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The main characteristics of processes involving the emission of high-energy particles—the total
cross section for their production, the energy spectra, and the angular distributions—are
considered. The emission of high-energy neutrons is compared with the emission of charged

particles. A study is made of the distribution of the an

gular momenta between the products of

reactions accompanied by the emission of high-energy particles, and also of the possibility of
determining the spins of the residual nuclei. The correlations of the high-energy particles with
the other reaction products are considered. Some applications of reactions with the emission of
high-energy particles for obtaining and studying the properties of exotic nuclei are discussed.
The main theoretical approaches to the explanation of the emission of high-energy particles are

briefly described.

INTRODUCTION

The study of the emission of high-energy charged parti-
cles and neutrons in heavy-ion reactions has considerable
independent interest. This is explained both by the unusual
production mechanism of these particles and by the possibi-
lities that these as yet little studied processes open up for
obtaining nuclei with different properties ( heavy and super-
heavy weakly excited nuclei, rapidly rotating nuclei, nuclei
with large deformation, etc.).

Itis well known that the strongly inelastic interaction of
two complex nuclei, characterized by significant changes of
the nucleon composition in the exit channel of the reaction,
is, as a rule, associated with redistribution of the kinetic en-
ergy between the internal degrees of freedom of the nuclei
that are formed. The limiting case of this process is the for-
mation of a compound nucleus with a lifetime exceeding by
several orders of magnitude the characteristic time of the
internuclear motion of the nucleons (7, ~107*3sec). Some
general features of the decay of the system that is formed can
be well described in the framework of statistical theory.
However, it was noted long ago that it is not possible in the
framework of statistical models to describe all the measura-
ble experimental characteristics of compound-nucleus de-
cay. The discrepancy between the statistical calculations
and the experimental values increases with increasing ener-
gy of the bombarding ions, As an illustration of this we can
take the excitation function for the reaction 176 w(#Ne,
axn)'** =% Au shown in Fig. 1. It can be seen that in the
region of high excitation energies there is a significant differ-
ence between the experimental excitation function and the
one calculated by the statistical model. This difference is due
to the production of @ particles with cross sections and ener-
gies appreciably greater than those expected on the basis of
the evaporation decay model of the compound nucleus.

More than 20 years ago measurements of the energy
spectra of the protons and & particles produced in reactions
with accelerated '>C and N ions on a '"Au target enabled
Britt and Quinton' to show that two components can be
identified in the energy spectra of the a particles. One is due
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to the evaporation of & particles from the compound nu-
cleus. The spectrum of these o particles has the form N (E,)
~E,0.(E,)exp( — E,/T), where Tis the temperature of
the nucleus, and the angular distribution is symmetric with
respect to 90° in the center-of-mass system. The second,
harder component in the a-particle energy spectrum had an
angular distribution directed forward and a velocity spec-
trum of the form P(v) ~v? exp( — v*/v%) with a maximum
of the distribution near the velocity of the bombarding ion.
The a-particle production cross section measured in their
work at forward angles was found to be considerably greater
than the proton production cross section, whereas at back-
ward angles the ratio of the proton and a-particle cross sec-
tions corresponded to the value calculated in the evapora-
tion model. The authors interpreted this interesting result as
due to breakup of the a-cluster bombarding nucleus in the
field of the target nucleus. However, subsequent experi-
ments made with heavier ions (4,>20), whose structure
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FIG. 1. Excitation functions for different entrance channels of the

'"Lu + **Ne reaction. The continuous curves are calculated in accor-
dance with the statistical model.
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TABLE I Ratio of cross sections o, for production of a particles to the total cross section

oy for different reactions.

lon Refer- | 7 Lon Refer-
Reaction ;;‘:FY, | 9e/%R it | Reaction '31\:;:;’8)’: 19a/%r Pl
0

13 |- 209Bj 16 | 0.60 | [ | ®Net-2:Th | 1240 | 0.1 | [14]
12( - 200} 105 0,37 (1] 40Ay 4-1168p 274 0,49 112]
12G4-197Au 126 0:53 1] 40AT--197Ay %Z’S gig ﬁ%}
18N - 197Ay 147 0.46 1] 40A7 - 197Au 4
1“0-—{|:197Al] 168 0.47 [1] 22Ar-+-181Ta 178 0,44 131
160 -1 209B; 168 | 0.44 | ]

differs appreciably from the a-particle configuration of nu-
clei of the '2C or 160 type, showed that the cross section for
the production of high-energy particles can constitute an
appreciable fraction of the total reaction cross section.
Moreover, as was shown in Refs. 2 and 3, the large integrated
cross section for the production of a particles in heavy-ion
reactions does not prevent the emission with high probabil-
ity of other more complicated charged particles and protons.

Here and in what follows, by high-energy particles we
shall understand particles whose yield appreciably exceeds
the calculated value at the corresponding energy in the evap-
oration model. Heavy-ion reactions are usually classified in
accordance with the impact parameter or the entrance angu-
lar momentum. From zero angular momentum up to some
critical angular momentum / = [, the main reaction chan-
nel is the production of a compound nucleus as a result of
complete fusion of the colliding nuclei. Y At the largest angu-
lar momenta [/ ~I,, corresponding to grazing collisions, for
which the nuclear forces only begin to be manifested, direct
processes take place. Finally, at impact parameters corre-
sponding to the range of angular momenta between /., and
I, various deep inelastic processes take place.*™® It is natural
to attempt to relate reactions with the emission of fast parti-
cles to one of these basic reaction channels and use this con-
nection to interpret some of the features of these reactions.
Thus, the energy shedding in deep inelastic transfer reac-
tions and also the angular momentum of the products of
these reactions are explained in Ref.7 by means of the emis-
sion of light particles accompanying these processes. Some
deviations of the decay characteristics of the compound nu-
clei from ordinary statistical models® and the kinematics of
the emission of their fission fragments, which is some cases
appear to correspond to incomplete momentum transfer,”
are also interpreted using data on the emission of light parti-
cles.

The question of the sources of the emission of the light
particles and their connection with the main reaction chan-
nels was considered in some detail in Ref. 10. Therefore, the
main task of the present review will be to systematize the
experimental data on the emission of high-energy particles
in heavy-ion reactions obtained recently in various laborato-
ries, in the first place the Laboratory of Nuclear Reactions at
the Joint Institute for Nuclear Research at Dubna, with a
view to elucidating the mechanism of their production and
also the possibilities of using these processes to obtain nuclei
with unusual properties and to investigate them.
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1, CROSS SECTIONS FOR THE PRODUCTION OF LIGHT
CHARGED PARTICLES IN HEAVY-ION REACTIONS

In reactions with heavy ions with mass upto4, <40 and
energy up to 10 MeV/nucleon, & particles are produced with
a large cross section. Table I gives the a-particle production
cross section relative to the total reaction cross section oy
for various target-bombarding-ion combinations.

The total reaction cross section was calculated in accor-
dance with the expression og =7R*(1 —Vco/Ecms)s
where R =ry(A* +A4%?)+05 F (4, and 4, are the
masses of the target and the ion, and V¢, is the Coulomb
barrier). It can be seen that the a-particle production cross
section reaches, and in some cases even exceeds, half the
total reaction cross section. The yield of these particles de-
pends on the energy of the incident ion and, as was shown in
Ref. 13, increases exponentially with increasing energy of
the bombarding ion.

In inclusive measurements, it is rather difficult to sepa-
rate all the components in the particle spectrum; however,
using the angular distributions, one can separate the evapo-
ration component and assume that the remaining & particles
are the product of direct processes.

As was shown in Refs. 14 and 134, the number of evapo-
ration a particles increases linearly with increasing excita-
tion energy. In that work, an investigation was made of the
formation of a compound nucleus following a collision of s
ions with '®*W nuclei, the excitation energy being varied
from 57 to 142 MeV, which was accompanied by an increase
in the cross section of evaporation particles from 5 to 28% of
the fusion cross section.

Figure 2 shows the dependence of the yield of direct
particles on the energy above the Coulomb barrier of the
colliding nuclei, calculated for one nucleon. The resulting
smooth curve indicates the existence of a threshold for the
emission of such particles, above which the cross section for
their production increases rapidly and then, above an energy
of about 5 MeV/nucleon, remains at one level. A similar
conclusion was also drawn in Ref. 16, in which it was noted
that there must exist a certain relative velocity for realiza-
tion of the emission of direct particles.

With a relatively high probability and above a certain
threshold energy of the bombarding ion, other light charged
particles—d, ¢, He, and the nuclei of the light elements Li
and Be—are formed in direct processes.

Table II gives the cross sections of the isotopes of the
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FIG. 2. Dependence of the yield of particles on the energy ¢ above the
Coulomb barrier of the colliding nuclei. Data from different studies are
indicated by the following symbols: Open circles from Ref. 1, open squares
from Ref. 12, the cross from Ref. 3, open triangles from Ref, 13, and black
circles from Ref, 15.
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elements from H to Be, measured in Ref. 17 for the
"*'Ta + **Ne reaction. In the same table we give the calcu-
lated cross sections obtained by means of the phenomenolo-
gical “sum-rule” model of Ref. 18. This model is based on
the assumption of mass transfer of a fragment of the projec-
tile nucleus to the target nucleus. It can be seen from the
table that there is good agreement for the production cross
sections of some particles as measured experimentally and
predicted by the model. In all probability, contributions of
different processes may contribute to their production cross
section. In all experiments with heavy ions, an enhanced
contribution of @ particles compared with other charged
particles, including protons, was observed. There is no un-
ambiguous explanation of this phenomenon, although in
some studies the enhanced a-particle yield is explained by
their low binding energy in other nuclei or by the existence of
clustering. It was shown in Ref. 19 that compound nuclei
with high angular momenta can emit complex particles with
a probability much greater than that predicted by the classi-
cal evaporation model. Measurements made by a group at
Stony Brook*® showed that at ion energies around 10 MeV/
nucleon and higher the heavy compound system, having no
fission barrier, emits lighter particles with a greater prob-
ability than fissioning. In Ref. 21, it was shown that the cross
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FIG. 3. Energy spectra of & particles measured at different angles for the
""TAu + 2*Ne reaction. The continuous curves are drawn through the
points, and the broken curve is a caleulation in accordance with the statis-
tical model.

section for the production of light particles in heavy-ion re-
actions can be described by the so-called Q.. systematiza-
tion, i.e., the cross section for the emission of different iso-
topes of a given element is proportional to exp(Q,, /T) (@,
is the difference between the masses of the initial and final
nuclei, and T is the temperature of the system).

Thus, further study of the cross sections for the produc-
tion of light charged particles in reactions with heavy ions
can help to give new information about the mechanism of
this process.

2. ENERGY SPECTRA OF LIGHT CHARGED PARTICLES

Despite the variety of reaction channels with which the
emission of light particles can be associated, important in-
formation about the mechanism of their production can be
obtained from measurements of the inclusive energy spectra
at different angles. The first experiments to measure the en-
ergy spectra of a particles, made using the U-300 cyclotron
of the Laboratory of Nuclear Reactions at Dubna with a
telescope of semiconducting AE-E detectors as a detecting
system, revealed an appreciable difference between the ex-
perimental spectra and those calculated using an evapora-
tion model.* Figure 3 shows the energy spectra of the a

TABLE II. Experimentally measured cross sections for the production of different iso-
topesin the "*'Ta + **Ne reaction'” and cross sections calculated in the sum-rule model, '®

Cross section p d t 3He « 6He fHe
Oerpr 107% cm? 12.2 | 16.8 | 14,0 | 0.65 | 460 | 1.4 | 0.002
Oy 10-27 om? 22,5 | 3.6 |3,02 (0.57 | 270 | 0.8 | 0.0008
Cross section OL{ TLi BL{ 9L{ 9Be | 10Be
Terp, 10777 cm? 1.3 3.5 0.55 | 0.066 | 9.0 | 6.5
Ooqir 10777 cm? 2.3 5.2 0.22 0,47 9.8 | 5.5
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FIG. 4. The AE-E matrix taken for the '*?Au + **Ne (178 MeV) reaction
at @, = (0 + 2)°. The telescope of semiconducting AE-E detectors was
set up in the focal plane of the magnetic spectrometer.

particles for the '’ Au + 2?Ne reaction measured at different
angles. In the same figure, we give for comparison the calcu-
lated spectrum of the evaporation & particles from the com-
pound nucleus. It can be seen that the experimental and cal-
culated spectra differ strongly. These data confirm the
previously known fact of a significant increase of the yield of
a particles in the region of small angles in heavy-ion reac-
tions. In addition, it follows from these data that there is a
relatively high probability for the production in the reaction
of a particles with velocities exceeding by several times the
velocity of the bombarding ions, the spectrum becoming sig-
nificantly harder with decreasing detection angle. Thus, the
most energetic & particles are emitted along the direction of
the primary ion beam (6 =0°). In this connection, it was
necessary to place the detector at the angle 0° in the experi-
ments to measure the emission of high-energy particles.
Methodologically, such an experimental arrangement
involves certain difficulties because of the heavy loading of
the detectors by the nuclei of the bombarding beam. In order
to separate the reaction products from the beam at forward
angles, it was necessary to use a separating device in the
experiments. In those made at Dubna, the magnetic
spectrometer MSP-144 was used for this purpose. The
spectrometer is a wide-range magnetic analyzer with
stepped poles. The energy range of the reaction products
that could be detected by the spectrometer was E,../
E.;, = 5.2 with energy resolution AE/E = 5.10~* The
spectrometer had good linearity of the focal plane over its
complete length of 1500 mm, and alsoa linear dependence of
the dispersion and resolution on the position in the focal
plane. The solid angle of the spectrometer was 5 msr and the
deflection angle of the particles was 110.7°. The particle de-
tector employed was either a system of telescopes of semi-
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conductor AE-E detectors or a position-sensitive ionization
chamber. This system of analysis and detection of the light
particles made it possible to measure the energy spectra of
the @ particles in the range 25-120 MeV. The maximal ener-
gy of the particles that could be detected by the spectrometer
was E,., = 120 Z 2, /A o Where Z,, and Ay, are the
effective charge and mass number of the detected particle.
The use of the magnetic spectrometer to detect the light
charged particles made it possible to work at forward angles
with beams of high intensity (up to 510" sec™") and, thus,
to measure the energy spectra of the particles up to energies
for which the yield was 10~°-107* of the maximal yield.

In Fig. 4 we show as an example the two-dimensional
spectrum of charged particles with A<4, measured by one
telescope of semiconductor AE-E detectors at a definite ri-
gidity of the magnetic field. The employed system made it
possible to separate and identify reliably the different light
particles. We consider now the characteristic features of the
energy spectra measured by means of the method described
above.

102 chl|||
'

OD
70" ﬁ%
70° \ -
2] s
10%(»107")
S| 8 B9

181, 4+ 22
(178 MeV)

o 26/ 2 E, 107" .cm2.MeV st

=4 \
70 ' | ;) 0 3
, v.l 20%10")
L. \e
07 b 4
\
o 0
-6 g0 407 %
7071 (x1073) (<10
ol .
708 el
76° |+ |

il

70 | 1 1
0 20 40 60 80 100 120 140
E s MeV

FIG. 5. Energy spectra of a particles measured at different angles and
represented in the center-of-mass system. The continuous curves are
drawn through the experimental points, and the broken curve represents
the results of a calculation in accordance with the evaporation model for

the angle 90°. The arrow at the top shows the energy corresponding to the
exit Coulomb barrier.
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Most probable energy of the particles

At energies of the bombarding ions lower than 10 MeV/
nucleon, the Coulomb potential energy plays an important
part in the interaction of two complex nuclei. It significantly
reduces the kinetic energy of the bombarding nucleus in the
entrance channel, and also changes the energy of an emitted
particle. Practically all the energy spectra of light charged
particles measured at backward angles (6>90°) have a maxi-
mum coincident with the exit Coulomb barrier for the given
particle. This result is interpreted in the framework of an
evaporation model of the compound nucleus. At the same
time, it must be borne in mind that for the considered bom-
barding energies particles evaporated from an excited prod-
uct of the transfer reaction can also have a maximum of the
distribution near the exit Coulomb barrier for the compound
nucleus. This can be shown by considering the kinematics of
the products in the laboratory coordinate system and adding
the velocity of the particle to the velocity of the emitter nu-
cleus.

The position of the maximum in the energy distribu-
tions of the light charged particles measured at forward an-
gles is displaced in the direction of the energy corresponding
to the velocity of the incident ion (Fig. 5). The most prob-
able energy of the particles emitted in heavy-ion reactions
can be estimated in the framework of the sum-rule model. '®
Using the assumption of this model—that the introduced
angular momentum is distributed between the emitted parti-
cle and the residual nucleus in proportion to their masses—
one can extend this assumption to the momentum transfer.!”
Then the particles emitted at angle # with mass number A,
carry away momentum Py = P cos 8(4, /A, ), where P, is
the momentum of the incident particle after it has overcome

the entrance Coulomb barrier Vo (R), A, is the mass of the
incident particle, and 4, is the mass of the emitted particle.
If we take into account the binding energy E, of the particle
in the incident ion, and also the dissipation energy E,,
which is an adjustable parameter of the model and takes into
account the possibility of heating of the target nucleus, we
can obtain an expression for the most probable energy of the
emitted particle:

Ex=Eco(R)+ (Ep—Voo(R)— E,—Ep) f;f—cosze—En,(l)
where E -, (R) is the exit Coulomb energy of the particle, E,
is the c.m.s. energy of the incident particle, and E is the
recoil energy.

The most probable energies of the emitted particle cal-
culated in this manner agree with the experimental values
for different particles irrespective of the angle of observa-
tion."” It follows from Eq. (1) that at high energies of the
incident ion the maximum of the energy distribution will
approach the energy corresponding to the velocity of the
incident ion, while at small E,, the most probable energy will
be basically determined by the Coulomb term E co (R). It
should here be noted that the sum-rule model also predicts
with good accuracy the cross section for the production of

light particles in reactions with accelerated heavy ions with
Ap < 20. 17,23

Slopes of the energy spectra

All the energy spectra of the light charged particles fall
off exponentially at high energies. The slope of the exponen-
tial curve depends strongly on the energetics of the reaction
and on its mechanism.?® Therefore, from the slopes of the

TABLE III. Characteristics of the energy spectra of different isotopes formed in reacti_ons with *2Ne heavy ions on d:ﬁ‘ere.nt targets;
E, o port 18 the energy at the maximum of the spectrum, V., is the exit Coulomb I:_oarr[er, FWHM and T.q are the half_Md:tj.l (?f tﬁe
energy spectrum and the effective temperature, do/d() is the differential cross section for production of the isotope, and E &, is the
calculated kinematic limit (all quantities are given in the center-of-mass system).

181Ta + 22Ne (E =178 MeV ) 232Th - 22Ne (Ep, = 178 MeV/)
da al
Falr Evauans | Voos | PNEM, 1 7o = ESleo | Bagpaisod Voas | OWEM,| Fe, i qu"é'\? .
'°¢ | MeV MeV | MeV MeV | 10-27cmz/sr| MeV Me MeV | MeV MeV | 10727cm2/gr|
P 10 11.5 7 4,0 238 120.3 11 13 T ?g zgg 183,%
d 12.5 11,0 8 4.9 33 143,3 16 12,5 18 i 99.4
t 13.5 10.8 10,5 5.4 21 112,1 21 12,3 25 — 110 99’8
3He 295 21.8 16 4.7 1.2 112.7 — 24,3 19 4.5 4.8 114‘6
iHe Db 21,0 13 5.6 725 125.,2 26.5 23.9 18 74 2050 -
SHe 28.5 20,4 14 74 {7 110.,9 35 23.2 29 12,8 .8 18?,3
8He - 19.9 — — — 94,6 29,5 22.8 6 3.3 0.0043 a .0
SLi —— 30,2 - 8.7 — 115.4 49 34.4 14 5.9 7.9 1 5.ﬁ
7Li — 29.8 — 5.8 — 115.1 47 34,1 17 81| 44 106.
8Lj{ - 29,5 - 5.1 — 107.9 48 33.8 20 10,7 0.7 101.7
9Be — 38,6 — 7.0 — 147.6 — 44,2 — b - 11?.5
10Be — — — — — — - 43.9 — 5.5 —_ 114.3
Ti + 22Ne (F, = 178 MeV ) Ti + 22Ne (E, = 196 MoV )
r- do cal do Feal
It:;;e Ema:.parl s VCU' FWHM’ Teﬂ! aq Ema" ' Emax‘paﬂ ' VCGI FWHM, Teﬂ » 72%1& ’ 5 Emax
MeV MeV | MeV MeV | 10-27cm2/sr| MeV MeV MeV | MeV MeV | 10727 cm2/sri MeV
g — 5 — 4.3 — 113.4 16,5 10,5 15 4,3 4.4 127.9
A%{lg 13 }823 13 | 4.8 738 124.5 14 10.3| 14 | 5.2 510 137.8
SHe TTh 9.9 16 5.9 1,2 104.2 20 10,0 18 5.4 0,3 '115_-%
8He 16,5 9.7 258 3.5 0,0062 84.2 — 9.7 — 2.5 - 93.9
b B 20 14,4 —_ 4,0 — 106.9 24.5 14.5 15 4.2 ?.5 116.5
"Li 24,5 14,2 —_ 4,5 — 104.6 25 14.3 16 4.8 2.6 116,
8Li 25 14.0 —_ B0 — 95.1 25 14,1 18 4.8 017 106.1
9Be i 17.9 - 3,0 — 103.2 —- 18.0 — 4.0 — 11?.5
19Re 3 47,7 — 4,3 - 100.6 36 17,8 - 441 — : 111, A
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FIG. 6A. [ Translation Editor's Note. This figure appeared without a caption in the Russian edition. ]

spectra it is possible to extract important information about
the interaction of two complex nuclei.

In the case of particle evaporation from a compound
nucleus, for which a uniform energy distribution between
the nucleons can be assumed, a thermodynamic approach is
usually employed to describe the spectra. In accordance
with this approach, the energy distribution of the emitted
particles can be expressed in the form

N, = NyE, 0, (E,) exp (—E,/T), (2)

where N, is a constant coefficient, E, is the energy of the
emitted particle, and o, (E, ) is the absorption cross section
of the particle.

In reactions with heavy ions, the energy spectra of light
particles (n, p,a) observed at backward angles or at low
bombarding energies can be well described by the expression
(2). In this case, the parameter T'is intimately related to the
excitation energy (E *) of the compound nucleus by the rela-
tion T = (E */a)'/?, where a is the level-density parameter.
Without interpreting the parameter T as a temperature and
regarding it as an adjustable parameter that characterizes
the slope of the energy spectrum, it is possible to find its

70 Sov. J. Part. Nucl. 17 (2), March-Apr. 1986

value for any spectrum, using Eq. (2). Table III gives the
values of the parameter T obtained in Ref. 2 for different
reactions accompanied by the emission of different particles.
As can be seen from the table, the effective temperature in-
creases for a given element with increasing mass of the target
and mass of the emitted particle (the *He nucleus is an ex-
ception).

The energy spectrum of the light particles becomes
harder with decreasing angle of their emission. Figure 6
shows the energy spectra of nuclei with Z = 1-4, measured
in Ref. 3 by means of a magnetic spectrograph at different
angles. Comparison of the experimental energy spectrum of
the light particles with those calculated in accordance with
the evaporation model shows that in all the spectra mea-
sured at forward angles an appreciable contribution of the
pre-equilibrium component is observed, irrespective of the
energy of the bombarding ions up to angles 90°. As was
shown in Ref. 3, at angles greater than 40° particles with
Z > 3 were not observed at the sensitivity level of the experi-
ment [1073% ¢cm®MeV ~'.sr~']. This indicates that these
nuclei are produced in the reaction only in the direct process.

In Ref. 25, a smooth dependence of the parameter 7" on

Penionzhkevich et al. 70
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FIG. 6B. Energy spectra of lithium and beryllium isotopes measured in the
drawn through the experimental points.

the angle was obtained in the description of the energy spec-
tra of @ particles produced in reactions with "N ions at dif-
ferent angles. At forward angles, the so-called experimental
“temperature” greatly exceeded the equilibrium tempera-
ture. It was only at angles greater than 170° that the two
values were equal. It was concluded that such behavior of the
temperature can be explained by assuming the existence of
an evolution of the excitation energy from the initial phase,
when there is a small number of excited nucleons localized
on the surface of the nucleus, to the final stage, when the
excitation extends to a large number of nucleons, this lead-
ing to a decrease in the temperature. Such an explanation of
the reaction mechanism was proposed by Weiner and Wes-

""!'Ta + *Ne (E, = 178 MeV) reaction at different angles. The curves are

trém,*® who introduced for the first time the concept of a
“hot spot.” This approach was subsequently intensively de-
veloped in Ref. 27-29.

Transforming Eq. (2) for a moving system, Awes et
al.***2 achieved a satisfactory agreement between the calcu-
lated and experimental p, d, ¢, and & spectra obtained for the
interaction of accelerated 'O ions (310 MeV) with heavy
nuclei. In Ref. 32, the temperature 7" was observed to in-
crease linearly with increasing projectile velocity. This fact
was explained in the framework of the Fermi-gas model.
Writing the temperature in this case as

T = (2myudep/n?)l/2

(3)
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N ¥ -1‘-‘-“—-{._ & ?</ "‘;—,o FIG. 7. Diagram of Lorentz-invariant cross section for a
g TR e 1"4:/ N \/ ?fr particles from the "'Ta + **Ne reaction. The curves are
X \ /YN

drawn through points with the same values of (1/P) (d 2o/

nucleus and the velocity of the source that contributes to the
emission of & particles at forward angles; vy and v, are the
longitudinal and transverse components of the a-particle ve-
locity.

; P o Zo_ dQ) dE). The arrows indicate the velocities of the compound
d \t’{\ x-’ ‘r'_
/ N
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L | - - O IO | I L Lokl ] l
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(m, is the nucleon mass, v, is the relative velocity of the
incident ion, and & is the Fermi energy), values of T'close to
the measured values were obtained.

Information about the source of the particles can be
obtained from the velocity diagram, the experimentally mea-
sured cross sections (d *o/dEdQ),,, being transformed to
the Lorentz-invariant form (d’c/PdEdQ), where
P=\2mE . Figure 7 shows the diagram of the invariant
cross section for the a particles produced in the
181T4 4+ 22Ne reaction as obtained in Ref. 3. For clarity,
these cross sections are shown in their dependence on the
velocities v and v, . An analysis of the data made by means
of this diagram showed that two particle sources can exist.
The velocity of one source is equal to the center-of-mass ve-
locity (v., = 0.0143¢c); itis associated with the emission of
particles at backward angles. From the distribution of the
particles in the forward hemisphere, it is possible to deter-
mine the velocity of the other source: v, = 0.053c. This value
is close to half the velocity of the incident particle after it has
overcome the Coulomb repulsion (v,~0.089¢). Thus, using
a fairly simple kinematic analysis of the data, one can show
that in principle several particle sources can exist when two
complex nuclei interact at energy around 10 MeV/nucleon.

Using the concept of a source temperature, one can ob-
tain other characteristics of the process of light-particle
emission. For example, using the dependence of the param-
eter 7 on the particle emission angle, we can estimate the
time of rotation of the system until emission of a particle. In
Ref. 3, in which it was assumed that there is a change in the
temperature as a function of the time** in accordance with
AT = AT, exp(At /7) (At is the interval of time and 7 is a
constant), an estimate was made of the velocity of the hot
spot in the case of bombardment by 22Neions (178 MeV) of
18174 nuclei, which for this case was found to be about 10
rad/sec, and of the mean value of the rotation angle of the
system, which was 40°. Using the assumption of a peripheral
collision and a rigid-body moment of inertia, the lifetime of
the hot spot was found to be 7.107** sec.

At the same time, all arguments relating to the interpre-
tation of the slope of the energy spectrum and its relation to
the temperature of such a source become meaningless if the
spectrum has several components with nearly equal intensi-
ties. Such a possibility was demonstrated by the measure-
ment of the spectrum of a particles with simultaneous sepa-
ration of the channel of the xn reaction by coincidence with y
photons in the ''*Sn('°0, axn) reaction (125 MeV). The a-
particle spectrum was observed to have two maxima—one
with an energy close to the exit Coulomb barrier for the o
particle, the other at an energy corresponding to the beam
velocity, the intensities of these components depending to a
large degree on the reaction channel.'® There are a number
of other factors which indicate a possible error in interpret-
ing the slope of the spectrum as the temperature of the nu-
cleus. In Ref. 34, measurements were made of the energy
spectra of neutrons in coincidence with nuclei as transfer-
reaction products. The inclusive neutron spectra differed ap-
preciably from those calculated in accordance with a statisti-
cal model of evaporation from a compound nucleus.
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However, the study demonstrated the evaporation nature of
these neutrons, emitted from moving heated products of
transfer reactions. Separating in the energy spectra the com-
ponents associated, respectively, with the light and heavy
products, the authors showed that the corresponding spec-
tra have in their rest systems slopes agreeing with an equilib-
rium temperature (2-3 MeV). An analogous result for pro-
tons and a particles was obtained in Ref. 35in the case of the
interaction of “°Ar ions (280 MeV) with 58N1 nuclei.

There is another approach to the interpretation of the
slopes of the spectra. For example, a model was proposed in
Ref. 36 in which fragmentation of the bombarding ion at
energies of a few MeV in the field of the target nucleus was
assumed. In accordance with this model, the angular and
energy distributions of the particles are determined by the
momentum P, of the incident ion, and also by the mean
internal momentum Py of a nucleon at the Fermi level by
means of the expression exp[ — (Pg — (mg/my) P, Y2 /o],
where m;, is the fragment mass, m,, is the mass of the bom-
barding nucleus, and o= (PE/5)mi(m, —mg)/
(m, — 1). Despite the fact that such an impulse approach to
the interpretation of the inclusive spectra gives good agree-
ment with the experimental data only at high energies, Lee
and Wu®’ used it in the low-energy region. In such an ap-
proach, the slope of the energy spectrum does not have the
meaning of a temperature but merely determines the accessi-
ble phase space. However, in Ref. 38 an attempt was made
formally to relate ¢ to a temperature, and this yielded the
dependence o =mT (4 — 1)/4, where m is the nucleon
mass and 4 the mass of the system.

Maximal energy of light particles

The exponential decrease of the energy spectrum de-
scribed by the expression (2) must extend to a limit deter-
mined by the reaction energetics. The investigation of the
energy spectra of light charged particles near the limiting
energies at limiting angles is a complicated methodological
problem because of the need to separate a process that takes
place with a cross section <107 cm? on the background of
reaction products produced with a cross section 6-7 orders
of magnitude greater. The use of a magnetic spectrometer
and intense heavy-ion beams (up to 1.5-10"% sec™!) made it
possible for the authors of Refs. 2, 3, and 24 to achieve a
record sensitivity for such experiments (of order L
cm2-MeV ~L.sr— 1) and to investigate the production of high-
energy particles and nuclei with the maximal energy possible
for the given reaction. As can be seen from Fig. 7, which is
taken from Ref. 24, the a particles emitted in the
232Th + *OAr reaction (E, = 220 MeV) do indeed reach the
limit determined by the energy and momentum conservation
laws. The arrow in Fig. 8 shows the so-called kinematic lim-
it, which is calculated under the assumption of the existence
of two nuclei in the exit channel using the energy balance of
the reaction:

Ecms =E;m§ —‘Qgg'—ER (4)

max

(E ™ is the c.m.s. energy of the projectile ions, Eg is the
recoil energy, and Q,, is determined by the difference
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TABLE 1V. Calculated values of O

of the reaction, the Coulomb repulsion energy

Fcoa-s of the nuclei, and the maximal energy of the a particles in the cm.s., EJ®  and

laboratory system, £ aoax s for different exit channels of the reaction.

Reaction (1) (2) (3) (€3} (5) (6)

B —31.0 | —9.7 15 | %7 | 1m0 | —

B — | 5 8.3 | 168.8 | 179.5 .

e 125.2 | 76,9 4.4 82.9 88.4 —

gav 139.3 | 88.1 85.4 94.5 | 100.4 | ~60
I

between the masses of the initial and final products). It fol-
lows from the experimental data obtained on the maximal
energies of & particles in heavy-ion reactions?* that this ener-
gy is only a few MeV below the maximal possible energy
(Enax ) that the *He nucleus can carry away. Such a situa-
tion can arise only when the incident ion transfers almost the
entire momentum to the emitted particle, the remaining
mass being absorbed by the target nucleus. A calculation
shows that the formation of any third product in the exit
channel of the reaction leads to a significant decrease of the
maximal energy of the emitted particle possible for the given
reaction. Table IV gives the results of calculations of the
maximal possible energy of @ particles produced in different
channels of the '*'Ta + 2Ne reaction®: in the two-body pro-
cess with the *“He and '*°T1 nuclei in the exit channel (1), for
disintegration of the **Ne projectile into an a particle and an
80 nucleus (2), knockout of an @ particle from the target
nucleus (3), symmetric and asymmetric fissioning of the
**Bi compound nucleus with simultaneous emission of an o
particle (4 and 5), and emission of an & particle from one of
the fission fragments of the compound nucleus (6). It can be
seen from the table that in the three-body processes the max-
imal energy of the third particle is appreciably reduced, de-
spite the fact that @,, in many cases is smaller because of the

102
@
222Th 4 22Ne (178 MeV)
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FIG. 8. Energy spectra of @ particles measured at 0° from the reactions
*2Th + “*Ar (220 MeV) and ***Th + 2Ne (178 MeV'). The arrows indi-
cate the greatest possible energies of the & particles calculated for two-
body kinematics.
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energy of the Coulomb repulsion of the nuclei (V$5). Thus,
the formation of & particles with energy £, > 100 MeV in
the '*'Ta + **Ne reaction is possible only in a two-body pro-
cess. The same conclusion also follows for the emission of
other high-energy charged particles. The values of the maxi-
mal possible energy calculated under the assumption of a
two-body process (Figs. 8 and 9) agree well with the limiting
values of the energy spectra for many of the investigated
reactions. Correlation experiments, the results of which are
given below, confirm this important conclusion.

The cross section for the emission of particles with the
limiting energy depends strongly on the combination of the
colliding nuclei. Figure 8 shows the spectra of a particles
produced by the bombardment of a thorium target by the
**Neand **Ar ions. Despite the fact that the cross section for
the emission of & particles in the case of *°Ar jons is lower
than in the reaction with 22Ne ions, the cross section at
which the kinematic limit (E 3°%) is attained is several times
higher in the case of “°Ar. This fact may have a decisive

2
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FIG. 9. The same as in Fig. 8 for reactions with 22Ne (178 MeV) ions on
different targets.
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FIG. 10. Differential cross section for & particles of different energies as a
function of the binding energy of an a particle in the target nucleus for
reactions with the ions **Ne and *°Ar.

significance when such processes are used to obtain heavy
nuclei in the ground state (see Sec. 7). Analysis of the abso-
lute cross sections for the production of @ particles obtained
in reactions with different targets made it possible to find a
correlation between the cross section for the emission of
particles with energy E,, >60 MeV and the binding energy of
a particles in the target nucleus.’* Such a dependence is
shown in Fig. 10, in which the abscissa is the energy release
associated with emission of an a particle by the target nuclei
159Tp, '¥'Ta, '°’Au, **Th and the ordinate is a cross section
for the emission of @ particles with energy corresponding to
60, 100 MeV, and the maximum of the energy spectrum. The
yield of & particles increases with increasing energy release
when the e particle is stripped from the target nucleus. This
correlation is most clearly revealed for the more highly ener-
getic a particles.

When the energy of the bombarding ion is increased, it
follows from Eq. (4) that the kinematic limit for the emitted
particles is increased, as is the difference between the kine-
matic limit and the experimentally measured limiting energy
in the particle spectrum (Fig. 11). In Ref. 2, a qualitative
explanation was given for the behavior of the spectra near
the maximal possible energies for the given reaction. Figure
12 shows the relationship between the energy of the a parti-
cle emitted in the reaction ('*'Ta 4+ **Ne—a + '*°Tl) and
the angular momentum of the residual nucleus. The yrast
line for the '*°T1 nucleus determines the minimal excitation
energy as a function of the angular momentum of the nu-
cleus. The angular momentum of the residual nucleus was
calculated in accordance with the formula

lz —"H[P" (Ea_'Vu.)] (5)

under the assumption that the emission of the most energetic
a particles occurs for peripheral collisions and takes place
from the point at which the incident ion touches the target
nucleus at radius R, In this expression, ¥, is the exit Cou-
lomb barrier of the & particle and y is its reduced mass. The
limiting energy of the @ spectrum in this case is determined
by the point of intersection of the curve determined by Eq.
(5) and the yrast line. Such a representation of the mecha-
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nism of emission of the high-energy particles gave good
agreement with the experimental data. Thus, for the
18T 4 22Ne reaction at ion energy 178 MeV the calculated
kinematic limit is 125 MeV and the experimentally mea-
sured limiting energy of the spectrum is 115 MeV, in agree-
ment with the calculated value (Fig. 12). In Ref. 39, calcula-
tions were made using a direct-interaction model, and these
confirmed the interpretation considered above of the behav-
ior of the spectra in the high-energy part. At the same time, a
different explanation of the behavior of the energy spectra is
possible; it is based directly on the direct measurements of
the angular momenta of the nuclei produced after the emis-
sion of the high-energy particles and is considered below.

3. ANGULAR DISTRIBUTIONS OF LIGHT CHARGED
PARTICLES

Figure 13 shows the angular distribution of & particles
observed in collisions of 2Ne ions (178 MeV) with '®'Ta
nuclei. The shape of this distribution is characteristic for the
angular distributions of light reaction products of heavy-ion
reactions. The curve has a sharp rise in the region of small
angles and a smoother shape at large angles, beginning at
90°. As was shown in Ref. 15, the shape of the angular distri-
butions does not depend on the combination of the colliding
nuclei. The angular distributions of the @ particles measured
in Ref. 15 for two reactions ("**Sm + '°0 and '3*Sm + '°0)
at the same energy of the '°0 ions were found to be the same.
However, the angular distributions of the light charged par-
ticles depend strongly on the energy of the bombarding ions.
This can be seen in Fig. 14, which shows the angular distri-
butions of the a particles for two values of the velocities of
the '%0, '°F, and *’Neions. At low velocities of the bombard-
ing ions, when they correspond to an energy near the Cou-
lomb barrier, the angular distributions of the light charged
particles become symmetric about 90°. This was convincing-
ly demonstrated in Ref. 40, in which a study was made of the
angular distributions of the a particles in the "’Se + “°Ar
reaction and their symmetric shape was explained by the
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FIG. 11. The same as in Fig. 8, for the indicated reactions.
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FIG. 12. Angular momentum of the residual nucleus as a function of the
energy of the emitted a particle in the '*'Ta 4 **Ne reaction for two neon
energies: 116 and 178 MeV; E * is the excitation energy of the residual
nucleus, and /, is the angular momentum carried away by the & particle.

- absence in the energy spectra of the a particles of a high-
energy component. Figure 15 shows the differential angular
distributions of the a particles and protons obtained in Ref.
3. It can be seen that the angular distributions in different
sections of the energy spectra behave differently—for the
high-energy & particles and protons their angular distribu-
tions have a strong forward directionality, whereas the soft
part of the spectrum changes little with the angle. Thus, the
angular distributions of the light particles in the heavy-ion
reactions give information about the components of the
spectrum of these particles. In Ref. 41, an analytic expres-
sion was proposed for describing not only the asymmetric
part of the angular  distributions, W, (6)
= A exp( — b8 — c6?), but also the symmetric part, Wy
= B + C cos’d. A more complicated expression for the an-
gular distribution of the light charged particles was obtained
in Ref 42 W(Oems ) = Woexp[ ( 8,/2)sin’6,, |
X1o[( B2/2)sin*0,, ]. In these expressions, 4, B, C, W,,
and /3, are parameters for fitting to the experiment, and 7, is
the Bessel function of zeroth order. As was shown in Ref. 43,
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FIG. 13. Angular distribution of & particles from the '*'Ta + *Ne (178
MeV) reaction.
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the parameter 3, obtained in this manner makes it possible
to determine the angular momentum of the residual nucleus,

Of great interest is information about the intensities of
the pre-equilibrium and equilibrium components of the en-
ergy spectrum of the light particles as functions of the var-
ious reaction characteristics, including the velocity v/c of
the incident ions. Figure 7 shows the dependence of these
two components on v/c. As can be seen from the figure, the
contribution of the pre-equilibrium component begins only
above a certain threshold value of v/c.

Combined analysis of the angular and energy distribu-
tions of the light particles by means of variables invariant
with respect to Lorentz transformation also makes it possi-
ble, as already noted in Sec. 2, to separate the components of
the spectra of the particles and determine their sources, The
method of invariant transformation of the cross sections is
particularly convenient for interpreting correlation mea-
surements, as well be shown in Sec. 6.

4. EMISSION OF HIGH-ENERGY NEUTRONS IN HEAVY-ION
REACTIONS

From the point of view of the interpretation of the
mechanism of emission of high-energy particles, the investi-
gation of the emission of neutrons when heavy ions interact
with nuclei is of great interest. Neutrally charged particles,
which are not subject to the influence of the Coulomb fields,
are, as it were, “indicators” of the temperature of the nuclei
which emit them, and this is particularly important when
one is considering theoretical models describing the process
of emission of high-energy particles based on the assumption
of a source of these particles in the region of interaction of
the two nuclei.

Unfortunately, experimental data on the emission of
high-energy neutrons in heavy-ion reactions are sparse, this
being due to the methodological difficulties of performing
such experiments, which are based mainly on the time-of-
flight technique.

One of the first studies that revealed a component in the
neutron energy spectrum corresponding to high-energy neu-
trons was that of Sarantites et al.,** who measured the neu-
tron spectra for the interaction of the relatively light '*Cions
with the '*"Gd target. It should be noted that experimental
investigations of neutron spectra made at about the same
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time in reactions with the heavier ions *°Ne, **Fe, **Cu,
85K r, 132Xe (Refs. 34, 45, 48, 49, and 109) did not reveal
high-energy neutrons. In these studies, the angular and ener-
gy distributions of the neutrons could be described by as-
suming their equilibrium emission from fragments acceler-
ated in the Coulomb field.

Recently, however, in reactions with accelerated neon
ions, the emission of high-energy neutrons has been ob-
served, first in Ref. 50 in the '*'Ta + *°Ne reaction, and then
in the '%°Nd + **Ne reaction®' and the '®*Ho + *’Ne reac-
tion.>2 In Refs. 33, 53, and 54, in which oxygen and lithium
ions were used as projectiles, the emission of such neutrons
was also detected.

Thus, in the majority of studies made using accelerated
heavy ions with mass 4, >56 and energy 7-10 MeV/ nucleon
the emission of high-energy neutrons has not been observed,
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FIG. 16. Energy spectra of neutrons from the 1¥1T3 + 2°Ne reaction®® at
different angles. For the angles 0-120° the equilibrium and nonequilibri-
um components are separated.
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whereas for ions with 4, <20 it has been. It can be assumed
that this effect can be explained by the excess of the energy
above the Coulomb barrier of the reaction
[e=(E, — Vo) /4, ], which in the case of heavy ions with
mass A4, >56 is 1-4 MeV/nucleon but in the case of the
lighter ions is 5-8 MeV/nucleon. Thus, in Ref. 55, in which
the '*°Er + ®¢Kr reaction [(E — V¢, )/4, = 7.5 MeV/nu-
cleon] was studied, the emission of high-energy neutrons
was observed. All this indicates the necessity of accumulat-
ing experimental information with the aim of clarifying the
probability of occurrence of this process, this including in-
formation obtained in correlation experiments.

In Ref. 56, a detailed investigation was made of the en-
ergy spectra of neutrons in the '*'Ta + '*Cand '*'Ta + 2Ne
reactions at ion energies around 9 MeV/nucleon. These
same reactions have been well studied from the point of view
of the emission of high-energy particles, including pro-
tons.>*?* Figure 16 shows the energy spectra of the neutrons
measured in Ref. 56 at angles from 0 to 120° in the laboratory
system for the '*!Ta + **Ne reaction. The shape of the spec-
trum indicates the presence of two neutron components
characterized by quite different slopes. If the slope of the
spectrum is associated with a temperature, then the first
component, which has a lower temperature, can be attribut-
ed to equilibrium emission of neutrons, whereas the second
component can be attributed to nonequilibrium emission.
With increasing angle, the temperature of the nonequilibri-
um part of the spectrum and its intensity decrease, as in the
case of high-energy charged particles.”* However, even for
the angle 170° the temperature of the nonequilibrium part
differs from the equilibrium value (T'= 1.7 MeV). Com-
parison of the angular distributions of the neutrons for dif-
ferent sections of the energy spectrum, made in Ref. 56,
showed that the angular distributions of the neutrons with
energies above 10-15 MeV have a strong forward directiona-
lity, whereas the anisotropy of the angular distributions of
the neutrons of lower energies is weak. This indicates once
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more that the neutrons with energies above 10 MeV are basi-
cally emitted in nonstatistical processes.

The values obtained for the total cross section for the
emission of high-energy neutrons for different reactions but
at the same value of (E — V co )/M indicate a possible depen-
dence of the cross section on the mass of the bombarding ion
up to 4, = 40. Figure 17 shows such a dependence for neu-
trons and protons. It can be seen that with increasing mass of
the incident ion the cross section for the production of non-
equilibrium neutrons and protons increases for the consid-
ered reactions. Unfortunately, information being unavail-
able, it is not possible to extend this dependence to the region
of greater ion masses. It can be seen from the data in Fig. 17
that the probability of nonequilibrium emission of neutrons
is greater than that for protons, although the dependence of
the cross section on the ion mass is similar. Comparison of
the yields of the hard components in the spectra of the pro-
tons and neutrons at different angles showed that at angle 0°
the energy spectra of the protons and neutrons are nearly the
same (Fig. 18).° For angles greater than 0, the energy spec-
tra of the protons and neutrons differ appreciably. The angu-
lar distributions of the protons are more anisotropic than
those of the neutrons, and this may be explained by the influ-
ence of the Coulomb field of the system.

Thus, the characteristics of nonequilibrium neutrons
produced in reactions with heavy ions to a large degree re-
peat those of the high-energy protons (see Sec. 2), and this
can be taken as an indication of a similar mechanism of their
production in heavy-ion reactions, as will be considered be-
low.

5. ANGULAR MOMENTA OF NUCLEI FORMED IN REACTIONS
WITH EMISSION OF HIGH-ENERGY CHARGED PARTICLES
The production of light charged particles can be asso-
ciated with many reaction channels characterized by differ-
ent impact parameters or entrance angular momentum
(/™ ). However, what one determines directly in the experi-
ments are the angular momenta 7 of the nuclei, the values of
which can, in their turn, also give information about the
reaction mechanism. A value /*™ €/, or low spins 7 of the
residual nucleus (/,, is the critical angular momentum for
formation of a compound nucleus) correspond to central
collisions. Values /*™ </, or a broad distribution with re-
spect to [ in the residual nuclei indicate an evaporation na-
ture of the charged-particle emission process.”” A value
" — [, and a narrow distribution of 7 values can corre-
spond to breakup of the incident ion with subsequent cap-
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FIG. 18. Energy spectra of neutrons and protons measurcd at angle 0° in
the '*'Ta + **Ne reaction.

ture by the target nucleus of part of the ion nucleus.?* How-
ever, the three-body process with breakup of the incident
nucleus in the field of the target nucleus does not lead to
population of spins in the target nucleus (J = 0).** Thus,
study of the populations of the spins of the residual nucleus
and an estimate of /" in the channel corresponding to emis-
sion of fast charged particles (depending on the energy and
species of the particle and on the energy and species of the
bombarding ion) give information about the interaction of
the colliding nuclei.

CONNECTION BETWEEN EXPERIMENTALLY MEASURED
SPINS OF THE RESIDUAL NUCLEI AND THE ENTRANCE
ANGULAR MOMENTA OF THE REACTION

After the emission of a charged particle, the residual
nucleus, which is characterized by a certain excitation ener-
gy E¥, and angular momentum /., decays in accordance
with the same laws as a compound nucleus, i.e., the de-exci-
tation of the residual nucleus takes place mainly through the
channels corresponding to evaporation of neutrons or secon-
dary charged particles and through the fission channel.

The process of de-excitation of the residual nucleus is
represented schematically in Fig. 19. Each ith neutron
among the total number x of evaporated neutrons carries
away on the average the energy AE!, =B' + 2T, , where
B, is the binding energy of neutron / in the residual nucleus,

Eiﬁ

- —
Em

l:_rfn v

il B

By lal?.’n /.o 1 fent g

FIG. 19. Schematic representation of the emission of a charged particle
from a compound system with subsequent de-excitation of the residual
nucleus.
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and T, is the nuclear temperature of the residual nucleus;
each neutron also carries away on the average an angular
momentum Al,, the value of which can be estimated by a
calculation that uses, for example, the data of Ref. 59. After
the evaporation of x neutrons, the excitation energy of the
residual nucleus is decreased by E* =3Z7_, (B} +27)
and the angular momentum by xAl,. When the excitation
energy of the residual nucleus becomes close to Bi*!'orless,
the de-excitation process continues by the emission of statis-
tical ¥ photons, which decrease the excitation energy but do
not carry away angular momentum. As a result of the emis-
sion of the cascade of statistical photons, a level with spin
I, » =1, is populated in the residual nucleus, and subsequent-
ly the de-excitation process is terminated by a cascade of
transitions along the yrast line and through levels of the
ground-state rotational band. At the same time, all the angu-
lar momentum /, that remains after the emission of the last
neutron is carried away from the residual nucleus. For
A,, > 200, the fission channel of the residual nucleus be-
comes important after the emission of the charged particles.
In this case, the values of E, , and /., determine the angular
anisotropy of the fission fragments detected in coincidence
with charged particles.

The state of the residual nucleus with /., and E'¥, is

formed from a region of entrance states with respect to /"
and E * after the emission of a charged particle with energy
E, (Fig. 19). If it is assumed that the particle also carries
away angular momentum /,, it is possible to relate the mean
value of the angular momentum /*™ in the entrance channel
of the reaction corresponding to the emission of particle i to
the mean values of the angular momenta carried away from
the system in all stages of the de-excitation processes in an
additive manner®’:

et =1, + b+ b (6)

In the fission channel after the emission of the ith parti-
cle, /'™ can be obtained by means of the expression®'

lem o lf _Y" li' (7)

Here, [, is the mean angular momentum of the fissioning
residual nucleus.

In the expressions (6) and (7), [, and /; can be deter-
mined experimentally and /, can be obtained theoretically
with a good accuracy. The greatest uncertainty in the calcu-
lation of /™ is associated with the estimate of /;.

In Ref. 62, it was suggested that the charged particles
are emitted tangentially to the surface of the residual nucleus
in the reaction plane and therefore carry away angular mo-
mentum /; equal to the maximal possible value for the given
energy; this value can be calculated by using the formula®

L= (r/h) (20 (E™ — V™) ]V (8)

where r = 1.07(4 * +4,?) + 3.0F.

It should, however, be noted that tangential emission of
the charged particles is not strictly proven. Such an assump-
tion was adopted to obtain /™ in the chosen reaction chan-
nel close to the critical angular momenta for the formation of
a compound nucleus in the same reaction. This was done in
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accordance with the predictions of the sum-rule model.”
Thus, the expressions (6)—(8) giveif anythingan upper
bound on the entrance angular momentum. At the present
time there are grounds for believing that the charged parti-
cles are emitted from the nucleus in a wide range of angles
relative to the surface of the residual nucleus,®® and this must
be taken into account in calculating /;. This was done in Ref.
64 in the framework of a statistical model, in which, for the
180 f(12C, axn) reaction, a calculation was made of the
mean value cos @ of the angle of emission of & particles -
from a composite nuclear system:

| cos 0p (E; | =+1; (0)1) dO
S p(E; |jentt )y (@)1)de

where p (E; [I°™ +1,(8)|) is the level density of the residual
nucleus, dependent on the sum of the vectors I** and 1;.

cosfl =

Experimental methods of determining the angular momenta
of the residual nuclei

The choice of the experimental method of determining
the angular momenta carried away by the cascade of ¥ pho-
tons from the residual nucleus depends strongly on the prop-
erties of this nucleus. For even—even nuclei of the rare-earth
region, for which the levels of rotational bands can be deter-
mined experimentally for spins greater than 20, the best
method is evidently the detection of the characteristic y radi-
ation by means of high-resolution y spectrometers based on
Ge or Ge(Li) detectors and the determination of the proba-
bilities of level occupation. From the dependence of the rela-
tive probability of occupation of levels on their spin one de-
termines the mean angular momentum 77, and its variance,
the relation /, = /., holding.

This method was used for the first time to investigate
the incomplete fusion reaction '**Tb('*N, axn)'® ~*Yb at
energy 95 MeV of the ions.®> Alpha particles with energy
greater than 33 MeV were detected by a ring detector placed
at @ = 0°. Gamma radiation in coincidence with & particles
was observed by means of a Ge(Li) detector. For compari-
son, analogous measurements were made at angle 6 = 180".
Figure 20 shows the intensities of the y transitions on the
populated spin for the isotopes '°*'**Yb. The upper curve
corresponds to the high-energy « particles detected at for-
ward angles, and the lower curve to those detected at back-
ward angles. From the dependence Y (I) represented in the
upper curve it is possible to establish the distribution of the
angular momenta; this has a Gaussian shape with mean val-
ue /, =17 = 137 and with FWHM of about 27.°* The lower
curve corresponds to a broader distribution of states with a
smaller mean angular momentum 7~ (9-10)4, and this cor-
responds more to an ordinary compound nucleus.

The method described above becomes invalid if one is
studying residual nuclei with a complicated level scheme, for
example, for odd-4 nuclei, light or spherical nuclei, and nu-
clei in the transitional deformation region, i.e., it is invalid
for the overwhelming majority of nuclei. To study the popu-
lation of the spins of such nuclei, one can successfully use a
method based on determination of the parameters of the dis-
tribution with respect to the multiplicity M, of the photons
emitted by residual nuclei.®>*®
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FIG. 20. Relative intensities of transitions between levels of the ground-
state rotational bands of the nuclei '**Yb (open circles) and '**Yb (black
circles) formed after emission of @ particles in the '**Tb + "N reaction.
The upper and lower curves are obtained from measurements of @ parti-
cles at forward and backward angles, respectively.

The method is based on measurement of the spectra of x
or the ¥ radiation, and also particles for fragments that dis-
tinguish a particular reaction channel, in coincidence with
photons of a ¢ de-excitation train of the residual nucleus. As
photon detectors used to measure M, one employs Nal(TI),
CsI(T1), BGO detectors, etc., which do not provide energy
resolution of individual y transitions but do make it possible
to obtain an effectively constant efficiency (2, of photon de-
tection in a wide range of photon energies. This is important
in the analysis of the experimental data.®® The number A, of
¥ detectors used in this method can vary from one to several
tens. If one detector is used in the experiment, it is possible to
determine only the mean value (M., ), i.e., the mean number
of photons or their mean multiplicity. If several detectors are
used, one can also measure o, the standard deviation of the
multiplicity distributionp (M, ), and S, the asymmetry pa-
rameter of the distribution p (M, ).*® As a result of sorting
the experimental data with respect to the response multiplic-
ities of the y detectors, we obtain, for example, the ¢-particle
spectra ¥, corresponding to different numbers & of photons
detected in coincidence with them. The experimental mean
probabilities of k-fold coincidences are determined as

Y
(pk)__ﬁ,ﬁ‘ k=0, ...,kmax ,

where SU = Ei":“u Y,.Inthe simplest case, in which a single
¥ detector is used in the experiment, N, =k, =1, and
(M, ) can be obtained by means of the expression®’
- In (Py)
In{1—Qy) *

Analyzing the results of experiments arranged in this
manner, one can determine the angular momentum 7}, from
the multiplicity (M, ) by means of the expression

Ty=((My)—8)Fy+I,.

Here, I, is the difference between the spins of the initial and
final states of the nuclei of the target and residual nucleus,
respectively, & is the number of statistical photons that do

(Mrv) =
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not carry away angular momentum, and j—‘; is the mean an-
gular momentum carried away by one photon.

This method was used in Ref. 60 to determine the values
of (M, ) for the channels @ (3,4,5)7 in the "°Tb + N reac-
tion. It was shown for the first time in this study that for the
channel corresponding to the emission of high-energy a par-
ticles a linear relationship exists between (M., ) and 7,, :

(M) = a?m +b, a<0;

for the @3n channel (M,)= — (0.77+0.22)7,
+(27.2+42); for the ad4n channel (M,)
= —(0.73 + 0.27)T, + (19.4 + 3.6).

Identification of the reaction channel using Ge detec-
tors of x-ray radiation significantly raises the sensitivity of
the experimental method.®® This method of identifying the
channel was used to measure (M, ) for nuclei in the transla-
tional region of deformation.®

According to the data of Ref. 69, the succession of ¥
transitions in the de-excitation of residual nuclei in the tran-
sitional deformation region corresponds to several highly
converted M 1 transitions, as a result of which several x-ray
photons with mean multiplicity (M, ) must be emitted in a
single process of decay of the nucleus. Therefore, the calcu-
lation of the mean value of /, must be made with allowance
for (M, ),%i.e.,

Ty=((My)—8) fy+ (M) + 1,

For heavy residual nuclei there is a high probability of
fission after emission of a high-energy particle. Analysis of
data on the angular distribution of the fission fragments can
also give information about the angular momentum /; of the
fissioning residual nuclei.®"”® For example, the **’Bi + "N
reaction was investigated in Ref. 61 at ion energy 115 MeV,
The angular distribution of the fission fragments in coinci-
dence with & particles was measured in the reaction plane
and out of it, and the angular momentum of the fissioning
residual nuclei was determined. The method of determining
the angular momenta in experiments arranged in this way is
described in Ref. 71.

It should be noted that to detect light particles that pre-
cede fission of the residual nucleus at angle @ = 0° without
identification of the reaction plane, it is possible to use the
ordinary expressions relating the yield of fragments to their
detection angle and the value of /.7

Population of rotational levels of the residual nucleus and
entrance angular momenta in reactions with emission of
high-energy particles

Several publications have given experimental data on
the population of spins of the residual nuclei or measure-
ment of the parameters of the M, distribution, i.e., the deter-
mination of the values of /, in the p, @, Li, etc., emission
channels. As was noted in Sec. 2, many processes can contri-
bute to an individually considered section of the inclusive
spectrum. This is also true of a particular process—incom-
plete fusion reactions. For example, the channels a3n, a4n,
and a5n make comparable contributions to the spectrum of
a particles at angle 8 = 21.6° in the "*N + '5°Tb reaction
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FIG. 21. Spectra of a particles measured at angle 21.6° in the laboratory
system in the *°Tb + "N reaction at energy 95 MeV of the nitrogen ions
for the a3n, a4n, and a5n de-excitation channels of the residual nucleus.

(Fig.21).°° It can be seen from Fig. 21 that to smaller values
of x in the channel axn there corresponds a broader spec-
trum of & particles, whereas to larger values of x there corre-
sponds a narrow energy spectrum of the o particles with a
maximum at energy E, close to and even slightly less than
the exit Coulomb barrier (V3™ = 18.8 MeV), this corre-
sponding more probably to the evaporation emission mecha-
nism.

It is therefore of interest to compare the values of /,
(and (M, )) for the different channels ixn for different ener-

TABLE V. Mean multiplicities (M.} of ¥ photons for the '*Tb('*N,

gies of the particles at forward and backward angles. It is
generally assumed that the dominant contribution to the
yield of charged particles at backward angles is made by
evaporation processes.®

The authors of the majority of studies in which /, are
measured also give estimates of /*™. Despite some differ-
ences in the approaches to the estimation of /, , the majority
of studies employ the generally adopted method of calcula-
tion [see the expressions (6)—(8)], which gives an upper
bound for /™. One can compare the I*™* values for different
reaction channels ixn in a wide range of masses of the bom-
barding ions and target nuclei. As a basis for comparing dif-
ferent reactions, one usually employs a “window” with re-
spect to / for individual channels, this being calculated in
accordance with the sum-rule model.**® For the pxn and
axn channels, such a basis is frequently taken to be the criti-
cal angular momentum of complete fusion for the same reac-
tion.

As was noted in Ref. 62, the region of entrance states
with respect to/ for the '**Tb('*Na3n) reaction is a narrow,
o, ~ 14, Gaussian distribution for o particles emitted for-
ward with angular momentum close to the critical angular
momentum, [*" =407 (/,, = 374#). It was shown that « par-
ticles observed at backward angles correspond to a broader
I™ distribution, close to the / distribution in the fusion chan-
nel with a smaller value of /™.

In Ref. 60, the dependence of (M, ) on E,, is given for
the same reaction for different incomplete-fusion channels
(@3n, a4n, and a5n) for the angle 8 = 21.6° (Table V). Un-
der the assumption 7, = (M, ) f,, where £, is the mean an-
gular momentum carried away by a single photon, and
Al, = 24, values of ™ were obtained: 7<%, ~44# and 757

adn

~407, to within the errors of the experiment these being

axn)'® " *Yb

reaction at energy 95 MeV of the nitrogen ions as a function of the energy E,, .

Eomss MeV
Reaction channel Eiy
Range Mean value

a3n 14.4—16,0 15.5 12,04-2.6
16.0—19.0 17.5 12,24+1,2

19.0—22.0 20,5 12,5+1,1

22,0—25.0 23.5 13,1+1,0

25.0—28.0 26.5 14.54-0.8

28.0—31,0 29,5 14,14-0.7

31,0—-34.0 32.3 12.740.7

34.0-37.0 35,2 11,3+0.9

37.0—40.0 38,1 10.3+1.4

40.0—43,0 41,0 7.5+2,8

Complete energy range 13,040,4

aén 14.4—16.0 15,5 15.6+1,6
16,0—19.0 17.5 14.5+0,7

19.0—22,0 20.4 11,640.6

22.,0—25,0 23.3 11.1+0.,6

25,0—28,0 26.2 8.2+0,8

28.0—31,0 29.1 8.8+1.5

Complete energy range 12,0-0.4

adn 14,0—16.,0 15.4 12,0+1.4
16.,0—18,0 17.0 10.6+1.1

18,0—20,0 18,8 11,9+1.8

20.0—22.0 20.7 10,2+3.2

Complete energy range 11,3+:0.8
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TABLE VI. Mean multiplicity (M, ) of y photons as a function of the energy of a particles
measured at angle 45° in the *’Ne + '*°Nd reaction at energy 175 MeV of the neon ions.

(M?:‘

Exit reaction channel Range of energy £,, MeV

5.8—18.8 | 18,8—31.8 ‘ 31,8—44.8 | 44,8-57,8

160Ey + 6n 220 23.5 26,5
159Ky 7n 18.4 241 24.9
158 Fr - 8n 24.3 24,3 21.8
157Er -1 9n 22.0 20.2 21.6

independent of £, in the region 22<E, <40 MeV and close
to the critical angular momentum for the complete-fusion
channel in the same reaction (/,, = 37#). For the @3n chan-
nel, (M, ) is observed to rise with increasing E, up to the
energy E, ~28 MeV, after which there is a monotonic de-
crease. For the a4n and a5n channels, such a rise is not
observed. Moreover, for the @5n channel (M, ) does not
depend on E,,. This circumstance is in good agreement with
the data of Ref. 45, in which for the "*Gd('*C, axn) and
'ONd(**Ne, axn) reactions constancy of (M) as a func-
tion of £, is observed for most values of x for both reactions
with different-mass heavy ions leading to the formation of
the same residual nuclei (Table VI). The fact that (M)
does not depend on E, can, as was noted in Ref. 60, be inter-
preted as a characteristic property of the evaporation of
equilibrium « particles.

It was concluded in Ref. 73 that the structure of the
residual nucleus has a dominant influence on the process of
level population in the a-particle emission channel. This
study found (Table VII) the same population of spins of the
residual nucleus '**Yb formed in three reactions with differ-
ent masses of the incident ions; moreover, a rotational band
was observed only up to relatively low spins (/~87), de-
spite the fact that the maximal angular momenta in these

reactions differed very strongly. When the energy of the
*Ne ions was increased to 151 MeV, the populated spin was
not observed to increase, whereas the maximal angular mo-
mentum of the compound nucleus increase to 607.

On the basis of a comparison of the experimental values
of (M, ) for the channels corresponding to the emission of
high-energy p and a with E, > 20 MeV and E,, > 60 MeV in
the **Ni + C reaction for £ = 194 and 136 MeV with a
calculation for the complete—fugion reaction and deep inelas-
tic collisions, it was concluded in Ref. 74 that the dominant
mechanism of these reactions is most probably one of evapo-
ration from a compound system.

A decrease of (M, ) with increasing mass (charge) of
the emitted particle was observed in Ref. 75 (Table VIII).
The same experiments measured the higher moments o,,
and S, of the multiplicity distribution, indicating a Gaus-
sian distribution p(M, ) with a small FWHM of about (8-
14)7. With allowance for the angular momentum carried
away by the particle, values of 7¢™ for the channels (a, 2a,
3a, C)xn in good agreement with the position of the / win-
dows were obtained.>>"*®

The values of /*" obtained for the proton-emission

channel in the '>*Sm 4 N reaction at ion energy 154 MeV
agree well with the position of the / windows.”® Good agree-

TABLE VII. Relative intensities of y transitions between levels of the ground-state rota-

tional bands in the residual nuclei as measured in ya collisions.

| Transitions in residual nucleus
|
, E, MeV | B4 MeV Residua
Reaction i nucleus o g e
180Th 108 75 35—41 102 0,97 1.0 0.91
1548m - 12Q 85 28—33 | 188Dy 1,01 1,0 0.94
1848m 4120 100 42—56 | 188Dy 0,80 1,0 0,99
180Th 1 14N 115 35—39 | 184y 0.98 1,0 0,94
189y - 19F 112 23—29 184Yh 1.0 1,07 0.92
1628m - 20Ng 119 23—=27 164y} 1.03 1.0 1,07
1528 - 20Ne 151 2431 | 102y} 1.0 0,86 0,73
Transitions in residual nucleus
Reaction
10—-8 [10—12 [14—12| 18-14 18—186 20-18 [l B
168Th L1044 0.73 | 0.47 | 0,18 0.18 — —_ 12
1848m - 12(C 0,91 ( 0,80 | 0,68 0.46 0,31 0,18 21
1545m - 12C 1.06 | 0.74 | 0.95 0.42 0.32 — 25
169Th - 14N 0.85 | 0.74 | 0,63 0,36 0,20 — 34
153y - 19F 0,94 0,73 | 0,57 0.37 0.28 0,23 38
1528m - 20Ne 0.81 ] 0,51 | 0,42 0,19 - - 40
1528m | 20Ne 0,36 | 0.49 | — — — —_— 60
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TABLE VIII. Mean multiplicity (M, ) and
its standard deviation o,, measured for dif-
ferent exit channels of the '**Sm + '°0 reac-
tion at energy 153 MeV of the oxygen ions.

Exit reaction channel « | (Mg} Ty
189Er 4-a7n 21,5 5.9
160Ky |- g6n 19.8 5.6
166Dy -+ 2060 21,3 5
167Dy - 20t5n 12,7 5
184Gd - Czn 11.0 4
185G d 4~ Can 12,4 &
180Gd - Czn 10,3 4
180G o 19,1 77
180Gd - C 10,2 8.0

ment is observed for (M, ) in the channels corresponding to
emission of Li, Be, B, C, N, O, F, Ne in the '°F + '*Tb
reaction at 180 MeV.'"’

However, in many studies the data on / ™ differs strong-
ly from the critical angular momentum. For example, in Ref.
61 in the **Bi('“N, a f) reaction at energy 115 MeV the
value of 7" is appreciably less [by (7-19)7] than the value
I, =~ (50-53)7 for this reaction. The same result was ob-
tained in Ref. 42 for the p /" and @ f channels in the ''*Sn,
134Sm, "Dy, '"“?Au(*°Ar, if ) reactions at the energies 340,
272,220 MeV.

If Ref. 15, the dependences of (M, ) on E, in the reac-
tions on the target '**Sn with ions '°0, '°F, and "’Ne have, as
was noted above, a characteristic rise up to energies 25 MeV,
a monotonic decrease with increasing £, for small x (the
number of neutrons in the axn channel), and a plateau at
large x. In Ref. 15, estimates were obtained of /™, for “di-
rect” and evaporation a particles. Comparing the ratios
loen /1. for the two processes (direct and evaporation), the
authors concluded that there is no sharp boundary with re-
spect to / between these two processes. In addition, the val-
ues of /™ are much smaller than the values of /., (on the
average, ", /I, ~0.45), and this is in contradiction to the
data given above from many studies (Refs. 45, 73, 75, and
76). The authors of Ref. 15 attribute this anomalously small
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FIG. 22. Dependence of (M, ) on the a-particle energy for different chan-
nels of the Ta + **Ne reaction. The open circles are for Ta(**Ne, &), the
black circles for Ta(**Ne, axn), the open squares for Ta(**Ne, & f ), and
the crosses are the values of (M, ) for the reaction "™Ir('*C, axn). The
insert shows the dependence of (M,.) on the energy E,, for the inclusive
spectrum of the lithium nuclei in the Ta + **Ne reaction. All data corre-
spond to the particle detection angle 8 = 0°.

value of 7°™, to the small deformation of the target nuclei.

However, the incorrectness of such a conclusion is pointed
outinRef. 77. In the '"*Sn + '*C reaction the entrance angu-
lar momenta obtained in the pxn, axn, *Bexn channels lie
near /.., despite the fact that the ''*Sn nuclei are spherical.
For these reactions, the values of (M, ) and o, are given in
Table IX.

The photon multiplicities in the axn, Lixn, a f chan-
nels for the "'Ta + **Ne and ™ Ir + 'C reactions were
measured in Ref. 63. The data of these measurements are
given in Fig. 22. In Ref. 63, the values of 7<%, were deter-
mined up to an energy of the a particles of about 80 MeV,
which is only 25 MeV less than the kinematic limit for the
'8!Ta + **Ne reaction at energy 155 MeV of the 2*Ne ions
(Fig. 23). The data indicate that in the @-particle emission
channel the values of 7™ remain practically constant in a
wide range of energies (25<E, <80 MeV) and do not de-
pend on the combination of target nuclei (Ta, Ir) and bom-
barding ions (**Ne, '2C) leading to formation of the same
compound nuclei (TI). This is in disagreement with the pre-

TABLE IX. Mean multiplicity (M, ) of y photons and &,, measured for the ix# channels

of the ''®8n + '*C reaction at energy 118 MeV of the bombarding ions.

Transition
Z (M) a

Reaction E,, keV r v M

1188n (12C, a3n) 128Xe 456 15/2=—11/2~ 13.1 6.4
617 19/2-—15/2~ 11.0 4,5

1188 (12C, @én) 122Xe 331 27 —0* 14,2 T
497 4+—2* 14.9 7.8

638 Br—4t 14.5 7.8

751 gt—6t 15.7 Tl

822 10+—8+ 14.3 5.6

1188n (12C, abn)121Xe 196 7/2=—5/2* 12,1 8.1
422 15/2~—11/2- 12,6 8.2

587 19/2-—15/2~ 10.8 7.8

1185p (12C, 8Be 2n) 120Te 560 2*+—0* 8.2 6.3
601 4*—2% 9. 6.1

615 G+—4* 9. 5.6
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FIG. 23. Dependence on the energy of the charged particles of the en-
trance angular momenta for the following reactions: Ta(**Ne, axn)
(black circles), Ir('?C, axn) (crosses), and Ta(**Ne,Lixn) (open trian-
gles).

dictions of the sum-rule model***® for the position of the
window with respect to the entrance angular momentum for
the '*!'Ta + 2>Ne reaction, 59</°™ <63#, and for the
Ir 4+ '2C reaction, 39<7°™, <43#. Moreover, it should be
pointed out that the values of /<™ for the '*'Ta + *2Ne reac-
tion lie significantly below the calculated value’ of the criti-
cal angular momentum for formation of a compound nu-
cleus, /., = 66#, and somewhat above /., = 444 for the
Ir + ">C reaction.

In Ref. 63 measurements were made of the relative
yields of the channels corresponding to fission and evapora-
tion of neutrons and secondary charged particles accompa-
nying the emission of high-energy « particles in the
81Ta 4 *?Ne reaction (Fig. 24). It was found that when
E, >40 MeV the neutron evaporation channel becomes
dominant. Thus, the conclusion drawn in Ref. 79 is con-
firmed, namely, there is a connection between high-energy a
particles and the yield of products in the axn channel with a
small value of x.5¢

From the experimental values of the ratio W; (@) of the
fission-fragment yields measured in coincidence with e par-
ticles of different energies the residual angular momenta/, ,
of the fissioning T1 nuclei after emission of & particles were
obtained as functions of £, the measurements being made
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FIG. 24. Spectra of a particles in coincidence with products of the
Ta + ?Ne(155 MeV) reaction in different exit channels, The insert
shows the relative yields of the various channels as functions of the energy
E
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FIG. 25. Calculated values of the entrance angular momenta for different
channels of the Ta + **Ne reaction as functions of the a-particle energy.
The points are the experimental values of 7, ;.

at angle 8 = 0°.9°

On the basis of the data of Ref. 61 it can be assumed that
the distribution of the entrance angular momenta for the
'®1Ta + **Ne reaction is approximately the same for both
channels (axn and e f) of the reaction. On this basis one
can calculate /2", using the relation 7, ’ =_;“f' —T,. The
region of possible /, , values for the case of tangentially emit-
ted a particles is shown in Fig. 25 for 1<}"?. <1.5 (curves a’
and b’, respectively). On this basis it can be expected that the
angular momenta of the residual nuclei after emission of o
particles in the fission channel will lie in this region. How-
ever, this was found to hold only for 7, , obtained from the
experiment for the region 20 < E, < 30 MeV, in which the
a f channel is dominant. For larger values of E,, corre-
sponding to a relatively smaller contribution of the a f
channel, the values of 7,  appreciably exceed the expected
values and become equal to the entrance angular momenta
(curves aand b).

It was concluded from analysis of these data that the &
particles are emitted at different angles to the surface of the
residual nucleus, with the tangentially emitted particles car-
rying away the maximal possible angular momentum, while
the radially emitted particles carry away a much smaller
angular momentum. Thus, for the residual nucleus the rela-
tionship between the probabilities of fission and the evapora-
tion of neutrons or secondary charged particles varies with
the emission angle of the particle and its energy.

From this it also followed that for the af channel the
lifetime 7, , of the system before emission of an & particle
detected at 6, = 0° must be an appreciable fraction (0.1-
0.3) of the period of rotation #,,, ~ 1072 sec for 7"~ 504,
this appreciably exceeding the typical time 10~ sec of di-
rect nuclear interactions.

The angular momenta in the reaction with '*C ions on
the '" Hf target was studied in Ref. 64. In the a-particle
emission channel, the exit angular momentum was found to
be equal to (38 + 2)#in the region 20<E, <45 MeV, which
is significantly lower than the calculated value /,, = 45#.7

Comparison of the values of /°™ for reactions with '>C
ions on different targets using the same experimental meth-
0d®*** showed that they do not depend on the mass of the
bombarding particle.

In the framework of the same assumptions for analysis
of the data, they were found to be very different for two
reactions: /*" = 384 for '*CHf + '°C and /"™ = 50% for
Ir + '2C. However, there have been studies, for example,
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FIG. 26. Measured correlation functions in the plane of the reaction
'*9Tb + "N [a, heavy ion (HI) and a, «]. The HI detector was at angle
205-9(1

Ref. 81, in which the opposite conclusion is drawn—that the
values of I°™ are correlated with the properties of the inci-
dent nucleus, namely, the binding energy in it of the jth parti-
cle.

Thus, the majority of authors are inclined to believe
that the values of /*™ for the channels corresponding to the
emission of charged particles are related to the properties of
the compound nucleus. This is manifested especially for the
ixn channels with relatively large values of x, to which there
correspond relatively small values of E,, . For small values of
x one observes a growth of (M, ), and then, after movement
of the maximum, a monotonic decrease. This feature in con-
junction with the assumption of tangential emission leads to
the obtaining of constant values of /{l., independent of E|.

Despite certain contradictions in the data given in the
literature, it can be noted that in reactions with the emission
of charged particles leading to the formation of residual nu-
clei the mean value of the populated spin 7}, of the residual
nucleus decreases with increasing mass of the emitted parti-
cle. With allowance for the angular momentum carried away
by the neutron cascade, the spin of the residual nucleus,
L., =1, +xAl,, is greater for larger values of x. Further,
with allowance for the angular momentum carried away by a
tangentially emitted particle, the values of 7™ increase with
increasing mass of the /th particle.

No fundamental difference has been found for the mean
values of the entrance angular momenta realized in the ixn
and / f channels.®' In both cases they lie near the values /.,
for the formation of a compound nucleus.

Despite the rather large amount of information ob-
tained on the angular momenta of the residual nuclei in in-
complete-fusion reactions, it would be worth making experi-
ments up to high energies of the charged particles even
though this is undoubtedly a difficult problem requiring
high sensitivity of the apparatus and long exposure times.
Promising here are experiments with ions heavier than Ne
and experiments to study reactions with different ion masses
leading to the same residual nuclei, simultaneous study of
the i f and ixn channels in the same reaction, and also ex-
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periments in the region of large masses of the residual nu-
clei.®

Undoubtedly, all that has been said above does not solve
the problem of the nature of the high-energy charged parti-
cles, particularly in the region of energies near the kinematic
limit. Indeed, in the Ta + ?*Ne reaction, for example, the
yield of a particles measured in coincidence with decay
products of the residual nucleus is about 50% of the in-
cluisve spectrum, whereas in the Ir + '>C reaction it is only
about 20%.% The remaining contribution in these reactions
is made by a particles, which are evidently formed in other
reaction channels and do not lead to the formation of residu-
al nuclei.

Therefore, to establish the complete set of sources of
charged particles it is also necessary to study the contribu-
tion of different processes and measure the correlations
between the light particles and the reaction products.

6. RELATION BETWEEN THE REACTION CHANNEL WITH
EMISSION OF HIGH-ENERGY PARTICLES AND OTHER
REACTION CHANNELS

At an energy of the incident ion not much greater than
the entrance Coulomb barrier the main reaction channels
are the formation of a compound nucleus and quasielastic
scattering. With increasing energy of the ion beam, there
begins to be a greater probability of fast binary processes—
incomplete-fusion reactions® and also deep inelastic reac-
tions,* characterized by mass transfer between the interact-
ing nuclei. As a rule, such reactions are accompanied by the
emission of light charged particles and neutrons from the
excited products. Particles of this kind can also be produced
in incident-ion fragmentation processes*®** and other pre-
equilibrium processes.*®

In recent years, the experimentalist have made great
efforts to elucidate these complex processes. To this end,
they measure correlations between the light particles and the
other reaction products and thus determine the contribu-
tions of the various processes to the cross section for the
production of light particles measured in inclusive experi-
ments. In accordance with various models, these processes
are divided into two groups characterized by different inter-
action times—fast processes, which lead to the production of
particles in the first stage of the reaction (Refs. 29, 36, 39,
and 87), and relatively slow processes, in which the emission
of the particles takes place from nuclei in an equilibrium
state.

Particle-particle coincidences

The majority of correlation experiments for heavy-ion
reactions have been made by measuring coincidences
between a light particle (n, H, He) and a reaction product
with mass near the mass of the projectile nucleus (Refs. 13,
60, 74, 88-91, and 93-102). In measurements of this kind,
the detector of the projectilelike product had a definite and
constant position during the time of the experiment. The
angle & of the position of this detector was taken to be either
less than 6, (the angle of a grazing collision) if quasielastic
conditions were studied, or somewhat greater than 0, if
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deep inelastic interactions were investigated. The position of
this detector and the direction of the beam determined the
reaction plane. The light particles were measured by one
mobile semiconductor AE-E detector or several detectors
placed in the reaction plane at angle & and outside the reac-
tion plane at angle @ to it. In this manner, one can measure
the correlation function (the curve of the intensity of coinci-
dences as a function of the angles 6 or ¢ ), from the analysis
of which the angular momentum of the emitter nucleus is
determined. This method was used in Ref. 35 to determine
the angular momenta of two complementary product nuclei
of the “’Ar + *®Ni reaction. The angular momenta obtained
for different product nuclei were found to be 1.5 times
greater than the angular momenta determined in experi-
ments that measured the y multiplicity.'®?

Analysis of the correlation function outside the reac-
tion plane made it possible to identify a component that does
not depend on the angle .”*'* This is evidence for the pro-
duction of high-energy particles in the first stage of the reac-
tion.

Some conclusions about the reaction mechanism can
also be drawn from analysis of the correlation function mea-
sured in the reaction plane. This curve (Fig. 26) has a maxi-
mum at the angle 6 = 0°. Depending on the combination of
the colliding nuclei and their energy, the maxima of the cor-
relation function can be displaced somewhat from 0°, and the
slopes of the two sides of the maximum can also be different.
In the correlation function, one usually separates the sym-
metric distribution around 0°, relating it directly to the
mechanism of production of the high-energy particles. Anal-
ysis of the half-widths of the symmetric parts of the correla-
tion functions in Refs. 91, 96, and 102 led to the conclusion
that the processes of emission of high-energy particles are
separated in time from the emission of the other reaction
product measured in coincidence with these particles. It was
shown that the high-energy @ particle is emitted at an earlier
stage of the reaction than the projectilelike particle. The a-
particle emission time obtained in Refs. 91 and 102 was
about 10?2 sec. The existence of the symmetric component
of the correlation function, and also the similarity of the
coincidence spectra and the inclusive spectra of the light par-
ticles enabled the authors of Refs. 91, 96, and 102 to deter-
mine the exclusive cross sections by simple addition of the
cross sections of the inclusive particles measured in coinci-
dence:

d*o [Ent, Ou1, Eq, 04] _ g d%c [Enr, 01l d% [Eq, 0g)

dQuy dEyt1 dQq dE,, dQur1 dEwT dQg dE, '
where the subscript HI identifies variables corresponding to
the heavy reaction product and the subscript & labels those
belonging to the light particle. The cross sections obtained in
the exclusive measurements depend strongly on the combi-
nation of the colliding nuclei and can differ by orders of
magnitude.®® The coefficient K remains practically constant
and changes very slightly with increasing mass of the target
nucleus. Therefore, K is a better indicator of the intensity of
the pre-equilibrium component than the asymmetric part in
the inclusive spectra.

The deviation of the maximum of the correlation func-
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tions from 0° and their asymmetric nature are explained by
the emission of light particles from accelerated and excited
reaction products. This is confirmed by analysis of the Lor-
entz-invariantly transformed cross sections as functions of
the velocities of the products.'™ Figure 27 shows the veloc-
ity diagram for the '“’Au(?*°Ar, S-a)Au reaction. The ar-
rows indicate the directions of emission of the primary prod-
ucts, and the circles around the arrows show the most
probable velocities of particles emitted from the top of the
barriers of the corresponding nuclei. It can be seen from the
example shown in the figure that all the particles are grouped
around velocities corresponding to the velocities of the pro-
jectile nucleus and the beam.

Comparison of the results of the correlation measure-
ments with the predictions of various models that assume a
definite reaction mechanism and also take into account the
complete kinematics of the reactions showed (Refs. 34, 90,
99, and 106-111) that when heavy ions collide with nuclei at
energies near the entrance Coulomb barriers the main
sources of light particles, especially neutrons, are excited
primary reaction products that evaporate particles in flight.
However, these conclusions are not always unambiguous.
Thus, after a more careful analysis of their data, made in Ref.
101, the authors of Ref. 90 drew attention to the existence of
a group of a particles associated with the beam direction,
whose origin cannot be explained by evaporation from pri-
mary products.

A direct indication of the existence of the emission of
particles from projectile nuclei in quasielastic reactions was
the observation of discrete lines in the spectra of @ particles
obtained in the rest frame of the emitter nucleus®-9%:10%.113
and corresponding to levels of this nucleus.
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FIG. 27. Diagram of the Lorentz-invariant cross section in the (v, v,)
plane. The evaporation & particles must be grouped on a circle with center
at the emission source. The radius of the circle corresponds to the Cou-
lomb barrier between the two particles: circle 1 is the barrier for *S—
%7 Au, and circle 2 is the barrier for '*’Au-a. The detecting thresholds are
indicated. The intensity of the point is proportional to
(1/P,)(d a/dQyy; dQ dE,,) (from Ref. 104).
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Of greatest interest is a component that cannot be ex-
plained by successive emission and which has become
known as pre-equilibrium emission. As has been shown in
many studies,'>'°"'!' the yield of pre-equilibrium particles
increases significantly with increasing energy of the bom-
barding ion. Correlation experiments with pre-equilibrium
particles are extremely difficult because of the relatively
small cross section for their production, especially at low
energies of the bombarding particles. Therefore, the results
of such experiments are not always unambiguous. Thus, in
Ref. 87 a mechanism by which light particles are knocked
out of the target by the beam was proposed. However, subse-
quent observation did not reveal a significant number of co-
incidences between light particles and products with Z near
the atomic number of the nucleus of the bombarding ion.'%*
In Refs. 62, 73, and 115, it was conjectured that pre-equilib-
rium particles are emitted as a result of mass transfer. In
such an approach, it is assumed that in the first stage of the
reaction the projectile breaks up into a light particle and a
residue, which is then absorbed by the target nucleus. To
investigate this mechanism, experiments were, as a rule,
made in which coincidences of particles with 9 photons of
the residual nucleus were measured (Refs. 18, 23, 58, 69, 73,
118, and 119). The observation of characteristic ¥ transi-
tions made it possible to determine precisely the final nu-
cleus formed after emission of the light particle. These ex-
periments were frequently accompanied by measurement of
the multiplicity of the ¥ photons produced in the reaction, on
the basis of which the angular momentum of the nuclei was
determined. Experiments of this kind were considered in de-
tail above. We shall here merely mention that in almost all
the experiments in which coincidences of & particles with ¥
emission of the residual nuclei were studied it was shown
that the mechanism of production of the light particles for
weakly fissioning nuclei is of a basically two-body nature,
i.e., after emission of the fast particle a nucleus is formed
with mass equal to 4, , = A, + A4, —A4;, where 4,,, 4,,
and A4, are the masses of the target nucleus, the ion, and the
particle, respectively. However, in view of the low sensitivity
of the method of measuring coincidences of particles with ¥
photons, it is difficult to make such experiments for high-
energy particles. A more effective way of investigating the
mechanism of emission of such particles in heavy-ion reac-
tions was found to be measurement of the correlations of
these particles with fission fragments.

Coincidences of high-energy particles with fission fragments

Experiments to measure correlations of high-energy
particles with fission fragments are among the most effective
methods of investigating the mechanism of emission of these
particles in heavy-ion reactions. As was shown in Ref. 120,
the fragment emission angle in the laboratory system de-
pends directly on the component of the moment of inertia of
the fissioning nucleus parallel to the direction of the bom-
barding beam. Therefore, measurement of the emission an-
gle of fragments in coincidence with a light particle makes it
possible to determine the impact parameters for the given
reaction and therefore to divide all the reaction products
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into groups depending on this parameter. In Ref. 120, a com-
parison was made of the angular distributions of fragments
in coincidents with p, d, t,and @ and a separation was made of
events corresponding to central collisions in the ***U + '°O
system (E = 315 MeV) for 6> 160° and peripheral collisions
(8<160°). Comparison of the energy spectra of the particles
for these two groups showed that they hardly differed, and
the authors of Ref. 120 took this as an argument supporting
the assumption of emission of the high-energy particles at an
early stage in the development of the reaction—before fis-
sion. A similar conclusion was reached by the authors of
Refs. 12 and 122-124, who also measured coincidences of p,
d, t, and a particles with fragments produced by bombard-
ment with **Arions of the targets '1°Sn, '3*Sm, '**Dy, '?7Au,
and ?**U. In these experiments, not only high-energy parti-
cles but also particles with energies corresponding to the exit
Coulomb barrier and even somewhat lower were produced
with relatively high probability.

In Ref. 124, which reports measurements of coinci-
dences of a particles, with fission fragments of the nucleus
25Fr produced after emission of « particles in the
197 Au + **Ne reaction, it was shown that the kinetic-energy
spectra of the fission fragments of the compound nucleus Ac
and the Fr nuclei hardly differ. Measurement of the angle of
inclination of the fission axis, determined by two fission-
fragment detectors, relative to the direction of emission of
the a particles did not reveal any significant change in the
shape of the spectrum and yield of & particles, and this can be
taken as evidence that the direction of emission of the & par-
ticles does not depend on the fission axis.

Combined study of the fission cross sections and the
angular distributions of the fission fragments made with
allowance for all decay channels of the nucleus formed after
emission of an & particle is of great interest for investigating
the limiting angular momenta realized in reactions of this
kind. If the direction of emission of the & particle is close to
the direction of the ion beam, then the distribution of the
angular momenta of the compound nucleus becomes nearly
isotropic in the plane perpendicular to the direction of the
momentum of the recoil nucleus, which in the case of emis-
sion of high-energy a particles at angles <30° effectively co-
incides with the direction of the ion beam.” Therefore, the
angular distributions of the fission fragments were analyzed
by means of the usual expressions of the statistical model,
except that the interval of initial states with respect to the
excitation energy and angular momentum was related to the
interval of averaging of the energies of the & particles mea-
sured in coincidence with the fission fragments. Bearing in
mind that the main contribution to the emission of high-
energy a particles is made by peripheral collisions, one could
in this case expect that the angular anisotropy of the fission
fragments would be somewhat greater than for the
TAu(**Ne, /) channel. The angular distributions of the
fission fragments were measured in the '*’Au(*Ne, f) and
"TAu(**Ne, a f) reactions (Fig. 28). Each angular distri-
bution was normalized by the cross section for fission at an-
gle 90° in the corresponding center-of-mass system of either
the *'°Ac compound nucleus or the 2'*Fr recoil nucleus. The
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angular distribution of the *'°Ac fission fragments calculat-
ed with allowance for the contributions of emission fission
agrees well with the experimental distribution for /., = 907
and ratio J,,, /J.q = 1.2. The angular anisotropy was 6.2. In
the case of *'*Fr fission, the angular distribution is close to
1/sin @ with angular anisotropy >15. The calculation was
made in accordance with the formula

Imax

B .
wiE=_3 2 @l+1) oy (ly, Ny, Z,, EY)
I=lon i=0 YE Rin
in2 12 sin® 6
1o ( ﬁfgﬁ?ﬁf) ) exp (- IK%, (59
The results of the calculation are given in Fig, 28,

It can be seen that the calculated angular anisotropy for
liquid-drop values of the ratio, Jpn /e = 1.2, is approxi-
mately equal to 7.5, and only the assumption of an anoma-
lously large deformation of the nucleus, for which Jopn/
Jer = 3 (i.e,, in the approximation of an ellipsoid of revolu-
tionwithR | /R, = 3.6), gives an anisotropy approximately
equal to 12-13.

More plausible is the assumption that in the given reac-
tion K} does not reach its equilibrium value but remains
appreciably less, i.e., the fission process takes place rapidly
and there is no thermal spreading of the orientation of the
angular momentum relative to the direction of the fission
axis. In this case, one can expect a shape of the angular distri-
bution close to 1/sin 6, and the mass distribution of the frag-
ments must be broader than in the case of fission of a com-
pound nucleus. However, despite the fact that the
correlation experiments give the most complete information
about the mechanism of emission of the high-energy parti-
cles and nuclei in heavy-ion reactions, their number so far is
few, this being explained by the methodological difficulties
of experiments of this kind. Therefore, in our view further
understanding of the process of emission of high-energy par-
ticles must come about through accumulation of experimen-
tal data in correlation experiments.

)dEt

7. POSSIBILITIES OF USING REACTIONS WITH EMISSION OF
HIGH-ENERGY PARTICLES TO OBTAIN EXOTIC NUCLEI AND
STUDY THEIR PROPERTIES

In reactions accompanied by the emission of high-ener-
gy particles it is possible to obtain nuclei with unusual prop-
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erties (rapidly rotating, “cold,” strongly deformed, and so
forth); moreover, in this case the emitted particle is a good
indicator of the properties of the residual nucleus. For exam-
ple, by detecting « particles near the maximally possible en-
ergies in coincidence with the decay products of the residual
nucleus, one can study the properties of these nuclei with
almost no excitation energy. Confirmation of the formation
of a weakly excited nucleus after the emission of a light parti-
cle can be provided by the excitation functions of the axn
reactions. If at high energies of the bombarding ions prod-
ucts associated with the channel aOn or a1n are observed,
this indicates that the a particle has carried away the re-
maining fraction of the energy, and the residual nucleus is
formed in a weakly excited state. Figure 1 shows the excita-
tion functions of the '"*Lu(**Ne, axn)'®* —* Au reaction for
x=0, 1, 2, 3 measured in Refs. 79 and 80. To take into
account the contribution of the evaporation axn, pxn, and
xn channels of de-excitation of the compound nucleus and
separate the channels associated with the emission of non-
equilibrium e particles, the cross sections of the evaporation
reactions were calculated in accordance with the formulas of
the statistical theory. The results of these calculations are
givenin Fig. 1. Tt can be seen that once the energy of the 22Ne
ions is greater than 130 MeV the contribution of the evapo-
ration channels falls rapidly, this being explained by the in-
creasing role of processes associated with the emission of
nonequilibrium « particles, while at energies >140 MeV
their contribution becomes dominant.

Thus, as follows from the experimental results in heavy-
ion reactions accompanied by the emission of high-energy
charged particles from the hydrogen isotopes to the berylli-
um isotopes, the emission of a particle predominantly in the
forward direction is followed by the formation of a nucleus
with mass less than the total mass of the nuclei of the ion and
the target nuclei by the mass of the nucleus of the emitted
particle and with excitation energy that depends on the ener-
gy carried away by the particle. Thus, reactions accompa-
nied by the emission of a particle with energy at the kinemat-
ic limit lead to the formation of residual nuclei with zero
excitation energy. A small difference between the limiting
energy of the particle energy spectrum and the kinematic
limit may be due to the angular momentum of the residual
nucleus. This depends on the type of reaction and the emit-
ted particle, and also on the bombarding energy. For exam-
ple, in the case of the emission of Be nuclei the limiting ener-
gy of their energy spectrum practically reaches the
kinematic limit, the cross section being relatively high
(107°° cm*MeV~':sr~'; Fig. 29), and such reactions may
be the most favorable ones for obtaining nuclei in the ground
state.

Recently, several experimental attempts have been
made'* in reactions with the heavy targets 2**Gm, 2*Es,
*Bk to obtain new spontaneously fissioning nuclei. In all
the experiments made, the cross sections for the production
of fermium isotopes and trans-fermium elements were found
to be somewhat higher than expected as a result of many-
nucleon transfer reactions. It could be that in this case there
is a mechanism of formation of a heavy nucleus after emis-
sion of an energetic particle, for example, nuclei of beryllium
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or lithium. This question requires further experimental
study.

In Ref. 126 an experiment was proposed that can unam-
biguously establish whether the production of heavy and su-
perheavy nuclei in a reaction accompanied by the emission
of high-energy charged particles is possible. It uses a mag-
netic spectrometer fixed at angle 0° relative to the beam. The
light nucleus produced in the reaction and the heavy nucleus
with mass (4, + A4, —A;) corresponding to it enter the
spectrometer and are observed by detectors placed at differ-
ent positions in the focal plane. In the case of a two-particle
reaction,the magnetic field of the spectrometer makes it pos-
sible to separate effectively the heavy nucleus and the beam,
since the light nucleus, emitted in the first stage of the reac-
tion, carries away a considerable fraction of the momentum.

If the reaction ***Cm + **Ca is used, then by measuring
the coincidence of high-energy « particles with the residual
nucleus, which in this case must be the nucleus ***114, one
can determine its properties even on the basis of a small num-
ber of events.

Reactions with the emission of high-energy particles
may also be of great interest for studying the fission charac-
teristics of heavy compound systems with Z > 100, in parti-
cular, for determining their fission barriers. Just as experi-
ments are currently made to study low-energy fission of
heavy nuclei in (d, pf) reactions'?” by observing coinci-
dence of the fission fragments with high-energy particles in
heavy-ion reactions, one can measure the fission characteris-
tics of superheavy nuclei at different excitation energies de-
termined by the energy of the emitted particle. Thus, one can
obtain fissioning heavy nuclei with excitation energy £ * ~ 5—
10 MeV by investigating the shape of the energy spectra of
light particles in coincidence with fission fragments near the
limiting energies of the particles, which to a large degree will
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be determined by the fissility of the nuclei, and one can ob-
tain information about the fission barriers of such nulcei,
including superheavy nuclei with Z ~110.

As was shown above, heavy-ion reactions lead with a
relatively high probability to the production of neutron-rich
isotopes of the lightest elements (He, Li, Be) with an energy
corresponding to the maximally possible energy for the giv-
en reaction. In this case, the reaction products are weakly
excited, and this is especially important for the synthesis of
weakly bound nuclei near the nuclear stability limit, for ex-
ample, °He, '°He, "*Be, "°Be, "°Li, "’Li.

Figure 30 shows the energy spectrum of helium isotopes
in the >*>Th + ''B reaction, which was used in Ref. 128
to synthesize '°He nuclei. The assumed cross section for the
production of '"He nuclei in this reaction, obtained by
extrapolating the data on the cross sections of the light heli-
um isotopes, must be 5107 cm?/sr. However, the experi-
mentally obtained upper limit for the production of '"He
nuclei in the >**Th + ''B reaction was 5.10™** cm?/sr, indi-
cating nuclear instability of '°He.

Thus, reactions with the emission of high-energy parti-
cles induced by heavy ions can find and are already finding
wide application for obtaining exotic nuclei and investigat-
ing their properties.

8. THEORETICAL MODELS OF THE EMISSION OF HIGH-
ENERGY CHARGED PARTICLES

The large amount of data accumulated by the experi-
mentalists on heavy-ion nuclear reactions accompanied by
the emission of high-energy particles poses for theory the
problem of explaining the complete set of these data or at
least the main characteristics of these reactions, in particu-
lar:

a) the relative yield of the various particles and their
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FIG. 30. Energy spectra of helium isotopes in the **Th + "B (89 MeV)
reaction at angle @ = 20°. The insert shows the assumed spectrum of '°He
(see the text).

multiplicities;

b) the shape of the energy spectra of the particles;

¢) the shape of the angular distributions of the particles
for different sections of the energy spectrum;

d) the dependence of the particle-emission cross section
on the energy of the bombarding ion;

¢) the distribution of the angular momenta between the
products of reactions with the emission of light particles;

f') the behavior of the particle-reaction-product corre-
lation functions.

The experimentally observed light particles can have
different natures; they can be emitted from compound nu-
clei, fission fragments, the products of deep inelastic reac-
tions, the bombarding nuclei, or the target nuclei and their
fragments. Each of these cases is characterized by a certain
time in which the reaction occurs, and this time can be ex-
perimentally measured. Another important characteristic of
these reactions is the degree of dissipation of the kinetic ener-
gy of the bombarding nucleus and its redistribution between
the reaction products; this can be estimated from the shape
of the energy spectra of the particles of these products.

In this connection, to explain the set of data in a particu-
lar experiment, one uses one of the theoretical models con-
taining assumptions about the reaction time or the degree of
relaxation of the ion energy between the internal degrees of
freedom of the reaction products.

Processes characterized by times longer than 102! sec
and the establishment of thermal equilibrium in the reaction
products are described by models of the statistical theory
(Refs. 8, 83,92, 121, and 129). On the basis of these models,
programs have been created for calculating the reaction
characteristics.'™'*°~'3* The possibilities of this approach
are not restricted to describing the emission of light particles
(n, p, &) but also explain the emission of heavier clusters. In
the framework of these models, it is possible to analyze the
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low-energy part of the particle spectra. In conjunction with
the Lorentz-invariant representation of the a-particle pro-
duction cross sections, one can establish the sources of these
particles and their relative contributions to the observed
spectra.'*>"!*% A characteristic feature of these models is
that they can be used in the case when the entrance angular
momenta are less than /.

Processes characterized by times of order 10~ 2! sec can
be described by models of pre-equilibrium particle emission.
One of these models is the exciton model, in which it is as-
sumed that the process of kinetic-energy dissipation takes
place through nucleon-nucleon collisions in the region of
overlapping of the interacting nuclei. As a result of these
collisions, some nucleons can become unbound and leave the
system.**%* However, this model explains the emission of
only neutrons and protons, describing their energy spectra.
Only individual attempts have been made'#"12 to calculate
the angular distributions of these particles in the framework
of the exciton model. An important parameter of the theory
is the number of excitons (ny), which is usually set equal to
the number of nucleons in the bombarding nucleus (4 B0
However, for satisfactory description of the experimental
data one usually requires a value no> A, , which, moreover,
depends on the energy of the ions.'** The exciton model also
does not predict the nature of the distribution of the angular
momenta between the reaction products.

Another method that describes the process of particle
emission during a time <1072' sec is the microscopic ap-
proach developed in Refs. 144 and 145 on the basis of time-
dependent Hartree-Fock theory. In this approach, the time
dependence of the wave function is calculated for each nu-
cleon. One uses the adiabatic approximation, according to
which the shape of the potential changes slowly compared
with the motion of the nucleons in the potential well. Calcu-
lation in accordance with this model shows that for small
impact parameters of the interaction, much less than l.,a
“jet” of nucleons is formed along the direction of the motion
of the incident ion. Their wave functions belong mainly to
the bombarding nucleus. In this theoretical approach, one
can describe well the growth in the cross section for the pro-
duction of light particles at forward angles and the positions
of the maxima of the energy spectra. At the same time, the
calculated values of the light-particle emission cross sections
are at a lower level than is observed experimentally.

For reactions characterized by times shorter than 10—2!
sec, the model of prompt emission of particles has been pro-
posed.'**'” The basis of the model is that when the nuclei
collide 2 window is formed through which the nucleons are
transferred from nucleus to nucleus with velocity equal to
the translational velocity of the nucleus and the Fermi veloc-
ity of the given nucleus. The total velocity of a nucleon can
then be higher than is required to overcome the binding ener-
gy, and this particle leaves the system of interacting nuclei.
The presence of the window and its size depend on the time
and on the impact parameter of the collision (0</ =
The shape of the energy spectra and the positions of their
maxima calculated by this model are satisfactorily de-
scribed. The particle-emission cross sections obtained by the
calculation in accordance with this model are much smaller
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than those observed experimentially.

The possibility of emission of high-energy particles is
explained in the “hot spot” model.***”*® The main assump-
tion of this model is dissipation of a large fraction of the ion
energy, the establishment of thermal equilibrium in the re-
stricted region of contact of the colliding nuclei, and evapo-
ration from this region of particles with energy correspond-
ing to a high value of the temperature. It is assumed that with
the passage of time this region expands, the temperature
falls, and the process terminates with the establishment of
thermodynamic equilibrium in the system as a whole. Thus,
the model reflects the process of particle emission in the
range of times 10~ >*<¢< 10~ *' sec. When allowance is made
for rotation of the compound system in the framework of
this model, it is possible to obtain the dependence of the
temperature of the emitting region on the angle at which the
energy spectra of the particles are measured. Under a defi-
nite assumption about the impact parameter of the reaction,
the mean time of a-particle emission in the '*'Ta + **Ne
reaction was found in Ref. 3 tobe 7-10~ ** sec. To explain the
energy spectra of particles measured at different angles, one
usually makes the assumption of tangential emission from a
hot spot, which is in disagreement with the basic hypothesis
of the model of the statistical (isotropic) nature of their
evaporation.®® In Refs. 28 and 112, the assumption of tan-
gential emission of the particles was replaced by taking into
account the focusing effects of the refraction of the particles
on the passage from the dense nuclear medium into the vacu-
um and distortion of the trajectory in the nucleon field of the
system of colliding nuclei.

In Ref. 33, Awes er al. developed a model of a “moving
source,” which, like the hot-spot model [with the difference
that the heated region (the source) is formed from nucleons
of the ion and approximately the same number of nucleons of
the target nucleus], moves in the direction of the bombard-
ing ion with a velocity about half that of the ion after it has
overcome the Coulomb barrier in the entrance channel. Ac-
cording to this model, the temperature does not depend on
the angle of observation of the light particles. Kinematic
analysis based on the diagrams of the Lorentz-invariant
cross sections indicated the existence of two particle sources.
The use of the moving-source model with allowance for pre-
cisely two sources significantly improves the agreement
between the calculations and the experimental data. How-
ever, because of the large number of adjustable parameters in
this model the physical meaning of the existence of these
sources becomes unconvincing.*?

The shortest nuclear reaction times are associated with
direct processes. They are described by models that, depend-
ing on the approach, can be characterized as microscopic
and phenomenological.

The microscopic approach, which has been used in a
number of studies (Refs. 32, 39, 46, 47, and 134) to describe
direct reactions with the emission of high-energy light parti-
cles, requires in the case of reactions with heavy ions signifi-
cant simplifications to calculate the wave functions. Such
simplifications generally have a reasonable physical basis
(Refs. 39, 46, 47, and 134). In this connection, the final
result of the calculations, which in the basic features correct-
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ly reflects characteristics of the process such as the shape of
the energy spectrum, the angular distributions of the parti-
cles, and the limiting energy of the emitted particles, has an
amount of uncertainty. A characteristic feature of the mod-
els of direct reactions, with the exception of the direct-
knockout model,''® is the assumption of large impact pa-
rameters of the interaction (/= ).

In the “incomplete-fusion’ model it is assumed that
when the nuclei interact the incident ion breaks up in the
field of the target nucleus (4, =a + b) and the resulting
heavy fragment (b) fuses with the target nucleus, while the
light fragment (a) continues to move with velocity close to
the initial velocity of the incident ion. The angular momenta
corresponding to capture of the heavy fragment are limited
by the impact parameters of the interaction, which corre-
spond, on the one hand, to the critical angular momentum
for the formation of a compound nucleus, /.. (4, +A4,,) in
the original combination (target, incident ion) and, on the
other hand, to the I, (b + 4,,) for the fusion of the heavy
fragment with the target nucleus.”® Depending on the mass
of the light emitted fragment, the lower and upper / limits of
the reaction change, and there are thus formed the so-called
angular-momentum windows in the entrance channel of the
reaction. This model was developed in Ref. 18 and was called
the “sum-rule” model. In this model the influence of the
reaction energetics (@,, ) and the rearrangement of the Cou-
lomb energy is reflected, as in Ref. 105, in the calculation of
the partial reaction cross sections for the different channels
of fragmentation of the incident ion. The model of Ref. 18
was able to explain the predominant fusion of the heavy frag-
ment with the target nucleus. Thus, the model correctly ex-
plains the yields of the various particles, including the en-
hanced yield of particles with the least separation energy (n,
p,a),and also the values of the entrance angular momenta in
the channels of light-particle emission, especially in reac-
tions with light ions (up to 4, ~16). However, the model
does not predict the shape of the energy spectra and the an-
gular distributions of the emitted particles.

A further improvement of the model of Ref. 18 was
made in Ref. 23. This modification made it possible to deter-
mine well the maxima of the energy spectra. The list of phen-
omenological models includes the fragmentation model of
Ref. 36, the incomplete-fusion model of Ref. 58, and its
modification in the form of the sum-rule model of Ref. 18.

Thus, the analysis of the experimental data made by
means of these theoretical models has shown that at the pres-
ent time it is not possible within the framework of one model
to describe simultaneously all the main characteristics of re-
actions with the emission of high-energy particles, although
individual characteristics can be satisfactorily described by
particular models. Thus, to describe the shape of the energy
spectra of the particles preference must apparently be given
to the moving-source model,** while the explanation of the
limiting energy of the particle spectra is most satisfactorily
described in Ref. 39. The relative yields of the various parti-
cles and the corresponding values of the entrance angular
momenta are well reproduced in the model of Ref. 17.

Further understanding of the mechanism of production
of high-energy particles in heavy-ion reactions must proceed
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through the accumulation of data of correlation experi-
ments, extension of the range of masses and energies of the
bombarding particles, and a further development of theo-
retical schemes capable of explaining the set of these experi-
mental data.
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