for investigating the y-
ray spectra associated with collisions of ions of low energies
(8—10 MeV/nucleon), since in them the absolute cross sec-
tions for the y-ray yields were not measured. Such measure-
ments would undoubtedly be of interest both for study of the
reaction mechanism and for comparison of the different
theoretical approaches.

CONCLUSIONS

1. Our analysis of the experimental and theoretical situ-
ation in the study of the spectra of high-energy y rays has
shown that their emission may be due to several reaction
mechanisms—statistical, bremsstrahlung, and through the
excitation and subsequent decay of giant multipole reson-
ances both in the colliding nuclei and in the reaction prod-
ucts. It appears that at £, < 30 MeV all three processes are
important, while at £, > 30 MeV the bremsstrahlung mech-
anism makes the most important contribution.

2. To separate the contributions from the various pro-
cesses, it is necessary when measuring the y-ray spectra to
separate the reaction channels by using the technique of co-
incidence of the y rays with the reaction products, the char-
acteristic x rays and y rays, and other reaction products.
Because there are experimental indications of correlations
between the yields of the high-energy 3 rays and the reaction
parameters in the entrance channel, it is also important to
vary the initial parameters of the reaction: the initial ener-
gies of the ion beams and the mass and charge numbers of the
colliding nuclei. The experimental data hitherto obtained
are rather disparate; in the majority of experiments only in-
tegrated characteristics have been measured, and, as a conse-
quence, lack of information makes it impossible to choose
between one of several competing theoretical models.

3. It appears that high-energy y rays (with £ > 30
MeV) are emitted in an early stage of the collision process.
This conclusion follows both from an analysis of spectra ob-
tained in the framework of the Boltzmann equation and
from the quantum-mechanical description.

4. In the region E, <30 MeV the irregularities in the
shape of the y ray spectra (bumps) cannot be unambiguous-
ly explained in the framework of statistical approaches. The
bumps are probably associated with the decay of collective
nuclear states, but it is not clear at which stage in the process
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they are excited. However, there are indications that these ¥
rays too are emitted in an early stage of the reaction.

5. In the review we have considered only the emission of
high-energy ¥ rays. However, experimental information is
now available on the subthreshold production of pions in
such reactions.'"* The nature of the energy spectra and angu-
lar distributions of the pions suggests that the production
mechanisms of the high-energy 7 rays and of the pions could
be similar. It would therefore be worth using the already
known theoretical approaches to analyze the complete set of
experimental data, including the pion production processes.

APPENDIXTOSEC. 3

We give some auxiliary expressions used in the deriva-
tion and calculation of the cross sections d°,/dE,d(},, in
the model of electromagnetic radiation in an optical poten-
tial. After separation of the center-of-mass coordinates R,
and R, of the colliding nuclei from the relative coordinates
£ and £'”, the operator H, ‘" takes the form
O

ik%j

A
: 3 )
_ I\R A -
H = —@an'oyPuge "+ Yee (M3Py+m7p h)),
p=t &

(41)

where @, k, u,, are the frequency, wave vector, and polariza-

tion vector of a y 1ay; e; and m; are t}’Ee effective charge and

massofnucleonj;P, = — i#d /IR, P, = — i /IE P,
Use of the wave functions in the form (18) gives

(| HV | s) = — (2% e (2nh/ )1/ uy,

X{MP, (B |2 (5, BB
+ B 125 W0 | B)} 8 (ke — K, — ks

(42)

A A .
ZE K=Y (efle) Rz, (8, )= 1k,

j=1 b

I e S

(ej/emj) f) 5 e

Note that if in the y-ray emission process the internal states
of the colliding nuclei do not change (. =/.), then the
term with Z, (§, k) in (42) does not contribute. Use of the
expressions (42) and (25) in (17) leads to the following
form of the matrix element M":

MO =8 oy 0y M 0y o) BEP K bq),  (43)
Bi s By B; 'y By
where
e 25tk (112
M= (o0 v @GP 1 ZEW, 1) 1B (weBy).

(44)

Using (43) and (44), integrating over P;* and P}, and
summing over the polarizations of the y ray, we obtain for
the differential cross section of the process of y-ray emission
in a nucleus-nucleus collision the result (to be definite we
assume that nucleus 5 is at rest, k'*’ = 0)

d*oy oEy .
By dQy (2aic)s kL § aa@ro (A =i kea 1 10, @ 1
1

(43)

Here
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A= @1 ZE, k) BB
A

(A /A (B 1 Z ED, K | B Bd () (0 (46)
¥ 8@, g

Assuming that after the emission of the y ray the inter-
nal states of the colliding nuclei are not determined, and
bearing in mind that the energy of the ¥ ray is appreciably
greater than the characteristic energies of the nuclear excita-
tions, we obtain the relation (28) after summation over the
final states |3 ) and 3 |*').

For the calculation of the cross sections of specific reac-
tions, the single-nucleon-optical potentials were chosen in
the form'™*

Vo (r)=Ve—V{zg)+(h po)* Voo
da

1 d
X1 g (o) —i [ WE (xm)—4Wp 5o fle) |- (4D)

Here

ch { Ze K r;}?c;

(Ze* 2Rc) (3—r%/R%), r<Rg

Ry = r,d'; f(z;) = (1 & e”‘i)d; 2 = (r — RyMag;
By = r;AY% (Bipe)® = 2 F?,

and Z and 4 are the charge and mass numbers of the consid-
ered nucleus. The parameters that are determined from nu-
cleon-nucleus scattering experiments are ., r;, a; (i = 50,0,
W, D), V, V,, W, W,. In practice, only the component
Vf (x,) is important in the majority of cases; in individual
cases the component Wf (x,, ) isimportant at the high-ener-
gy end of the y-ray spectrum. The Fourier transforms of the
radial functions f(x;) were calculated on the basis of the
expression obtained in Ref. 112:

4n*Riay ¢
f(q)=*q;%m7im* {"JEL sin (R;q) cth (na;q) —cos (H;-qJ} . (48)

R;

The charge distribution was specified in the form of the
two parameter function p‘? (r) = [1 +exp((r—R)/
a)] ', where R =1.074"" F and @ = 0.56 F (Ref. 106).
The form factor £ 7' (k) was also calculated on the basis of
the expression (48). An exception was made only for the He
isotopes, for which we used the distribution (Ref. 110)
S1P(k) = exp( — k *a®/6), where a is the rms radius of the
charge distribution.

For the binary correlation function we chose the
expression obtained in the model of a degenerate Fermi

gasna,

GP) (r) = 97 [J 4/, (2)]2/222. (49)
Here x =ppr/#; pr is the limiting Fermi momentum
J 3,2 (x) is a Bessel function. The corresponding terms make
asignificant contribution to the cross section d°o,, /dE,d(1,
only for E, > 120 MeV.

The classical oscillator sum rule was used to calculate
the reduced probabilities B, _; (EL) and D, _, (q,L). Inac-

cordance with Ref, 111,

9 # _ N2y,

. 8n melien 4y if L=1
B (EL) = ' (50)
(A) . (A) 15 >
Jiady # LR, it =29
4 ms‘:i"" 0%
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where R, is the nuclear radius. The calculation of the factor
Dj’;},HJ;A,(q,L} is somewhat more complicated. If L = 2,
then, for 4 = g, for example, we obtain

B4
pla} P i 8
Jg“)-».r}a) @ 2) =5 2mele

=]

<170 @ 1# § {55 720 160 @z} o4 ) .
0

(51)
However, to treat the dipole excitations it is necessary to
separate in (40) the terms that act on the relative coordi-
nates of the neutron and proton subsystems in nucleus a or
nucleus b. Such a separation is possible only if g S R, . At
large values of g, the external field begins to oscillate inside
the excited nucleus, and the probability of dipole excitation
is significantly reduced. In the investigated process, the
maximal values of ¢ reach 3 F ', and it is obvious that the
fraction of g values for which the condition g<R ;' holdsis
relatively small. This circumstance made it possible to ig-
nore the contribution of the dipole excitations in the studied
process.

Finally, ignoring the nucleon-nucleon correlations
(G{” (k) =0), we give the expression for the differential
cross section d’o, /dE,d}., retaining as independent vari-
ables E, and E,, and the angles 8, and 6 ;’, which determine
the directions of the vectors k and k;”, respectively (it is
assumed that k' = 0):

dyay aky

= @) pla) (a2
dEy d%y (2athc)d K S dQM Y | Uy (q) |® (e3ky"

+ o2 ek — 2a1oczkfi"')k}“) cos 95.“) — 20,05 %Pk cos By

+ 2oty cos — (@15 cos By — ok cos B—agk)?). (52)

Here

Gy = Hy—Kp, Cg==Hg—Kg, Oy Ky}

B2 -1
xlznczafgp)(k)[ﬁ'v— T, (2K ('059-—}:9)] ;
7. (P} / __ﬁ'z
uy=neZply!” (k) (Aa/e) | Bv——77

-1
X (2k{*k e0s 0y — Ek}‘”k cos 0 — k“)] s
hi2 ~=d
= RicZo 1P (k) [E? —oar (2 kcos 6 +k~):| .
g= (kg")zqtkf,")z—;kz—%g“)k €05 0y —
— ZkQ“)kf;“) cos BS,“)+ 2!-:5,“}]»* cos 0)1/2;
cos 0= cos By cos 83 | sin By sin 04" cos (py— gi).
Here k" =#""2M E)'* k= E /he,and to find k (it
is necessary to solve the equation

k}aﬁ: kga)2—2ﬂfa»£w"ﬁ2—qﬂAa"Ab-
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