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INTRODUCTION

The development of experimental investigations in
high energy nuclear physics in recent years has led to
an apparent important change in the views concerning
deep inelastic interaction between fast particles and
nuclei. It has become clear that the well known model
which describes these interactions as taking place in
two stages has restrictions as regards its applicability
to many reactions. The first of the stages is charac-
terized by the development of a cascade of two-particle
collisions with the nucleons of the nucleus, treated as a
Fermi gas, and the second by equilibrium decay of the
nucleus that remains after the cascade has ended.

One of the best known reactions of this kind is frag-
mentation. The history of the investigations of this
phenomenon now stretches over nearly forty years,
during which period very extensive experimental ma-
terial has been accumulated and we have seen the de-
velopment of refined experimental methods that use the
latest advances in radiochemistry, mass spectrometry,
and the technology of semiconductor and track detec-
tors. The theoretical investigations of the problem
have developed both through the use of the standard
model of equilibrium evaporation and by an advance be-
yond the framework of ordinary ideas, since these were
found to be not very applicable for understanding frag-
mentation. Attempts were made to attribute fragmentation
processes to the formation in nuclei of shock waves, 3
the possibility of “dynamic association” of nucleons in
the interior of the nucleus® or on its surface, ® with the
formation in nuclei of collective vibrations, % and so
forth. Some of these hypotheses have become the sub-
ject of independent investigation, ' but none of them
have been successful in explaining the emission of com-
plex particles by nuclei.

Some practical aspects of modern science and tech-
nology are already intimately related to the use of or
allowance for fragmentation of nuclei. The problems
for which this phenomenon is of significance include,
for example, some relating to the origin and composi-
tion of chemical radiation, cosmic biology and medicine,
cosmochemistry, the search for new light nuclei out-
side the stability band, the physics of hyperfragments,
and the technology and physics of electronuclear instal-
lations. Therefore, the need to study fragmentation
which arises from the perfectly natural need to under-
stand the nature of a phenomenon that lies outside the
secope of the already tested theoretical schemes, also
acquires applied importance.

It is possible that in the next years it will be possible
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to solve the principal question relating to this remark-
able phenomenon—the fragmentation reaction mecha-
nism. Hope for this is provided by the fact that during
the last ten years the experiments have succeeded in re-
vealing a number of fundamental features of the process-
es of emission of “slow” isotopes from nuclei bombarded
by high energy particles and the theory of pre-equilibri-
um processes has been developed, which in principle
makes it possible to overcome the difficulties of the
model of equilibrium evaporation. If it should be shown
that fragmentation really is a process of pre-equilibri-
um type, a unique opportunity is presented for studying
strongly nonequilibrium states and relaxation processes
in systems of nucleons and of nucleons and hyperons
(hyperfragmentation), The use of polarized nuclear
targets and intense r-meson beams with pion energy
near 7—N resonances and nuclear beams may make it
possible to investigate not only the problem of the ex-
citation and nature of the nonequilibrium states de-
excited by fragments but also estimate the relation be-
tween the de-excitation time and the time of relaxation
of the excited nuclei from the sensitivity of the reaction
characteristics to the original orientation of the de-
formed target nuclei or the sign of the pion. However,
the solution of these problems requires from theoreti-
cians intensive development of models, and from ex-
perimentalists the systematization of the experimental
data into a system as universal as possible, Both are
very complicated problems.

The aim of the present review is to consider the
experimental data obtained mainly during the last five
to seven years and discuss the general dependences that
can already be regarded as well established. We ignore
the main mass of data on the emission of complex par-
ticles from light nuclei, since this problem has its own
methods of solution and its own very extensive litera-
ture. An account of the work done prior to 1970 and
not considered in the present review can be found in the
review of Ref. 5, several books, ®™® and the paper of
Lozhkin and Perfilov in the collection of Ref. 9.

FRAGMENTATION CROSS SECTIONS AND
EXCITATION FUNCTIONS

The emission of fragments is observed when nuclei
interact with different particles and nuclei. Until re-
cently the majority of data referred to the production
cross sections and the kinematic characteristics of
fragments convenient for identification by radiochem-
ical methods (for example, *Na, **Na, '°F, "Be, *H)
and nuclides amenable to identification in photoemul-
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sions (*He, °Li, °Be, °B, "Li), but now advances in
semiconductor detectors and magnetic analyzers have
made it possible to study practically all isotope-stable
fragments from the isotopes of hydrogen to the limit of
medium nuclei. For all fragments, the cross sections
depend very strongly on the properties of the fragment
and the target nucleus, and also on the energy and
species of the bombarding particles. A general feature
in the excitation functions of fragmentation reactions is
the rapid growth of the cross sections in the region of
primary-particle energies up to 1-2 GeV and the pla-
teau which these cross sections then reach. The rate
at which the cross sections reach the plateau and the
steepness of the growth of the cross sections depend
strongly on the atomic number of the target nucleus
and the fragment,

The behavior of the fragmentation cross sections as
functions of the target-nucleus properties at given en-
ergy of the primary particle is not determined solely
by the number of nucleons of the target nucleus and the
fragment (Fig. 1), but satisfies more complicated laws.
These laws could be established only by studying the
so-called isotope effects, i.e., the different kinds of
relations between the characteristics of disintegration
of the nuclei of isotopes of one element, 1°7'% The first
measurements of the cross sections for the emission
of complicated isotopes from separated isotopes bom-
barded by high energy particles were reported in Ref.
10, which contains the results of investigation of the
emission of sodium isotopes from *Mo and Mo nu-
clei bombarded by 25-GeV protons. It should be pointed
out that at this very high energy of the primary beam
the sodium isotopes produced by bombardment of nu-
clei with A= 100 may be products of asymmetric fission.
Thibou.it-Pl‘lilippem found a difference between the cross
sections for the emission of sodium isotopes from %Mo
and '®Mo, although no general laws were found. In

Refs. 11-13, appreciable fluctuations were found for the -

first time in the cross sections for the emission of
light fragments from isotopes of medium and heavy
and light nuclei'® bombarded by high energy protons,
and the dependence of these fluctuations on the charac-
teristics of the target nuclei and the fragments was
found. The dependences are shown in Figs. 2 and 3,
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FIG. 1. Dependence of excitation functions on the masses of
the fragments and target nuclei, '°
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FIG. 2. Dependence of (oy/0y)
(Ar/Ap)*/® on t of the fragments.
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in which the ratios of the fragmentation cross sections
normalized to the total inelastic cross section for light
and heavy target isotopes are shown as functions of the
third projections of the isospins of the target, T;, and
fragment, f. The experimental data satisfy the approx-
imate relations

In [(oyfag) (A4 A)**] ~ t; (1)
In [(0y/0,) (A/4,)*°) ~ T, 1AFR — T, 4203, (2)
where the subscripts L and H refer to light and heavy
target isotopes, respectively.

The requirements of isospin invariance of strong
interactions and the nearly equal height of the Coulomb
barriers for the isotopes of one element enable one to
generalize the relations (1) and (2):

In [(0) /0g) (A A))*°) ~ ta (Ts,  JAY® — Ty ATP). (3)

In Ref. 16, Bogatin et al. proposed an empirical
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formula for parametrizing the fragmentation cross
sections oy,

o5 = f(Ir) Riexp {[(Ry + Ro)/r{] p(a (Ey) -+ b(Ey) Ty, fy mymsl}, (4)

where R, is the radius of the target nucleus with mass
mg; R is the radius of the fragment with mass my; UL
= (mg = m)my/my; R, is the radius of the nucleus with
mass m; =my—my; 71=Ry/m'3; a(Ey)=(-0,0072

+0, 0010) - (0. 432 £0. 0050)/E,; b(E,)=4.32x0.20; E,
is the energy of the primary nucleon in GeV. It can be
seen that the relation (3) follows approximately from
(4). Table I gives the experimental and calculated [in
accordance with (4)] values of 0y,,./0s;,5. The function
S{fr) depends only on the properties of the fragment,
and it can be determined for a given fragment from an
experiment on one nucleus at a fixed energy E,.

Thus, the relation (4) establishes the connection be-
tween the cross sections for the emission of a given
fragment from different nuclei at different energies
(from 0.5 GeV upward) and under the condition that m,
<imy. Figures 4 and 5 show the behavior of the frag-
mentation cross sections calculated in accordance with
formula (4).

In Ref. 15, the existence of a logarithmic dependence
of o,./7Rj on Ty/m, was confirmed for the example of
fragmentation of nuclei from Tito U at E;=1,0 GeV,

TABLE 1. Ratio of cross sections of fragment production in
light (L) and heavy (H) isotopes.
oLI% 1 oL/%H
i
Isotope! E,, |Frag . |Calew- § yoniope | E,, | Frag- T Calcu-
i xperi- |lated f ¥ Experi- |lated
pair GeV | ment Eu:l:u from | Pair GeV |ment | 508 vy
'Eq. (4)] Eq. (4)
108 0.66 | 1H = 095§ ggaq s 0.3 8
H L0008 096 s oLt |1.20:50.04] 000
H 00000000 b L [0.557E0.04] 0.62
3He (1. 15=0.03 1.17 | ST 36F0.05! 0.
iHe |1.U7=0.02] 0.98 11 Li |0.3610.05 0.38
|
BN i W0 | SHe [1.76-0.16] 1.49
ﬁ% 0.66 | U f2.000.200 - | 10 1 iHe |1 65%0.13] 0.97
l 9-851 ®He |0.41%0.16] 0.38
0.69 § | sLi |1.66%F0.21 0.99
1.3 TLi 10550, 13] 0.62
f.8a 3 SLi [0.72F0.22] 0.38
0.49 | sLi |0.30%£0.20] 0.23
1,98 | TBe [2.70%0.7 | 1.60
0.0 sBe | 1.1%0.3 | —
=0, 10 0.40. | 0Be | 0,701 | 0.37
2.2020.500 1.40 1Be 0.3750.3 | —
0B | 2.2%0.8 | 1.00
4B | 1,170.3| —
i2¢ | 2.370.8 | —
1.0 | 3He (1.0940.15 1.31
4He |0.9040.07] 0.95
8He 12 i
SLi | 1%03m | 0.66 | *H  [0.92+0.051 —
LI T5iEm 3He [1.25%0.07 —
5L
9L )
"Be |1.337F0.22 l)
9Be |0.60+0.12) — | 9230 |25.00 1.30-0.30| 1.47
e 10.301£0.200 — [Tomp Na [1.00%0.20] 0.98
. va [0.90+0. 10 0,64
0.95 0.42
Na [0.78+0.04{ 0.24
128n | 0.66 | 1H | 1.940.2 | — ¥a [0.6150.05 0.17
™ign + 0.95 0.34-+0.06] 0.16
g 0.61 0.28+0.13) 0.10
1.49 0.13%0.16] 0.07
0.97

Note. The experimental data are taken from Refs. 10 and
12-15, and the calculations from Ref. 16.
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FIG, 4, Excitation functions of the fragmentation reaction
p+A—=H+, .., p+A—TBe+,,. .

It was already shown in Ref. 12 that the experimental
data on the ratios oy/oy lie near the curve exp{a(Qy
- QH)}, where @, is the energy of separation of the
fragment from the target nucleus i (or the nucleus that
remains once the cascade has ended), and ¢ is of order
0.1. Figure 6 shows the corresponding dependences,
Note that the exponential dependence of oy, /oy on @y,
- @y does not contradict formula (3)., This follows, for
example, from von Weizsicker’s formula for the nu-
clear masses. However, for the cross sections oy,
this dependence requires ¢, to be proportional to

O ~ exp {aQ}. (5)

The relation (5) recalls the well known relation for
reactions of ions with nuclei'” and contradicts formula

(@).

In Ref. 16 it was noted that formula (4) does not take
into account fully the relation (5) and is therefore of a
restricted nature. We shall return to this question be-
low in a combined analysis of the cross sections and
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FIG. 5. Excitation functions of the fragmentation reaction
prA—~UNa+ .,
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the profiles of the fragment spectra.

The dependence of the fragmentation cross sections
on the species of bombarding particle has been poorly
studied. There is some information about the yield of
8Li from a number of nuclei at energy 190 MeV of pri-
mary deuterons, !® heavy fragments ¢*Na, 2®Mg) from

bombardment of medium and heavy nuclei by « particles -

with energy up to 0.88 GeV (Ref. 19), and light and
medium fragments (up to Be) from bombardment with
energy 2.1 GeV per nucleon,?’ Tables II and III contain
some of the data of Refs. 6, 7, 19, 20, and 45. In all
cases, at comparable energies of the bombarding nu-
clei and protons the cross sections for the emission of
fragments in the case of bombardment by nuclei are
greater than for bombardment by protons, Unfortunate-
ly, the experimental material on fragmentation due to
bombardment by nuclei is not yet sufficiently extensive
to reveal clear quantitative laws, but the extension of
this field of investigations at Dubna and Berkeley prom-
ises to produce very interesting results.

2. DEPENDENCE OF THE PROBABILITY OF
FRAGMENT EMISSION ON THE NATURE OF THE
NUCLEAR DISINTEGRATION

In the preceding section, we have given experimental
data suggesting that the properties of the target nucleus
and the fragment and also the species of bombarding
particle have a strong influence on characteristics of
the fragmentation such as the fragment-emission cross
section. The strong connection between the fragmenta-
tion cross section and the properties of the nuclei par-
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TABLE II. Cross sections of fragment production induced
by different particles with nearly equal E,.

PR 1 ol & -
AEIHHERHHEHEIERE
B g b+ g
Bl &) 2| B s |S18l et El-2] 2 g
= = 3 -. a =Y = =
a+ |0.080|Z > 4| AgBr | 1.2+0.5 | [6] : 2 [0.70|2Na| Ag 0.227 1 [19]
P paEsym it by eaed B | s |
p o, 4 Agl 00, 7] & |0.70|2Na| Au 0.30
p_ [0.10 |25 4| AgBr [0.8130.20) [7] | p |0.70[#Na| U | 0230 |[19]
a* 1028012 >4/ AgBr | 1.440.5 | (8]} = |0.70}3Na| U | 0.502 |[19]
P [0.20 |Z7> 4| AgBr | 2.5-40.5 14 p |0.70 ;lf}[g Ag u.012 | [19]
p_ |0.30 |Z>4| AgBr | 2.64+0.5 7] 2 [0.70|28Mgl Ag | 0.026 |[19]
a- |7.2 |Z>4|AgBr| T0+15 6] ' p |U.70]|28Mgl Au 0.054 | [19]
p |6 g}}é Aggr 90+17 710 e |0.70(28Mg| Ay 0102 119}
p |90 [2>4 AgBr| 88F1T 0 p |0.70]|%8Mgl T | o.115 |[19]
P [90 1224l AgBr | 100:£30 “7;{ | 2 |0:70|28Mg] U | o502 |[19]
p [0.70 | 24Na g § |
L

participating in the reaction suggested that the fragmen-
tation reaction is sensitive to very fine details of the
nuclear structure.*® In favor of this assumption, one
can bring forward an argument based on the fact that if
fragmentation is a fast, nonequilibrium process, then
the initial conditions under which the reaction takes
place must affect its characteristics. That nonequilib-
rium processes of fragmentation are important was
proved in Refs. 21-23 by analyzing data on the angular
distributions and spectra of isotopes of helium and hy-
drogen and °Li and ®'Na. In Ref. 12 it was shown that
the attempt to interpret the results on the ratio oy/og
in the framework of the model of equilibrium evapora-
tion with parameters that are taken from its most per-
fected variant (proposed by Barashenkov and Toneev
and collaborators; see, for example, Ref. 7), leads to
a dependence of the form

0y Oy~ exp { — (@, — Q) o}

But the parameter «;=1/7, where T is the temperature
of the nucleus, is so large that the corresponding calcu-
lated curves simply intersect the region in which the
experimental data lie (see Fig. 6). Thus, the following
question arises: With what stage in the development of
the reaction between the particle and the nucleus is the
fragmentation phenomenon associated? In proofs that
the fragmentation is associated with the equilibrium
stage, reference is usually made to the dependence of
its characteristics on the kind of disintegration in which

TABLE III. Ratios of cross sections of fragment production
induced by relativistic nuclei and protons (region of proton
energies E; where the cross sections reach the “plateau”).

! -
O(Es, A) | 0 (E1, A)
Target nucleus Fragment | T } Target nucleus  |Fragment T o
U (Ref, 20) for iHe 1.4 i! SLi 4.2
Eia_4ze | e |15 u | s
E;p 4.5 p A Be | 314
BLi 1.2 | 10Be 4.0
8Li 1.5 | Ag (Ref. 45) for Be 2.44+0,12
“Be 1.5 E¢ A 925.2:-12¢c| Na  |1.66240.06
o godia o edeey 283 73F0.12
ﬂl?BEe }g | Eup 300.0; p Mg [1.7320.12
U (Ref. 20) for 1He 2.9 [
Ep A 8.4 8He LI
Th-;=i 2 sLi 38 AgRef.45)for | Z—12 3
4 £ "Li S8 NEgd 3000 S 25
{ Exp 2.5 p
I
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FIG. 7. Probability W of production of ’Li fragment as a func-
tion of the number of heavy particles N}, in the reaction, d

the fragments are produced. In our opinion, it would
therefore be helpful to consider the bases for this argu-
ment in more detail.

Investigations of fragmentation by the photoemulsion
method make it possible to establish a connection be-
tween some of the characteristics of the “star” in which
the fragment is emitted and the probability of emission
of a fragment. The most frequently investigated char-
acteristic, which is associated with the probability of
fragment production, is the number of so-called %
prongs, (N,), i.e., the number of tracks of heavy
charged particles emitted in the given disintegration.
~ In the analysis of the experimental data in the frame-
work of equilibrium models, this characteristic is used
because it is related to the energy transferred to the
nucleus by the cascade, ® while in an analysis in the
framework of ideas about fast fragmentation processes
it is related to the number N, of fast cascade parti-
cles.**# In Fig. 7 and 8 and in Table IV we give ex-
amples of the dependence of the probability W of frag-
ment production on the number of heavy particles N,,
the number of fast cascade particles N,, the number of
slow particles N,, and the number of relativistic parti-

W%

s

102

¢ 2 4 F

FIG. 8, Probability W of emission of fragments with Z= 4 ag
a function of the number of prongs in the star (Ref. 7). The
crosses, the solid circles, and the open triangles represent,
respectively, thin (s), grey (g), and black (b) prongs; n is the
number of prongs of the given type,

0 n

cles N.. It can be seen that there is a connection be-
tween N, and N,, but not an apparent connection with N,
(which is made up basically of pions).

Figures 9 and 10a and 10b show the distributions with
respect to the number of prongs for stars with and with-
out fragments. A general property of the fragment-
production probability is its growth with increasing num-
ber of nonrelativistic particles in the nuclear disintegra-
tion. This would seem to presuppose a connection be-
tween the probability of fragment emission and the en-
ergy transferred to the nucleus. However, such a con-
clusion must be drawn with care. Notice first that, as
was first shown by Obukhov, 2® estimates of the energy
transferred to the nucleus from the number of b prongs
may give an error of order 100%. That N, is not a
quantity directly related to the energy transferred to the
nuclei can also be judged from the data of Table I. In-
deed, since the majority of the charged particles emitted
in the disintegration consist of p, d, ¢, *He, ‘He (main-
ly p and *He), one must observe a strong isotope effect
in the distribution with respect to N, unless, of course,
one assumes unusual differences in o;, or the develop-

TABLE IV, Probability W of production of *Li fragment as a function of the number Ny, of

particles from AgBr at different E; (Ref, 46).

Projectile momen- = - =
tum, GeV/e 1.5 K 3.0 K 5.0 K 17,2 o 16,0 p 25.0 p
W (18Li) Np>6 (0.7040.05V- 10~ (1.4740. 15)- 10-2{ (2.0740.14)-10-2 (1.4140.30).10-2 — (1.36+0.30)-10-2
W (28Li) Np>6 0.75.10~4 2,3-10- 3.4-10 1.9:-104 - 2.5-10%
W2 (15Li) 0.56-10-4 2.16-10-* 4,3-104 2404 - 1.85-10
Mean value of Ny
for stars without . y .
fragments 9.92+0.18 12,14+0.19 13,1640.19 - - —
Mean value of Ny
for stars with one
U 11.63+0,25 15.974+0.29 18.58+0.25 17.9+40.4 20,010.4 18.24+0.4
" Mean value of Ny,
for stars with two
*Li 12,0+3.5 22.3+1.4 20.441.5 24.843.1 24.544.5 20.3%1.0

110
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FIG. 9. Distribution of n, , reactions of Ag and Br nuclei
with fragments Z =4 with respect to the number of slow
protons and o particles at proton energies E;=0,66 and
9.0 GeV. E;=0.66 GeV, open circles; E;=9,0 GeV, solid
circles; the dashed curves are the distributions of n, , reac-
tions without fragments, %28

ment of a nuclear cascade. Thus, although the energy
transferred to the nuclei by the cascade cannot differ
appreciably, the N, values are very different. To verify
the conclusion that there is a difference between the
mean values of N, for isotopes of one element, we made
an experiment, using the method of sandwiches of foil
and BR-2 photographic emulsion layers, to study dis-
integration of ***Sn and '**Sn by 610-MeV protons. It
was found that for Ny, = 3, Np,a,(**%Sn)/N,, . (2*Sn)=2.0
+0. 2 on one side of the foil, At the same time, the
absence of a correlation between the fragment-emission
probability and N, can serve as an indication of a con-
nection between this probability and the extent to which
the cascade develops.” This is also indicated by the
existence of a correlation between W and N,. Therefore,
it is very probable that there is a correlation between
W and N,, on the one hand, and N, on the other. Ana-
lyzing experimental facts relating to the dependence of
W on N,,,,,, Barashenkov and Toneev concluded that
there is a significant connection between the character-
W(Ny,5,¢) and the degree of branching of the cascade in
the nucleus. They especially emphasized the role of an
effect which they studied in detail and called the “etch-
ing effect” i.e., the influence of perturbation of the den-
sity of the nucleus during the development of the cas-
cade; this has the consequence that already in the range
of energies E; >3 GeV of the primary protons the num-
ber of cascade collisions is saturated, which also leads
to saturation of the fragmentation cross sections. In
principle, this also enables one to understand qualita-
tively why the cross sections of fragmentation caused
by bombardment with nuclei are larger than those re-

1 7
Hos ML‘/ Ta; Pb

T e
w2z g 74 Mny

201 i Ag, Br 7

4 mr:zzn,y,

FIG. 10, Probability of *Li, Be, B emission on the number of
slow protons and @ particles », , off Ag, Br, Ta, Pb (Ref, 9).
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AR

sulting from bombardment by nucleons,

Since the experimental data on the connection between
the probability of emission of fragments and the disin-
tegration characteristics are available only for frag-
mentation of the nuclei Ag and Br, it would clearly be
unjustified to draw far reaching conclusions. We have
already seen that even a slight change in the nucleon
composition of the nuclei can give rise to a strong vari-
ation of the mean values of N,. Thus, it only remains
to assert that the fragment-emission probability W is
related to the degree of branching of the cascade pro-
cess. From Fig. 7, which gives data on the dependence
W on N,=N, +N, at different energies E;, one can see
that for E, > 3 GeV the probability W depends” only on
the number of cascade particles, and not on E;.

With regard to events with two or more fragments in
one disintegration, a rule has been established for them
according to which the probability of emission of N
fragments P(N) satisfies the relation®""2®

P(N) 2~ P¥ (1). (6)

3. ANGULAR DISTRIBUTIONS OF FRAGMENTS

The angular distributions of fragments have a strong
anisotropy in the laboratory coordinate system. The
anisotropy depends on the energy and species of the bom-
barding particles, and, in fact, in such a way that with
increasing energy of the primary particle of a given
species the anisotropy decreases. In Tables V and VI
and in Figs. 11a and 11b we have collected together the
experimental data on the ratio of the number of frag-
ments emitted in the forward direction in the laboratory
coordinate system, F, to the number B emitted back-
ward. 2#31 Of course, these data are not complete.
They are obtained by different methods, including ones
in which the angular distribution of the fragments is not
directly measured but deduced on the basis of various
arguments, the most widely used being approximation
of the angular distribution by the function

a--beosH. (7)

Nevertheless, it can be seen from Table V that at a
given energy and for a given species of the primary
particle the ratio F/B for different fragments can be
different. As a rule, F/B is appreciably larger for

TABLE V. Ratio F/B for different fragments off Ag nuclei®®
and U nuclei’®™3! hombarded by 5.5-GeV protons,

Frag- | opj | 71i | 8Li | 7Be | 9Be | 10Be | 3He | *He | 6He | —
ment

F/B (1.3 |1.38|1.50 1,42 |1.391.38|1.23|1.16 | 1.36 | —

Frag- | oLi | 7Li | 8Li | ®Li | "Be | ®Be | 10Be | 1B | #B | —
ment

F/B [ 1,39 1.33 [ 1.42 | 1.46 | 1.81 | 1.43 | 1.57 | 1.61 | 1.56 [ —
1]

Frag- 128 13B ug 120 130 140 3He | 4He | SHe | BHe
ment

F/B | 1.66 [1.70 | 2.16 | 1.58 | 1.56 | 1.69 [ 2.4 | 1,24 | 1.33 | 1.46
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TABLE VI, Ratio of (F/B), values obtained from bombard-
ment of U nuclei by 8, 4-GeV « particles to the (F/B),
values obtained from bombardment of U nuclei with 4.9-GeV
protons., 20

Fragment 4He 6He SLi TLi Be -ﬁe 10Be
(F/B)g 1.41 1.48 1.75 1.67 1.7 1.64 1.67

LBe | g | ts | e | ez | 1a | w2 | 1
(FiB), ;

" neutron-deficient fragments than for other fragments,
For the heavy fragments *Na and ®Mg in disintegra-
tions of the nuclei *¥Au and #*U by protons with energy
up to 300 GeV, it was found in Ref. 32 that F/B has a
maximum at E,=3 GeV (F/B=3) and that there is a
smooth decrease to F/B=1.3 at E,=300 GeV. I is
noted in Ref. 32 that this behavior of the anisotropy,
together with the fact that the mean range of the frag-
ments at E, =300 GeV is 25% less than at E,=3 GeV, is
similar to the behavior of neutron- def1c:1ent fragments
(®'Ba) of uranium fission.

An important feature of the angular distributions of
the fragments is that for a sufficiently heavy target nu-
cleus one can choose an energy E; for which the kine-
matically allowed range of velocities v of systems in
which one can have symmetric emission of fragments
about the direction at right angles to the beam is insuf-

. ficient to explain the experimentally observed anisotropy
of the angular distribution of the fragments. Such con-
d1t1ons were reallzed in Ref. 21 for the emission of 2H,

H, *He, and *He resulting from the bombardment of
heavy nuclei by 156-MeV protons, in Ref. 22 for the
emission of ®Li from '*Au nuclei resulting from bom-
bardment with 660-MeV protons, and in Ref, 23 for the
emission of #*Na from 2%Bj nuclei bombarded by 2. 9-
GeV protons. In these investigations, it was also shown
that there exists no value of v that would enable one,
assuming isotropic emission of fragments in the decay-
ing system, to describe simultaneously the profile of
the fragment spectra at different angles and the angular
distribution. These resulis are a model-independent
proof that the fragmentation mechanism differs from
equilibrium decay (into two or more bodies), ™2

With regard to the dependence of F/B on the number
of prongs in different types of disintegrations, the ex-

F/8 —__*’—*_}

F/8

T R T

g ) :
ar 7 10 E,, GeV a1 7 ?ﬂEp, GeV

a b

FIG. 11. Anmotropy of angular distribution of fragments with
Z= 4 and BLi as a function of the energy of the projectile pro-

tons E, (Refs. 9 and 28).
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perimental data are here still so contradictory that it is
difficult to draw any definite conclusions, "

4. SPECTRA OF FRAGMENTS

The spectra of fragments have been investigated in
fair detail in the main part of the spectrum, i,e., in
the range of fragment energies up to 8-10 MeV/nucleon,
and not at all well for high energy fragments. The
fragment spectra are investigated experimentally by
track detectors, semiconductor telescopes, and mag-
netic analyzers. For slow fragments, these investiga-
tions have given results that agree fairly well with one
another, and these results can be discussed in detail.
The fast-fragment data cannot yet be reliably system-
atized, and we shall restrict ourselves to a very general
description.

In the region of fragment energies € near the maxi-
mum of the spectrum, it is customary to approximate
the profile of the spectrum by the function

(e —kB) exp {—e'}, (8)

-where B is the Coulomb barrier of the nucleus for the

fragment; % is the so-called barrier-lowering coeffi-
cient, which is considered in detail, for example, in
the book, Ref. 7; 7 is a parameter of the spectral pro-
file, which has been called the “temperature” since the
time when attempts were made to describe fragmenta-
tion by the model of equilibrium evaporation.

For the hard part of the spectra, one can, as is shown
in Refs. 9 and 28, also use the approximation (8), but
now with a larger (about two times) value of the param-
eter 7. The values of r are given in Table VII or some
fragments (for different parts of the spectra).

The spectra of fragments emitted at different angles
8 to the primary beam are different. As 6 decreases,
the spectrum becomes broader (Fig. 12), The change
in the profile of the spectrum with a change in 8 is par-
ticularly noticeable for the hard part of the fragment
spectrum,

In Ref. 33, the fragment spectra were considered as
functions of 6 and A in the reaction p(4, ®Li). .. for the
nuclei Al, V, Ag, Au, Th. Figure 13 shows the results
of Ref. 33 for the 6 and A dependence of the mean en-

TABLE VII. Parameters of fragment spectral profiles
(r, MeV) for different sections of the spectrum,

P+U(E1=49GeV) | a+ U (E1=38.4 GeV)| »p+ U (E1=5.5GeV)
| (Ref, 20) (Ref. 20) (Ref. 30)
Fragment
Near High Near High Near High
peak energies peak energies peak energies
iHe 6 19 6.5 16 6 20
SHe 9 16 10 18 10 20
SLi 13 18 13.5 19 10 20
7Li 10 15 12 19 15 23
7Be 17 19 19 22 12 20
9Be 12 13 13.5 19 13 19
10Be 13 15 13.5 17 13 15
11Be — — 15 — 13 14
108 — - — — 13 14
C — — - — 13 13
N — — — — 13 13
0 — i - — 13 13

Yu. P. Yakovlev 112



FIG. 12, Differential spectra
of ®Li from *?Th at E, =660
MeV. The dashed curves

were calculated in accordance
with the evaporation model®;
the solid curves are the dif-
ference between the experi-
mental spectra and the calcu-
lated spectra normalized rela-
tive to the former at the peak, ¥

0 10 20 30 40 50 60 70 E, GeV

ergy E and the standard deviation of the spectrum o(o®
=E®_FE®). One can see that E increases with 6 and also
A (Z) of the target nucleus. The value of ¢ for differ-
ent 0 (for example, 30° and 90°) is different; it is
larger for 30° than for 90°, but weakly dependent on A,

An interesting feature of the fragment spectra is the
existence of a certain correlation between 7 and the
properties of the target nucleus and the fragment. In
Refs., 29-31 it was noted that 7 for "Be is larger than
for other fragments. Consulting Tables VII and VIII, in
which we have collected data on 7 for different frag-
ments, we see that 7 fluctuates as a function of the nu-
cleon composition of the target nucleus and the frag-

ment. These fluctuations are usually small, but they
are manifested systematically.

In Refs. 12, 13, 15 it was found that the profile of the
spectra of fragments emitted from different isotopic
targets was different. Figure 14 shows the ratios of the
differential cross sections for a number of isotopes
emitted from *®Ni and ®Ni and *2Sn and '*‘Sn bombarded
by 660-MeV protons.!? A general property of these
ratios is that the differences between them decrease

E, o, MeV[ =rm—ml__
-‘.-“\
\\\ | =,
IO Ty S FIG. 13, Mean energy E
-~ 2 ] {(curves 1—3) and standard
E \"\-\\ 3\\‘\ deviation o of the spectrun
204 ‘\,__‘ '\.3\ (curves 4—6) as a function
J:_f_( AT R, 2 of the angle, 1) and 4) for
f——— b Th; 2) and 5) for Ag; 3)
Ly and 6) for V (Ref, 33).

oL '
W2 4 60 & 17 1208,deg
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TABLE VIII, Parameters 7 of the spectral profile for dif-
ferent fragments and target nuclei bombarded by protons
with energy E;=1,0 (Ref. 31) and 5.5 GeV (Ref, 29),

Frag- | Target | £y, . P Frag | Target | E,, .
ment | nucleus| GeVv 1, MeV it ment | nucleus| GeV T, MeV
i |
:;}e ig 1.0 11.2;%“.2 !i :}.i .L-\'Il 1.0 g.iig.%
e g 5.5 i 1.0 L70.2
:He Ag 1.0 | 4.622-0.01 ;t :Li Ag t.n :2:("'
He Ag 5.5 [ i 9Li Au .0 .220.7
iHe U 1.0 | 5.1440.01 § 9Li U 1.0 7.840.3
5He Ag 1.0 | 6.9%0.3 1 7Be Ag 1.0 | 10.0%0.3
6fe Au 1.0 i "Be Ag | a3 i
SHe U 1.0 1 "B Au 1.0 11.1+0.5
8Li Ag 1.0 Lo+ I fRe Ag 1.0 7.7=0.2
8Li Ag 3.5 11 5 9Be Ag 8. 10
6Lj Au 1.0 6.0+0.2 | ?Be Al 1.0 6.5+0.2
6Li U 1.0 9.0+0.2 & ::B(’ Ag 1.0 8.8+0.4
7Li A 1.0 8.2-4+0.1 Be A 3.5 11
T As 5.5 i | 1R P 1o | n.ox0.2
Li Au 1.0 | 7.x0.0 [ 19Be (i 1.0 7.9
7L'& U 1.0 8.2-_0-11.} “ :EB Ag 1.0 S.It(}.:}
8L ag | Lo | &7F04 | 1B Au | 1.0 | 8.5%C.4
SLi Ag 5.9 i1 L g U 1.0 9.1+0.5

with increasing energy of the fragment and disappear
to the accuracy of the ratio (4./Ag)*®. If the spectra
are characterized by the parameter 7, then the sign of
T - 7 = A follows the sign of the function

40Tl Ay — Tzl A (9)

One can therefore assert that the profile of the spectra
of slow fragments is modulated by the isospins of the
target nucleus and the fragment. Note, however, that
for the fragment *He, whose isospin is zero, the same
differences in the spectral profiles are found. It is
highly probable that this fragment can evaporate from
the nuclei that remain after the completion of the fast
stage of the reaction, but it may be a product knocked
out of the surface layer of a nucleus of ¢ clusters, 22057
this resulting in its well known distinguished properties
among the other isotopes. :

A general property of the parameter 7 as a function of
E, is the increase of 7 with increasing E; followed by

M4 e he ’f’q TN . R <
LTI Bit4- o 8 *
L0 Y s 3 ety o L5 3 SR
s ) e i ol sy
Mo, 40 e E:&i 18 60 il N
Leg 4 o . N:TH Teeta e, " 2.0 30
P4, 50" o7 oAy N, el Y g
—,1-0 ."*"..'-l.-' -E.’.p" -yy. BG'NL .5 . . . I
Ly |7-4 2o 10 |
A 17 The vos, | o)
ey | o s '
[thesrs 20, 1Tl M) dtfns o]
J;f AR TRk e Rl i
Feeer o . *
$livgs Ligi el b, chetm B
10 i3 i Fwtagsty Kos ° :!LL”E&
"‘w—°:"f""7'5 ‘H.;S:—"“ By
e e 907 4y Tisn i
Tyt T kg u 30
1.0 oA G e Lo [
5 = . r o *
14 -.'.3-9 o5 ‘Huzs_n a5 1 :
(b S : an| A
W 2 100 200 w20 30 4
E, MeV

FIG. 14, Dependence of AE) =(doy(E)/dE)/(dog(E)/dE) for
various isotopes emitted at different angles from light and
heavy isotopes bombarded by 660-MeV protons.* The con=
tinuous curves were calculated with Eqs, (12)—(14).
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TABLE IX, Mean energies of
%Na fragment from Ag, Au,
and U nuclei bombarded by
protons and @ particles, 1

E, GeV Ar Au U
En- 0.88 BT .0 806
Ep=0.70 26.6 80.3 | 85.4
E,=3.0 22,0 | 63.0 | 8.4

the virtual cessation of this growth in the region E, >3
GeV, i.e., where the fragmentation excitation functions
reach the plateau. As a function of the properties of
the primary particle, the parameter t has not been well
studied. Poskanzer’s group has published®® the most
important results on fragmentation induced by relativ-
istic nuclei with energy 2.1 GeV/nucleon (see Table VII).
When the projectiles are complex nuclei, the parameter
7 increases with the mass of the projectile (the spec-
trum broadens) if the energy per nucleon of the projec-
tile is the same (data on d and «) and even if it is less
than the energy of a proton (data on p and @),

The differences between the spectra of fragments
emitted after bombardment of heavy nuclei by protons
and « particles were also known earlier from the data
on the mean energy E of the spectra of the fragment

'Na emitted from Cu, Ag, Au, and U (Ref. 19). The
' corresponding data, collected in Table IX, illustrate the
differences. It can be seen that there is also a differ-
ence between the values of E when the bombarding par-
ticles have similar energies.

Thus, the experimental data on the dependence of the
profiles of fragment spectra on the projectile species
reveal a sensitivity of the spectra to the species of the
bombarding isotopes, although the nature of this sensi-
tivity is not yet clear.

Unfortunately, there has been practically no system-
atic study of the profiles of the fast-fragment spectra.
Nevertheless, the data already available for fragments
with energy of the order of several tens or hundreds of
MeV/nucleon suggest that the profiles of the fast-frag-
ment spectra do not depend on Tj of the target nucleus
or 43 of the fragment. For example, Yasin®* found that
the spectra of *H and *He isotopes with energy higher
than 80 MeV were the same. In Ref. 35, Baldin ef al.
confirmed that the cross sections and spectra of fast
fragments are independent of the isospin for the reac-
tions producing H and *H induced by 9 GeV protons on
®Li, "Li, *®Ni, ®Ni, M%n, %n, 1¥gn, #gm, 1S%gm,
182y, 8%V (with emission angle 180° of the fragments
relative to the proton beam). Defining the cumulative
order @ as the smallest kinematically permitted num-
ber of nucleons of the nucleus for which production of
a secondary pavticle is possible as a result of intevac-
tion with the incident nucleon, Baldin et al.* noted that
the so-called invariant cross sections satisfy Ed°¢/dp®
~Z", where Z is the charge of the target nucleus and #
does not depend on Q. For ®H, n=1.82+0,04, and for
°H, #=2.2£0.1, In addition, Baldin ef al. empha-
sized” the impossibility of establishing a dependence
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of the form

Edic/dp® ~ A,

However, when Komarov et al. % investigated the re-
actions *C+p—~"H, *He, +... at °H and *He energies
higher than 400 MeV (E; =660 MeV, 6=5, 5°) they found
that the spectra of these mirror fragments differed ap-
preciably. We see that further detailed investigation
into the dependence of the fast-fragment spectra on the
properties of the target nucleus and fragment is re-
quired.

5. INCLUSIVE CHARACTERISTICS OF THE
FRAGMENTATION PROCESS

The absence of a satisfactory theory of nuclear frag-
mentation induced by high energy particles prevents
our analyzing the currently available data with a view
to establishing the influence of the target-nucleus struc-
ture on the fragmentation. The most developed model
of equilibrium evaporation cannot, as has been shown
in many papers, %1%15:21=24:28=33 4550 ibe the existing
experimental facts. This becomes very clear from
Fig. 15, which compares the angular distributions of
the fragment ®Li with the angular distributions predicted
by the model of equilibrium evaporation, We have al-
ready seen (in Figs. 5 and 12) that the model is also
incapable of describing characteristics such as the
spectra and isotope ratios of the fragment production
cross sections.

Equilibrium evaporation fails to explain the fragmen-
tation process because it presupposes a complete redis-
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FIG. 15. Angular distributions of ®Li fragments from Al, V,
Ag, and Tb at E, =660 MeV. The hatched error bands show
tha angular distributions calculated in accordance with the
model of equilibrium evaporation®®33; the values for Al were
calculated on the basis of the phase volume of the reaction
TAL+p —2p +n +iHe +3Li + BN,
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tribution of the quantities that characterize the initial
state of the system over all possible degrees of free-
dom. This assumption can be given up, either by using
the idea of direct-fragmentation reactions (for example,
interaction of cascade particles with clusters®":2428),
or by going over the so-called pre-equilibrium models. {
In these, it is assumed that the reaction takes place in
a short time (compared with the time for equilibrium to
be established in the nucleus). Then an appreciable
~‘energy can be concentrated in a relatively small number
of degrees of freedom of the excited nucleus and one
can have a more direct relationship between the charac-
teristics of the fragments and the manner in which the
intranuclear cascade develops. Qualitatively, this
connection must lead to a broadening of the fragment
spectrum beyond the predictions of the equilibrium
model, a greater anisotropy of the fragments, and a
correlation between the kinematics of fragments emit-
ted at different angles and the kinematics of the cascade
particles emitted at these angles. These are the effects
that are observed. ®"'®* But unless one adopts the mod-
el of quasielastic knockout of clusters from nuclei,
whose applicability for heavy fragments is disputed,
one cannot treat nonequilibrium and direct models
mathematically. Nevertheless, using ideas about fast
fragmentation processes, one can systematize quite a
lot of the experimental facts. An example is the formu-
la (4) obtained in Ref. 16. The approach developed in
Ref, 16 was improved in Refs, 38 and 39, in which the
basic properties of fast reactions induced by high en-
ergy particles were taken into account more fully. In
the second of these, Ref. 39, the following properties
of fast reactions were used.

1. The probability of excitation of nuclei to fragmen-
tation states is determined by the extent to which a
cascade develops.

2. Nucleons of the nucleus are excited to fragmenta-
tion states with probability determined solely by the
composition of the nucleus (cluster effects are here
ignored).

3. Fragmentation states, as in nonequilibrium re-
actions between ions and nuclei, *** can be described
approximately as quasimolecules formed by the frag-
ment and the target nucleus.

4. The fragments are emitted so rapidly that the
nucleus cannot relax nor the quasifragment interact
with the unperturbed nuclear density. The fragment-
emission process itself is regarded as nonequilibrium
decay into two bodies.

What we have said presupposes the possibility of
writing down for g,(e), the fragment-emission cross
section (in excitation state {£}),

oy (€)= pe (28, + 1) ny (E4) 02 (£, €) m3 (e), (10)

where &= my(mg—my)/mg; S, is the spin of state k of the
fragment; 71,(E,) is a factor that describes the change

in the number of cascade collisions leading to the exci-
tation of fragmentation states with varying energy of

the primary particle E;; 7,(E;, €) describes the prob-

115 Sov. J. Part. Nucl. 8(2), Mar.-Apr. 1977

ability that in these collisions a quasifragment with
given my, f3, and kinetic energy € will be excited; ng(e)
describes the influence of the interaction with the nu-
cleus on the emission of the fragment.

For large E; (E;> 0.6 GeV) and € values satisfying
g/my< 10 MeV, the following expressions were obtained
for 7, in Ref. 39:

e (E) & aRiexp {(Bor)) a (E);
g-mg (1 —4T3 ‘mgyma’t
NalEy, 8) 2 S
1-L2T5 my \12
() esp {—e T (E));

il .l 11
ma(e) = (1—F)exp { —-Loo — g0 240 1)
0.0 R.-—Rn
~ (1) 8 ) ms R [Ts— 0]}
T3(0) z(l.li"r”iﬁ—f; B:%ﬁ—".

Here, a(E,), 14(E,), and p(e/m,) are model parameters,
which are the same for all fragments and target nuclei
(medium and heavy) under the single restriction my << my.

For the model parameters, the following linear ex-
pansions were proposed in Ref. 39:

a(E)=0.45—0.35 E,;
To (Ey) =10—1.6/F; MeV, where E, is given in GeV;
5(L ‘_{3.1—-(1.32,-'mg for e m,< 10 MeV,
mgy ) £ 0 for em,>10 MeV.

For the total fragmentation cross section o, =/73dea, (€)
we obtain®®

oy 2 rpa T (Ey) J ma fy _ AT§ "!21’3 1-1-3T3'mp |13
O S Ry (25 7 [ (Ey) 27 m3 ( 1—2T3 my )
Ry Otep B Ao Ra
XEXP{??-R(E:)——TQ“H —TED --ﬁo =R
7 R’} .
< [ Tty — Frin 0]} (12)

If the main part of the fragment spectrum is in the re-
gion £/my< 10 MeV, then py=3.1. If the fragment
spectrum lies in the region £/m, > 10 MeV, one must
set gy=0. The parameter 7(E;) is determined by

THE) & THE) — 1:_1‘5%

Ry R; R? .
2% RE ,vR.i‘ (Tﬂfsé‘ﬁg_fk (t = [)) :

0afe ( 1;"““’“)

Ma

(13)

ggy =B+ 21,

To estimate the total cross section for emission of
the fragment m; in all bound states, of(fr), it is neces-
sary to use the formula o(fr) = 3,05 + Jpe0pe, Where k la-
bels the bound states of the fragment m,; &' labels the
unbound states of a heavier fragment that decays with
the emission of the fragment m,.

Tables X and XI give examples of the use of Egs.,
(11)=(13) to describe the experimenial data on the frag-
ment cross sections and the parameters of the spec-
trum profile, which, as is readily seen, are 7(E,).
Equations (11)-(13) enable one to describe the experi-
mental data for 2H and fragments heavier than *He at
energies E, greater than 0. 55 GeV and for variation of
a(fr) from 0. 13 to 1240 mb,

It can be seen from Table XI and Fig. 14 that formula
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(13) describes small isotopic differences of the profile
of the fragment spectra. For all the fragments except

TABLE X, Cross sections for the production of various
nuclides and parameters of the spectra.

R o, mb 7, MeV
3 G e = )
& E] 5 2 g f 3
E R BT e ] B | E Notes
S8 88| 2| 25 | 2| 8% |£
E |l s s &4l 3 &8 A| &8 |3
5 |
H — | Ag | 4.3 [twn 24 | — — ["]| Decay °Li*
—?H+*He
| allowed for,
SH 1 1.4] Ag | 5.5 | 43 G0 — —_ [29] | Equilibrium
¥ evaporation not
allowed for.
3Me [1.4] Ag | 5.5 | 174 a4 !Iu.l 8 [29]| Decays with
11 4.0 | 88 §ad.a=1v [10 1.2 [471| emission of
i fragments.
i T
SO I ] G e | — [3:}]‘ Fragments *H
[l 20 |26.7=7.4 — | — |[47]| and *He not taken
| § i into account.
| | L Contribution of
iHe | 1.3 Ag| 5.5 [ 300 | 2030 a,7 6 [29] | decays SLi* — *He
| Lo | 6o | ol | 1t] 462 |43 2 taken into
F | account.
5 250 Do ‘r a700 — - [30] Equilibrium
1.0 W ITus30] — — [47] | evaporation not
' taken into account.
| | |
6He | 1.8 .\h_-l 5.5 14 19,2 | - | = [20]| —
l 1.0 260 27205 9.216.940.3| [47]
|
l 5.5 L 7.5 87 — - 30) | —
1.0 8.3 17.6-2.8] 8.2:6.8=0.1][47]
]I 5 e | 35 = = oyl —
1.0 a g 8.5+1.6) — - [47]
| |
o) 550 ] 0t 3 — — {30] | —
1.0 8.6/ 9.81.6] — - [47]
< = = ¥ 27 | Decay *Li*—"Li
Li 1.5] Ag | 5.5 64 (1] 10.3 11 [29] .
1.0 | 11.7] 9.9+1.8 8.8/8.20.1 [47] |} taken into
account.
SLi [1.3] Ag| 3.5 |2 12.8  [12.7 11 [29]| Decay °Li*—*Li
1.0 1.9 | 1,50.3 [ 10.4) 5.740.4) [47] | +n taken into
account.
SLi |1.55 Ag| 5.5 3.9 2.8 — - [20]| —
L] 0.6 [0.2940.08 — - [47]
Be | 1.5 | Co 300.u | In [ P —_ — [48] | —
Ag| 5.5 13 ol Y NS gl 11
1.0 2 2.2+0.4 | 9.8[10.040.3] [47]
Au | 30.0 | 19 21.6 - 47| —
3.0 8 8.7+2.2 | — — [47]
1.0 1.1 ] 1.340.3 [10.5|11.1+0.5{ [47]
0.55 0. 14)0.35+0.05] — — [47]
U | 30.0(26 202 — - il —
10.0 [ 21 205 | - [7]
3.9 | 17 17.6 13.2 15.0 [30]
3.0 10 7 i = I7l
10| 1.3 j0.92+0.2 | — — |7
2B 1.3 [¢0 3.5 |<0.8 0.3 - [30) | —
2¢ |58 iU o851 25 — — | 1BU]| pecays c*—1c
+n and '*0*-"C
+“He taken into
account,
BX | 1.34 Zn | 0.9 0.14 0.13 — — [7]| Calculation for
1.84<<0.4 0.33 — == [71] *Zn with allow-
ance for the decay
HO* - 3N +p.
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TABLE XI. Values of A=7"("?8n) — 71(!%gn), MeV, for
various fragments at E; =1, 0 GeV.

Fragment 3He iHe 6e 8L Be

A —0.004 —0.025 —0.011 —0,003 -+0.008

exp 0,003 =+0.003 +0.019 -+0.005 -0.010

A =0.011 -=0.0006 —0.010 +0.001 +0.006
cal $0.002 *

*For *He the value A =+0.002 was obtained with allowance
“for &, /m, > 10 MeV

*He this effect, too, can be reproduced. For ‘He, the
probability of equilibrium emission when E, = 1,0 GeV
is so large (see, for example, Ref. 7) that it determines
almost the entire yield. For *He fragments’ at E=1,0
GeV for nuclei #y= 100 and #nzy= 200 the contribution of
equilibrium emission is small, but it increases appre-
ciably at E,;=5.5 GeV. It is possible that the contribu-
tion of this effect determines the difference between

the calculated and experimental results at E;=5.5 GeV,
Such a possibility is also indicated by the fact that r(1.0)
>7(5.5) for *He (see Table X). However, a final judge-
ment about this can be made only after the role of the
cluster relaxation mechanism has been clarified and the
instability in Eqs. (12)-(14) at £/m, =10 MeV eliminated
(at E;=5,5 GeV, the data of Table X for *He and °B re-
fer to the case when this instability is important),

Thus, Egs. (11)-(13) make it possible to systematize
the fragmentation cross sections and the data on the
dependence of the spectral profiles on the properties of
the target nucleus and the fragment. Moreover, it was
shown in Ref. 39 that with increasing € the dependence
of the fragmentation characteristics on T;, #; and @ be-
comes weaker and may even disappear. This also
agrees with the experimental facts we have already dis-
cussed. Since a(E;)~ const and 7y(E;)~ const as E, in-
creases, the prerequisites are given for realization of
so-called nuclear scaling in the region of large ¢, if,

of course, it remains possible to represent the function
7(E,, €) as before in the form

- 4TF \ma/2 ¢ 14-2T3/mg \13
M By €) m 27" (1= 0™ (550 )2 1 (B, ),

where f(E,, £) does not depend on Ty, f;, mg, .

An important property of the scheme proposed in
Refs. 38 and 39 is the need to take into account unbound
states of fragments heavier than the observed one. Ex-
perimentally, these unbound states may also be mani-
fested through the production in fragmentation of groups
of particles that have a small angle of divergence be-
tween them (isotope jets).

6. ISOTOPE JETS AND THE CONTRIBUTION OF
FRAGMENTATION PROCESSES TO THE TOTAL
INELASTIC INTERACTION CROSS SECTION

The problem of angular correlations of charged par-
ticles in nuclear fragmentation was posed some years
ago on the basis on two different basic ideas. Lozhkin
et al.** suggested that the fragments and light parti-
cles could exhibit angular correlation if they are the
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FIG, 16. Scheme for observing angular
correlations of parallel (p) and antiparallel
(a) type. ¥

decay products of a heavier fragment. A trivial ex-
ample of such a system is ®*Be. Podgoretskii et al®
predicted correlations between particles in nuclear
fragmentation by analyzing the quantum-mechanical in-
terference in systems of identical particles. Several
experimental attempts were made to discover both
types of correlation, but the attempts to discover decay
correlation did not answer the question of whether cor-
relations of this type exist, ¥ and correlations of inter-
ference type are not the subject of this review.

In Ref, 44, a first attempt was made not only to es-
tablish the existence of isotope jets but also to compare
the characteristics of reactions accompanied by the
emission of isotope jets with the characteristics of re-
actions producing fragments and reactions without either
“jet” or fragments. An investigation was made of frag-
mentation of Ag and Br nuclei by protons with energy
460, 610, 660, 930 MeV and by 600 MeV deuterons. To
demonstrate the existence of isotope jets, events were
selected in which, at angles from 80 to 100° to the pro-
jectile beam, particle pairs were emitted (slow b
prongs) in the same solid angle formed by a cone with
opening angle 20° in either the same direction or op-
posite directions (Fig. 16). The azimuthal symmetry
of the problem presupposes that the number of particles
emitted in the same direction, n,, and the number
emitted in opposite directions, n,, must satisfy the
relation n,/n, = 1.

Table XII gives the ratios n,/n, obtained in the experi-

ment; their values are approximately equal to 2, It

was concluded from this that isotope jets exist. It was
then assumed that all pairs of particles emitted into a
cone with opening angle 20° are isotope jets, and all

the events with such isotope jets were separated out
from the complete set of events, For these events, the
distributions were then plotted that are usually used to
compare disintegrations with and without fragments.

These distributions are shown in Figs. 17-19. It can
be seen that in all cases the characteristics of the re-
actions with isotope jets are similar to those of reac-
tions with fragments, and that the characteristics which

TABLE XII. Values of n,/n, (Ref. 44),

Epy MeV Eg4, MeV
8, deg
; 150 | G510 660 930 500
90410 T3 2.3+0.2 2.31+0.47 | 1.634+0.42 —
All angles 2.55+0.4 3.0+0.5 2.1140.2 1.8+0.2 2.24+0.4
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FIG. 17. Distribution of reactions
from nuclei of AgBr photoemul-
sion with respect to the number of
black prongs. The continuous
curve is the distribution with iso-
tope jets; the dots are the dis-
tribution without fragments; the
dashed ecurve is the distribution
with fragment (E, =610 MeV),

for reactions with fragments differ from the character-
istics of ordinary disintegrations also differ from them.
For reactions with two isotope jets, it was established
that relation (6) holds. For example, at E;=610 MeV
it was found that P(1)=0.11+0.02, P(2)=0,007+0.002,
P%(1)=0.012. Bearing in mind that P(1) contains an
admixture of background isotope jets, we can assume
that the relation (6) holds.

In Ref. 44 it was also reported that the isotope jet
events included some that can be interpreted as bipro-
ton events. On the basis of these results, it is conclud-
ed in Ref. 44 that the mechanism of production of isotope
jets has much in common with the fragment-emission
mechanism. At energy E; less than 1 GeV, the cross
section for the production of fragments on Ag and Br

nuclei is a few percent of the total inelastic cross sec-
tion o;,.

The results of Ref. 44 show that interactions of the
fragmentation type do indeed form a larger fraction of
0;, than was previously assumed, and that these reac-
tions cannot be ignored. Bearing in mind that all the
restrictions on the opening angle of the cone for the
emission of the jet components were chosen arbitrarily,
one can here speak of an important contribution of frag-
mentation processes (in the broad sense) to oy,.

CONCLUSIONS

Concluding our examination of the present status of
the study of fragmentation of medium and heavy nuclei
by high energy particles and nuclei, we can notice -that
in recent years significant progress has been made in"
this field. New features have been established in the
behavior of the inclusive characteristics of fragmenta-
tion induced by nucleons, and these features have finally
made it possible to systematize a large body of experi-

ay
a9 |
W
[t FIG. 18. Angular distribution of
i fragments Z = 4 with respect to the
sl 1| beam of projectile protons (dashed
| ! histograms) and isotope jets (solid
70} ot o histograms), ¥

g 30 60 30 120 8,deg
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g J0 60 30 120 §,deg

FIG. 19. Angular distribution of final nuclei in reactions with
slow fragments (dashed histograms), without fragments (dotted
histograms), and with isotope jets (solid histograms), 4

mental facts, Systematic study of fragmentation in-
duced by relativistic nuclei has begun. This is very
important, since it has now become possible to create
nucleon systems with unusual properties (enhanced den-
sity and energy concentration). We can be confident
that investigations in fast-fragment physics will be con-
tinued and extended.

Turning to the essence of the fragmentation phenom-
enon, we may point out that there is now hope of con-
struction of a reasonable model in which fragmentation
appears as the decay of strongly nonequilibrium states
of nuclei. I such a model proves to be correct, we
may, by studying fragmentation, obtain very valuable
- information about the properties of nonequilibrium sys-
tems of nucleons and the excitation of nuclei by fast
particles. This is all the more important in that if the
conclusions drawn about the importance of fragmenta-
tion processes on the basis of the study of isotope jets
are confirmed, the contribution of strongly nonequilibri-
um states to oy, will be very appreciable. The system-
ization of the fragmentation data may also cast light on
the role of cluster states in the ground state of nuclei.

We should like to point out the circumstance that the
investigation of the characteristics of nuclear disinte-
grations with fragments has so far been possible in
practice only for the nuclei Ag and Br of photoemul-
sions, while it is obviously important to obtain reliable
data on the dependence of the fragmentation character-
istics on the type of nuclear disintegration and the char-
acteristics of the particles emitted with the fragment.

Thus, experimental investigations into fragmentation,
which have become one of the most rapidly developing
branches of nuclear physics, may, provided theory
advances in step, significantly augment our ideas about
nuclear structure, the behavior of nuclear matter under
unusual nonequilibrium conditions, and the interaction
of fast particles and nuclei with nuclei.

I should like to express my thanks to N. A, Perfilov,
O. V. Lozhkin, and V, I, Bogatin for fruitful collabora-
tion over many years which has led to the clarification
of a number of the problems discussed in this review,
including the major joint work on isotope effects in
fragmentation begun as long ago as 1964; I should like
to thank E. L. Grigor’ev for participating in the studies
described in this review, and also for constant support,
and also V. D. Toneev for discussing questions related
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to the physics of cascade and pre-equilibrium process-
es.
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