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INTRODUCTION

During the last 5-10 years interest in fragmentation
has grown. For this there are many reasons. First,
fragmentation data are now widely used to solve many
problems in cosmic physics and cosmic chemistry, and
this has meant that they must be determined much more
accurately and fully. Second, it is in fragmentation
reactions that new isotopes of light nuclei have been
found'™ and searches are made for other unusual nu-
clear systems,®™® including the hypothetical multineu-
tron nuclei. Third, after the work of Thibault-Philippe
on the production of heavy fragments (isotopes of
sodium from fragmentation of ®*Mo and *°°Mo by high-
energy protons) and the work of the Leningrad groups,
who found “isotope effects” for the cross sections and
spectra of light slow fragments (isotopes of hydrogen,
helium, lithium, beryllium, boron, and carbon®°) and
the investigation of Batist et al.'* on isotope effects for
"N heavy fragments, it became clear that new ways
had been found to investigate the fragmentation process
itself.

The phenomenon acquires particular interest be-
cause of the development of new ideas in the physics of
hadron-nucleus and nucleus—nucleus interactions (in the
present case, these ideas relate tothe production of fast
fragments). The main directions that have been and
are being developped in the physics of fast fragments
are the nuclear-fireball model. ™% the flucton mod-
el,*'% and the coalescence model.'”"'® Certain hopes
are also placed on the fragmentation phenomenon in
connections with the search for hydrodynamic excita-
tion modes of nuclei.!®®! These ideas, so different
in content and in outlook, have stimulated many ex-
perimental studies (for example, Refs. 22-38), which
have yielded interesting material that has not received
its adequate theoretical interpretation.

The development of the experimental possibilities (in
particular, the use of beams of relativistic nuclei at
the accelerators at Dubna and Berkeley) has led to a
rapid growth in the number of publications related to
one way or another to the fragmentation problem.

The situation in this branch of physics has changed
appreciably during the time that has elapsed since the
middle of the seventies. Indeed, by analyzing the
available experimental material one can now seek to
answer the question of what new insights can, strictly
speaking, be gained by studying fragmentation.
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The material of the review is divided into three parts.
The first concerns the data on light slow fragments and
model descriptions of their production; the second,
heavy fragments (among which we include nuclei with
mass numbers 15 < A, <50, provided A, is appreciably
less than the mass number A, of the target nucleus).
The third group of data concerns fast fragments (light
fragments with energies E greater than 10 MeV/nucleon).

We do not consider in detail theoretical studies of
fragmentation. There are plenty of reasons for this.
In particular, it is not long since the authors of the
various theoretical approaches to the physies of fast
fragments published review papers: Baldin®® (see also
the review of Stavinskii?s), Luk’yanov and Titov,?
Komarov,* and Frankfurt and Strikman.'¢:4° There-
fore, in the corresponding section we shall merely
present the physical essence of the models of fast-
fragment production and compare the main results
with the experiments. Models not included in the re-
views of Refs. 15, 16, 26, and 39-42 are here con-
sidered in detail, which, of course, does not mean
that they appear to us to be more important, even
in the case of good agreement with experiment. It is
simply that, irrespective of the advantages and short-
comings, they form part of the picture of modern high-
energy nuclear physics and to some extent character-
ize the state of the study of the problem.

With regard to light slow fragments, we restrict the
treatment to models associated with pre-equilibrium
decay of the nuclei. As yet, these are nothing more
than phenomenological and heuristic models, but they
do make it possible to avoid a number of difficulties
that appear in the development of models of equilibrium
decay (see Refs. 42 and 43). In these models, it has
been possible to obtain some concerte results that can
with value be compared with experiment (see, for ex-
ample, Refs. 43-46). No attempt has yet been made to
derive the model of pre-equilibrium fragmentation,
since the development of simpler problems of nuclear
kinetics has not yet achieved the present-day level of
solution of such problems in statistical physics (see,
for example, Ref. 47).

More important at the present time is the actual con-
struction of fragmentation models, their comparison
with experiment, systematization of the results, and
analysis of the disagreements with the experiments.

It is, however, absolutely clear that fragmentation
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is a strongly nonequilibrium process,**:*%% related in
some way to the development of a nuclear cascade and
subsequent relaxation of the nucleus. The nature of the
connections and the relationships of the fragmentation
characteristics with the properties of the bombarding
particles, the target nuclei, and the fragments—these
are the problems on which we attempt to cast light in
the present review.

1. LIGHT SLOW FRAGMENTS

1.1. Excitation functions and dependence of the
cross sections on the mass number A, of the
bombarding nucleus

The measurements made in recent years of the cross
sections for production of fragments following bombard-
ment of nuclei by particles and nuclei at various ener-
gies®?"® have determined more accurately the behavior
of the excitation functions. Figures 1 and 2 give exam-
ples of these functions for the production of various
light slow fragments for various target nuclei. The
fragmentation cross sections o, increase rapidly in the
region E,=2-3 GeV, after which they tend to a plateau,
though for the p + Al —"Be reaction it is not possible to
rule out the existence of a maximum of the excitation
function for E, in the range from 2 to 5 GeV.

An interesting feature of the excitation functions is,
as can be seen from Fig. 1, the fact that light slow
fragments that are isotopes of the same element have
approximately the same behavior of the cross sec-
tions as E, increases. It follows from this that one can
expect the form of the isotope distributions of the frag-
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FIG. 1. Excitation functions of the fragmentation reaction on
various nuclei. a) 3He: 1) (#r)1/2=2,1x 107 cm, 2) @H1/2
=92.,5x1071% cm (for *He*); ®Li (open squares), *He (open
.triangles); b) Ni: 3H (open circles), *He (black circles),
9Be (black diamonds); Al: ®H (open circles), *He (black
circles). The experimental data are taken from Refs. 42,
483, 51, 58, 78, 79, and 81.
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FIG. 2. Excitation functions for "Be production on light,
medium, and heavy nuclei: 1) g~Ay; 2) g ~A,, where the
masses, except the "Be mass, are calculated in the liquid-
drop model; 3) g~A%/3x2(J, +Jy+1). The experimental
data are taken from Refs. 8, 43, 50-53, 55, 59, and 77-81.

ments to remain approximately the same with increas-
ing E,. This is indeed the case (Fig. 3). Moreover,

it is found that the shape of the isotope distributions re-
mains the same even on the transition from bombard-
ment of nuclei by protons of various energies to
bombardment by fast nuclei. On the other hand, the
shape of the isotope distributions is different for dif-
ferent target nuclei A, and for different charges Z, of
the fragments. Evidently, ine can write down the fac-
torization relation

O (A1 + Ay > Ajg) = Fy (Ay, Ag) Fy (A, 4)), (1)

where F, depends on only the properties of the target
nucleus A, and the mass number A, (and energy E,) of
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FIG. 3. Isotope distributions of light fragments: a) p + U—'B:
open circles for E,=1.0 GeV, black circles for E, =5.5 GeV;
b) p +Ag—'Be: black circles for E, =0.21 GeV, open circles
for E,=0.3 GeV, black triangles for E,=0.48 GeV, open
triangles for E,=1.0 GeV, crosses for E,=5.5 GeV; c) 4;
+112%8n —JLi: black circles for E,=1.0 GeV, open circles for
E,=6.7 GeV, black triangles for E,=15.3 GeV; d) A +!¥8n
—JLi (notation the same as in Fig. 3c); e) A; +U—7Li: open
circles for £,=1.0 GeV, black circles for E,=5.5 GeV, black
triangles for E,=8.4 GeV, black squares for E12-.=25.2 GeV,
open squares for Eyg, =42.0 GeV; ) 44 +U—/Be (notation the
same as in Fig. le). The experimental data are taken from
Refs, 28, 42, 53, 57, 58, 67, 72, and 73.
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the bombarding particle, while F, depends effectively
on only the properties of the target nucleus and the
fragment. The relation (1) recalls the well-known re-
lation of Heckman et al. ® for the fragmentation of re-
lativistic light nuclei on nuclei:

Oy {A1+An"‘"-4f)%f: (A4, Aa)fn(P+An"*-4i)v (2)

where f, is a function of arguments related to the nuclei
A, and A, and f, is the cross section of the p+A,—~ A,
reaction. This similarity suggests that the relation (1)
could be particularized to

Oy (Ay + Ag— Ay, AA) = oy AAF (AA) f (Ey, Ay, 4p), (17)

where o,(...,AA) is the cross section for production
of a fragment in a disintegration with A A nucleons
knocked out of the nucleus, o,, is the total cross sec-
tion for inelastic interaction of the nucleus A, with the
nucleus A;, F(AA) is the distribution (normalized to
unity) of the disintegration over AA, and f(E,, 4,,4A,)
is a function of its arguments that has the property that
with increasing E, it hardly changes the isotope distri-
bution of the fragments for given Z, (for example, the
dependence of f on E, may be determined by the lower-
ing of the Coulomb varrier when protons are knocked
out). It follows from the relation (1’) that for the total
fragmentation cross section (summed over AA) we
must have

05 (Ay + Ay — Ay) = oy (AA) | (Ey, Ao, Af). (1”)

If we consider the relative yields of fragments in-
duced by the particles A, i.e., Y3 =0,(4;, +A,—A4,)/
oy (A; +A,—~a), then it can be expected in accordance
with (1) that Y ¢ = £,(E,, A, A,)/f(A,,A,, ), i.e.,

Y 3 (A,) does not depend on A;. In Fig. 4, this con-
clusion is confirmed for a number of interesting
cases. Thus, for particles A, of relatively low energy
around 0.1 GeV it is not the case that Y §, is indepen-
dent of A; (Fig. 4a). For relativistic particles A,, the
value of Y§ is indeed almost independent of A;. This
is also demonstrated in Fig. 4c, in which we give the
isotope ratios y=0,(A,,'*2Sn)/0,(4,, ***Sn) of the cross
sections for bombardment of the maximally stable iso-
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FIG. 4. Some dependences for the relative cross sections
YG =0y +A )~ Ay (A) +A ) for the production of light
slow fragments: a) E,=0.09 GeV, E,=0,14 GeV. Target
nuclei: black circles for Al, open circles for Ni, black
triangles for Zr, inverted open triangles for Bif0:;
b) Y&/Y] for relativistic values of the energy Ey. Target
nuclei: black circles for !%Sn, open circles for *sn (E,
=6.7 GeV, E,=15.3 GeV'%:™), black triangles for U (&,
=4.9 GeV, E,=8.4 GeV'>™); c) open circles for ¥§ (1%3n)/
Y% (13n), black circles for Y% (1%n)/¥ ¢ (¥sn), E,=6.7
GeV, E,=15.3 GeV /21
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TABLE I. Characteristics of disintegration reactions of
AgBr nuclei induced by various relativistic nuclei.?’

07 (A; + AgBy —>8,9L{)
GeV
Ay El, ———— (ny) {ng)
nucleon calculation | experiment
P 3.0 6.24-0.4 3.4+0.2 8 ~8
d 4.0 6.04-0.7 4.5+0.3 1544 18+4
o 3.5 5.8+0.4 5.9+0.3 21+4 2946
12C 3.5 6.240.4 8§.0+0.3 3748 3245

topes of tin by relativistic protons and « particles. It
is readily seen that even for the 1i fragments with
their relatively unusual composition the agreement of
the y(p) and y(a) values is very good.

A more direct verification of the relation (1”) was
made in Ref. 64 on the vasis of an analysis of the data
on the production of ®°Li nuclei by relativistic protons
and nuclei on the nuclei of AgBr photographic emulsion.
Indeed, assuming that in the region of relativistic en-
ergies E,, where the mean characteristics of the nu-
clear cascade reach saturation, the function f is also
independent of E,, we can estimate the part played by
the first two factors in (1”), making the assumption that
(AA) is proportional to {n,), the meannumber of “gray”
prongs resulting from disintegration of the AgBr nuclei:

oy (A, + A, 4))
A Oyn (Ay + A) (Nghay+aof (A, Ap). (3)

Using the known data*® on the p + AgBr —®°Li cross
sections, the approximation in Ref. 66 for the
0..(A, +A)) cross sections, and the data on
(Mg) aysngnr COllected in Ref. 67, we can estimate
the cross sections o,(A, +A,—%°Li) for reactions in-
duced by relativistic nuclei (Table I). The agree-
ment with experiment is fairly good. It follows from
the same table that when nucleu are bombarded by
nuclei no correlation is observed between the mean
number of “black” prongs (n,) and the fragmentation
cross sections. According to Ref. 66, the mean
number (7,) is proportional to the excitation energy
of the U nucleus in disintegrations of the AgBr nuclei.
Thus, a clear correlation between ¢, and U is not ob-
served. However, in the case of the bombardment of
nuclei by protons it follows from the results of cascade
calculations*® that there is the approximate relation
U=adiite.; n, AA,

If this is so, then for the p + AgBr —A, reactions,
using the relation (1’), we can find that the distribution
F,(n,) of disintegrations with fragments over the num-
ber of “evaporated” particles n, is given by®’

Fy (ny) ~ nyFy (ny), (4)

where F(n,) is the distribution over n, of all distinte-
grations.

In Fig. 5, the relation (4) is compared with the ex-
perimental F,(n,). In this case too the agreement is
reasonable although the experimental distributions F,
are shifted somewhat to the right compared with the
calculated ones.
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FIG. 5. Experimental (points) and calculated (continuous
curves) distributions of disintegrations of AgBr nuclei with
respect to the number #z, of black prongs: a) E,=0.66 GeV;
b) E,=9 GeV; c) E, =250 GeV. The broken curves are the
distribution with respect to 7}, of disintegrations without
fragments. The figure is taken from Ref. 67.

The approximate fulfillment of the relations (1’) and
(1”) permits a conclusion to be drawn with regard to
the possible natue of the production processes of light
slow fragments. Evidently, if the fragmentation cross
sections were determined by the excitation energy or
the degree of disintegration of the nucleus by the cas-
cade [not taken into account solely by the factor
AAF (AA)], the unchanged form of the isotope distri-
butions with changing E, and A, would be extremely
strange (we recall that the fragmentation cross sec-
tions for the fragment isotopes differ by tens and hund-
reds of times for different values of A, and E, !), since
this would require very accurate compensation of the
variations in the energy of separation of a fragment
from the nucleus when the composition is changed, the
growth of the excitation energy, ete.

As a working hypothesis, it may be assumed that the
process of production of light slow fragments develops
over times too short for the state of the nucleons in the
nucleus that are not involved in the cascade to change
but not so short as to reveal a difference in the develop-
ment in time of the cascade process for different values
of E, and A,, i.e., the process develops over times
greater than the cascade development time #, =103
sec:

b, A (5)

where £, is the time of rearrangement of the states of
the nucleons of the nucleus (for example, in terms of
the exciton model of pre-equilibrium states,*® we can
interpret ¢! as the probability of transitions with a
change in the number » of excitons by Az =0). It is
possible that the large spread of points in Fig. 4a is
due to the fact that the primary particles with energy
E,=0.1 GeV introduce a relatively low excitation energy
and “activate” the nucleus so slowly, because of the
slow rate of development of the cascade, that there
arises a sensitivity to the development of the nuclear
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FIG. 6. Cross sections for production of "Be and Li frag-
ments. The black symbols correspond to the experiments,
the open symbols to the calculation for g~A,: 1) E,
=0.5-0.66 GeV, The sequence of points corresponds fo Na,
Al, si, S, V, Fe, 58Ni, ®Ni, Au, U; 2) E,=1.0 GeV, The
sequence of points corresponds to Na, Al, Si, S, Fe, Ni, Ag,
Au, U; 3) E,=2.8 GeV. The sequence of points corresponds
to Na, Al, Si, —, Ca, Ag, La, Pr, Pb, U; 4) E,=1.0 GeV,
The sequence of points corresponds to Na, Al, Si, S, Ca, Ag,
La, Pr, Ta, Au, U. The inset shows the cross sections for
E,=1.0 GeV and EM™*=4.5 GeV (p+A,: *»%Mg, Al S, P,
K; y+Ag: %:%Mg, Al, Si, S, Ca). The experimental data
are taken from Refs. 8-11, 42, 50, 53, 56, and 58.

activation process, which, naturally, is different for
primary protons and o particles.

To conclude this subsection, we give new and very
interesting data obtained®® by bombarding light nuclei
with photons of a bremsstrahlung spectrum with
E7**=4.5 GeV. In Fig. 6a, we give together the cross
sections for the production of "Be following bombard-
ment of the nuclei #*:25:28\[g, 27A1, 28gi, *p, g, ¥K by
protons with energy 1.0 GeV and 2®2°Mg, 27Al, 2%Si,
'p, g, “°Ca by photons with energy E?*=4.5 GeV.
The general form of the o,('Be, A,) curves in the two
cases is similar, but the details are different. It
would be very interesting to continue the investigation
of fragmentation reactions in photonuclear and electro-
nuclear reactions, since in these reactions the charac-
teristics of the initial interaction event of the bom-
barding particle with the target nucleons are very
different.

1.2. Dependence of fragmentation characteristics on
the properties of the target nucleus and the fragment

The accumulated experimental material makes it
possible to follow the dependence of the cross sections
for the production of light slow fragments on the pro-
perties of both the target nucleus and the fragments.
Examination of the excitation functions (see Figs. 1
and 2) already gives an indication of how they depend
on these properties. It is found that the heavier the
target nucleus or the larger Z,, the more rapid the
rate of growth of the cross sections with increasing
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E,. Moreover, thelarger Z, or Z,, the longer it is
before the cross sections reach a plateau. These are
“large-scale” features of the dependence of the cross
sections on the properties of the target nucleus and the
fragment. The available data, in particular the data
relating to the bombardment of target nuclei represent-
ing separated isotopes of a number of elements, reveal
even more interesting details. For example, there is a
different behavior of the A, dependence of the cross
sections for neutron-rich and neutron-deficient light
slow fragments. Figure 6 gives examples of such de-
pendences for "Be and °Li fragments for a number of
E, values. The nature of the A, dependence of the
cross sections for "Be and °Li is quite different, but in
both cases there is a “fine structure” of the A, de-
pendence. For target nuclei with similar A, the "Be
yield is greater for isotopes with smaller N, - Z,,
while for °Li it is the opposite. It is interesting that
this dependence on N,—Z  and N, - Z, is even more
strongly manifested for the cases when "Be or °Li are
residual nuclei. It was shown in Refs. 50, 69, and

70 that in this case the dependence of the cross sec-
tions on the properties of the target nucleus and the
fragment is basically given by “statistical factors,”
1.e5,

|1 (250 + 1) i
U(Af)“‘Ulnh—._,s;TﬁXP[*'}'(QLh+Bf)J, (6)

where s, are the spins of the products of the cluster
breakup of the target nucleus with separation of the
cluster A,, s, is the spin of the target nucleus, @, ,
is the energy of separation of the cluster A, in the
given channel, B, is the Coulomb barrier in the chan-
nel, and 7 is a “temperature. ”

Evidently, for the cases when "Be and °Li are frag-
ments the “statistical factors” also play an important
part. In what follows, on the basis of a model approach
to the problem, we shall show that this is the case, al-
though the dependence of the fragmentation cross sec-
tions on the properties of the target nucleus and the
fragment is not exhausted completely by the dependence
on{AA), @, B, s, (the fragment spin).

In recent years, investigations have been made of the
isotope ratios of the cross sections for production of
light slow fragments for fragments with very large
values of the isospin T,, namely, ®He and Li.™ It
can be seen from Fig. Ta in which we give the ratios
of the cross sections for the production of light slow
fragments on the nuclei *'2Sn and '2*Sn (normalized to
the ¢ -particle yields), that for large values of T, ,
=4(N, - Z,) these isotope ratios deviate rather strongly
downward from the ordinary exponential dependence at
small T, ,. It is also interesting that as E, is increas-
ed from 0.66 to 6.7 GeV the slope of the dependence of
the isotope ratios on T, , changes somewhat.

1.3. Spectra of light slow fragments

Besides the investigation of the dependence of the
fragmentation cross sections on the properties of the
target nucleus and the fragment, new data have been
obtained on the fragment spectra. Of greatest interest
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FIG. 7. Isotope effects for fragment production cross sections:
a) Light slow fragments, target nuclei 1%5n and 1%48n, The
cross sections are normalized to the a-particle yield: in-
verted black triangles for E, =6.7 GeV, experiment; open
inverted triangles for E,=6.7 GeV, calculation in the frame-
work of the model of pre-equilibrium fragmentation (see Sec.
1); black circles for £,=0.66 GeV; b) the reaction p +1°_* iig
—H, *He, E,=0.66 GeV; c) the reaction p +?2:10po—Na,
E,=25 GeV; d) target nuclei 12:1%sn, £,=1.0 GeV: black
circles for light slow fragments; 1) %Na, 2) !'N. The ex-
perimental data are taken from Refs. 8-11, 42, 67, and 71.
The curves are drawn for clarity.

are the results of the study of the A, dependence of the
spectra™ ™ and the dependence of the isotope ratios of
the fragmentation cross sections for different sections
of the spectrum.™ It was already noted in the experi-
ments of the Berkeley group™ that in the case of bom-
bardment of nuclei by relativistic ¢ particles the spec-
tra of the light slow fragments are broader than in the
case of bombardment by protons. This result was con-
firmed in a number of other studies, in particular,

in experiments with relativistic 2*Ne ions,?® in which
the spectra of the light slow fragments were found to be
even broader than in the ¢ -particle experiments.

The broadening of the spectra of the light slow frag-
ments was also studied™ in the case of bombardment
of the extreme tin isotopes '*2Sn and '*‘Sn with relativis-
tic protons and o particles (Fig. 8). A feature of the
spectra in these experiments is that the ratios

%0 (A; +1128n — A7) /aﬂof (4, 180 - 4y)
aE 60 9E 30

% () =

of the differential cross sections are found to be in-
dependent of both A, and the fragment energy E. With
regard to the dependence of y on E, this conclusion
contradicts the tendency noted earlier in Refs 8 and
42 for x(E) to tend to 1 with increasing E for E,=0.66
GeV. For relativistic bombarding particles, the shape
of the spectrum evidently becomes insensitive to the A
of the target isotope.

(o]
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FIG. 8. Energy spectrum of light slow fragments in interac-
tions of protons (open circles) and & particles (black circles)
with tin nuclei at E,=6.7 GeV and E, =15.3 GeV.!>'?

In Ref. 72, an attempt was made to systematize the
variations in the shape of the spectra of light slow
fragments with increasing A,. Figure 9 shows the
ratios

204 (41 -+ Ap— Ay, E) [* A 45,
Ry p (By= Tt rem &0 Do Gbdemdn B) (7
These ratios can be well approximated by the functions
Ry, p(E)=-explga,,E/4;], (8)

where g4, , depends on A; and A,. For example, for
the bombardment of uranium nuclei ¢, ,=0.05 MeV™,
qzoye,p =0.13 MeV™, while for the **Sn and **Sn
nuclei qu",=0. 10 MeV™. Thus, the change in the
shape of the fragment spectrum with increasing A, is
characterized by a factor that depends on the square of
the fragment velocity (i.e., on E/A,) but not on the
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tion with ?%Sn as A ; and ‘He as A,, E, =15.3 GeV, E, =6.7
GeV; b) the A; +U— A ¢ reaction with e and ®Ne as A,,
1)A¢: *He (black circles), °Li (open circles), "Li (open in-
verted triangles); 2) A;: *He (black circles), *He (open
cireles); 3) for helium isotopes: black circles for *He, open
circles for ‘He, E,=5.5 GeV, E,=8.4 GeV; 4) for lithium and
beryllium isotopes: open tria.ngles for "Li, black triangles
for "'Be, E,=5.5 GeV, E,=8.4 GeV; 5) 'Li and *He, E,=5.5
GeV, Ezoy, 042 GeV.

isospoin, A,, etc. Of course, thisis avery provisional
conclusion and it would be desirable to study in more
detail the dependence of the shape of the spectrum on
A;and T, ;. In principle, a deviation of g4, , from 0
casts doubt on the significance of the factorization (1'),
(1"), since the fragment spectrum is sensitive to both
Aj,and A;. Then together with the frequently used ap-
proximation

%07 (p+ Ay — 4y, E) o i S SH
-—W (E— By)exp (—E/T)
we can write

9%0; (A1 + 4y 45, E)

oE 00 N(E—B})BXP(iE/TI)r

where

’
L |

T —qa,, p/4f7

For small values of A4,, the difference in the shape
of the spectra can be fairly appreciable. The reasons
for the change in the shape of the fragment spectra
with increasing A, are as yet unclear. In Ref. 72, it
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TABLE II. Values of the most probable energy E mp (MeV) and
the effective Coulomb barrier B; (MeV) for bombardment of
uranium nuclei by protons with various energies.®

Ep=1.0 GeV Ep=35.5 GeV
Fragment

Em,p. By Em.p. HI'
’_Hp 22.1+0.2 16.5 20 12.8
‘_’L§ 33.2:+0,2 21.9 29 18.2
Li 33.2+0.2 23.3 31 18.6
10Be 39.730.3 30.3 33 19.7
upg 46.2+0.7 35.1 39,0 23.5

was assumed that this effect is due to “expansion of
the exciton gas,” this carrying the fragments along
with it. Whether this is true or not is at present dif-
ficult to say, since the characteristics of disintegra-
tions with fragments initiated by relativistic nuclei
have as yet hardly been studied.

One of the properties of the spectra of light slow frag-
ments is the decrease in the most probable energy
E,. , of the spectrum with increasing E,. This effect
can be clearly seen for uranium nuclei (Table ITI). It
follows from Table II in particular that the decrease in
E,, ,is correlated with the decrease in the effective
barrier B, with increasing E,. This, strictly speaking,
is one of the main reasons why with increasing E, the
cross sections for the production of the isotope frag-
ments of one element increase more rapidly than
(AA) (if (AA) is estimated using the data of cascade
calculations*®?) and, moreover, equally rapidly for all
fragment isotopes, though more rapidly, the larger the
Z, of the target nucleus [see the relations (1’) and

(1]

1.4. Model systematization of data on light slow
fragments

We consider two systematizations based on the as-
sumption that the process of interaction of high-energy
particles and nuclei with nuclei develops in three
stages: cascade, evolution to equilibrium, and equili-
brium. In all these stages, particles, including frag-
ments, can be emitted. In the considered fragmenta-
tion models, it is assumed that the main contribution
to the yield of light slow fragments is made by the
second, pre-equuilibrium stage. ™5™ Use is made

TABLE II. Calculated cross sections of fragment production
for bombardment of nuclei with 0.062-GeV protons* (the
upper number is the pre-equilibrium component, the lower the
equilibrium component; the cross sections are given in units
of 10~ em?),

Fragment
Ap

H 3H 3He 4He

Al 60,29 10,35 8,86 8,69
; 1,32 0,085 0,21 12,8
= 58,5 8,71 15,4 8,54
Fe —— —_——— —-—
0,82 0,002 0,014 7,50

i 106,2 29,0 4,44 9,14
0,44 0,32 00,0003 1,60

An 103,0 15,4 3,25 4,42
0,035 0,011 8:10-% 0,37
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here of the results of cascade calculations realized in
accordance with the algorithm given in Ref. 43. This
is a fairly typical algorithm, giving satisfactory re-
sults not only for the description of the nucleon and
meson components of the reaction products but also for
the description of the characteristics of the residual
nuclei and the fission fragments (see, for example,
Refs. 43 and 786).

With regard to other attempts at model description
of fragmentation processes (as they relate to light slow
fragments) almost exhaustive information about them
can be found in the monographs of Refs. 43 and 77, the
review of Ref. 42, and Refs. 78-82,

The main idea of the approach used in Refs. 44 and
45 is that in the pre-equilibrum stage the formation of
fragments is considered with allowance for not only
transitions in which the change in the number of exci-
tons is An=0, +2 but aso transition of higher multi-
plicity, i.e., with An=-A4,, which makes it possible
to write down the following expression for the probabil-
ity of emission of fragment A,:

W (4, p, h, U, E)ydE=N (4, ...)-‘;’—fxf(a)dE, 9)

where p is the number of excited nucleons, h is the
number of hole excitons (p+h=n), U is the excitation
energy of the nucleus, E is the fragment energy, N(A4,)
is the fragment formation probability, w, and w, are
the density of states of the nucleus after and before
emission, and A,(E) is the “decay rate”*:

hy (B) =Lt B B) (10)
where s, is the spin of the fragment, M, is its mass,
04, (E) is the cross section for inverse absorption of
the fragment by the nucleus, and g is the density of
single-particle states of the target nucleus (for g, a
dependence of the following form on the nuclear charac-
teristics is taken®: g~A EF ~A¥%, where E; is the
Fermi energy, and »,=R,Al/?, in which R, is the ra-
dius of the nucleus). It is assumed that o,,,(E)
«mR31+R,/R,)?, where R, is the radius of the frag-
ment nucleus,

In Refs. 44 and 45, the factor N(4,) is estimated
under the assumption that the fragment is formed by
the combination of A, nucleons of the exciton gas,
This gives

N (A7) = v(4;) R (A;, p) o (4, 0, Q5 + E), (11)

where the factor y(4,) is given by the overlap integral
of the wave functions of the nucleon component ¢, of
the excitongas and the cluster function ¢, (Ref. 44):

v (4y) = 5 Py ooes "I'A,‘l‘-*f dry
covdrg [P A (j—:)“f‘". (12)

The factor R(A,, p) serves to correct the nucleon com-
position of the fragment, and w, which is calculated in
the framework of the equidistant model, is the density
of states of the A, nucleons destined to form the frag-
ment (with energy E + @,, where @, is the energy for
separation of the fragment from the nucleus). A
strong point of the given approach is that the model
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does not contain any parameters apart from those
usually introduced to describe the nucleon component.
The evolution of the system to equilibrium is de-
scribed in the usual manner in the framework of the
exciton model® with allowance for transitions with
both An=+2 and An=-2,0. Adding to the pre-equili-
brium decay the equilibrium stage of emission of frag-
ments, the authors of Refs. 44 and 45 obtained a very
good description of the spectra and cross sections for
emission of d, ¢, and *He from a number of light,
medium, and heavy nuclei at energies E, of the bom-
barding particles up to 0.1 GeV (Fig. 10). The *He
emission cross sections were almost an order of mag-
nitude below the experimental ones. It is interesting
that the contribution of the equilibirum component for
fragments with A, =2 and 3 is negligibly small (Table
III). If it is assumed that the emission of *He (in the
framework of the considered model) is well described
in the equilibrium stage, then for this fragment too
the equilibrium stage makes a contribution less than
10%. Thus, the model of Refs. 44 and 45 obviously
demonstrated that:

1) the cascade model gives an entirely satisfactorily
descripton of the “doorway” states of the fragmenting
nucleus;

7 =
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FIG. 10. Comparison with experiment of the double differen-
tial cross sections for the production of !H, 2H, *H, ®He,

4He calculated in the model of pre-equilibrium fragmenta-
tion*: % a) p +H1¥sn—~A, p +1¥Au—A4;, £, =0.062 GeV;

b) p +¥%r—A ¢, E,=0.09 GeV. The points and broken curves
represent the experiments, the continuous curves the calcula-
tions, The experimental data are taken from Refs. 44, 60,
and 61,
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2) the contribution of the equilibrium component to
the fragmentation cross section is small. This
second conclusion corresponds to well-known experi-
mental facts (see, for example, Refs. 42, 48, 49, 57,
and 58).

The fact that in the model of Refs. 44 and 45 it was
not possible to describe well the data on A, =4 cannot
be regarded as a serious reason for criticizing it, since
since, first, one can hardly require from such an ex-
tremely simplified model perfect agreement with ex-
periment and, second, the main value of Refs. 44 and
45 is that in them, on the basis of realistic doorway
states, evolution with the formation of fragments is de-
scribed. In Refs. 46, 67, 75, and 85, the model of
pre-equilibrium fragmentation is formulated as a de-
velopment of the evaporation model. The cross sec-
tion for the fomation of fragments A, in the k-th excited
state is described by the expression

I B %) 0l (Ad, ) P (4, B, 7o), (13)
where F(AA, 7,) is the distribution of the interactions
with respect to the number AA of nucleons knocked
out and the “temperature” 7, (the canonical ensemble
is used), and P is the probability of emission of a frag-
ment with energy E:

P4y, B, n)=TEEHED |pr (14')

253,
'-'r“’reL

where m, is the mass of the fragment E’ and v,,, are
its energy and velocity of the relative motion, s, is the
spin of the k-t* state of the fragment (energy U,, iso-
spin T, ,), and w, is the density of the final states of the
residual nucleus. Into the ordinary expression |M, [?

= Ve 0ny(E’)/w; one introduces the relative probability
of transitions to fragmentation states:

Dy = Py (1o, Ag) f (A4, n) AT, (14")

where P, is the probability of fluctuations leading to
rearrangement of the exciton part of the nuclear nu-
cleons with the formation of fragments (of the type of
a heterophase transition of the second kind®®), A, is the
probability per unit time of “ordinary” transitions in
which the number n of “excitons” changes by An=+2,
and f is the efficiency of the “excitons” of various
types in the formation of fragments. The competition
of nucleon emission is ignored, which for high excita-
tion energies and, especially, small A, and A, must
lead to an appreciable overestimation of the cross sec
tions. It is assumed that P,~exp(AS,), where AS, is
the change in the entropy on the formation of one frag-
ment (AS; =-58,/7,, where 7' =28S(n, U)/2U is the

“ effective temperature” of the n-exciton state of the
nucleus; for an equidistant spectrum it is equal to U/#x).
For §,, the following dependence on the properties of
the target nucleus and the fragment is assumed;:

;= bls 1 Biv, (15)
where o{ are given by simple functionals;

6= 5 drd®r'pl (v) B (r—r') pi (r'); (16)

0i (r) =p} (x) — p} (v); (17)

pis (r)=p,(r), pk (r)=p, are the matter densities of the
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fragment and the target nucleus (in the liquid-drop mo-
del, p,=0.17x10* cm™ (Ref. 90));

ofF ()= L0y (1), off @) =S o
are the isospin densities with neglect of the differences
between the proton and neutron distributions.
For E’ the following expression is proposed:
E (x) = &6 (x)/p,. (18)

The coefficients €/ are taken equal to the parameters
of the mass formula in the liquid-drop model with the
above value® of p,:

g8 = 15,68 (1 — 1,184 A-1/3), MeV;
e —112,4 (1—1,184 4; 1/3), MeV] ; (19)
For &, this gives approximately
8 2~ 15,68 (1— (pg)/po) (1—1,184 A5 1/%) 4;, MeV;
B 112:4: 4 i) T, & +1) 4
8y 1 (ol n— B2 Ten CLrtlde ) (g g 485 45473), MeV.

(20)

Here, {p,) =1/A, fdsrpz(r), and T, , is the isospin of
the fragment in the k-th excited state (energy U,, spin
5,

In addition, in the model it is assumed that: 1) the
nucleating centers of the fluctuations are basically
fairly long-lived®"® defects of the density of the nu-
cleus formed during the cascade (their number is AA),
which gives f(AA, n)=~AA/7, where 7% is the mean
number of “excitons” in the given stage of relaxation to
equilibrium; 2) A, depends on 7, and on the density g of
the single-particle states in the same way as the decay
probability of quasiparticles in a Fermi liquid in the
lowest order: A =a;'r2g. For g, the expression ob-
tained for a degenerate Fermi system® is assumed,
g=a,7v3A,, MeV™ (for », measured in 102 cm, a,
=0.0195). A more realistic expression taking into ac-
count the lifting of the degeneracy by the residual in-
teractions and a number of other effects has a compli-
cated structure.® In the simplest case, one can write
g=a2A%%2J, +J, +1), where 27, +1 and 2J, +1
are the averaged multipolarities of the proton and neu-
tron states near the Fermi limit. For some nuclei,
in particular, for Pb and those near it, the corrections
to g~A, are large.

For semiquantitative analysis it is assumed that
F(AA,T))=F (AA)F,(1,). The distributions over A A
and 7, are taken from the data of cascade calcula-
tions,* and from them estimates are made of the mean
quantities: (AA?, the mean excitation energy (U) of
the fragmenting nuclei, etc. It is assumed that at the
end of the cascade and in the relaxation stage the
spread of the values of 7, and 7, is described in the
same way:

Fy(t) ~

1 y (t—1)?
Vo s (5 ) (21)
where 7 is the “ mean temperature” in the given stage,
and o? is the mean square of its “fluctuation. ” For an
approximate estimate of 02, the relation ¢2/(7 2 =1/
(2n) is used, which takes into account the fact that the
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number of “excitons” changes by +2. In concrete
calculations, Eq. (21) was replaced by a step distri-
bution with step 0. 50 and step height ensuring the

same area as the section of the Gaussian curve at the
given step. To the left of 7, three steps were taken;

to the right, four. Bearing in mind that 5, for the
fragments is of the order of tens or hundreds of
mega-electron-volts, it was assumed that 1/(2x y/2
=1/(2n,)/2 =7, /(2U),, where 7, is the mean tempera-
ture of the postcascade nucleus. The value of (U},

was estimated under the assumption that (U) is approxi-
mately proportional to{(AA).*® The mean number of
nucleons knocked out in the cascade in disintegrations
with fragments for f(AA,n)~AA can be estimated ap-
proximately as };,, AA?F (AA)/2], ;XAAF,(AA), which
in accordance with the data of Ref. 43 on F,(AA) for
2TAl, '®Ru, ***U with E,<5 GeV is approximately
1.5(AA). The experiment*® for the mean number (n,)
of cascade nucleons and the mean number {n,) of
“evaporated” particles gives (n,),/An,) ~1.8-1.5,
(ny)e/{ny,) ~1.8-1.5. We assume that (U),=1.5(U).
After the substitution w,/w;~exp[-(Q +u,+E’)/7,],

the replacement of summation over » from #, (“initial
number of excitons”) to N4, by integration over 8 =n/U
(Ref. 46), Y ure,, -+ —~U/2 [5 dB..., convolution with
the chosen distribution of excursions of 7, and summa-
tion over AA, we have (in units of 10" em?/MeV)

-

dop (Ay, E) . 3 mxoindy (2sp 1) (A4) ojnv (£7)
ki 0 PEETEI ixs (22)

if o,, in 107 em? is the fragment energy, MeV; b is an
adjustable parameter that must be near unity;
Sp=arr D) P (Y L+05v () flexp[—B () WI;
d=—3

(23')

W=@Q,+u,+5 +E', By= 1/709 () =B(j)o, B(H)
=Bo(1+0.5j7), ¥=B,0; B, is a parameter that must be
chosen; and P(j) for j from —3 to +4 is equal to
-0.1837, -0.1163, -0.0829, 0.0, 0.0829, 0.1163,
0.0956, 0.0881. For the barrier height (MeV) the
following estimate was obtained (under the assumption
that the number of knocked-out protons is AZ =Z AA/
Ay

~ L5 (Zo—Ef) __Zy (Adg)
By Ry+ Ry [1 (zr,z,)AOJ‘

(23.”)

The total cross section for production of a fragment
in state k& is determined by integrating (22) over E.
The energy is E' =EA,/|\,, where u;=A,
X(A,—-(AA))-A,/(A,—(AA},). Inthe determination
of the cross section, allowance is made for the forma-
tion of the fragment A, following decay of a heavier
Ay in states k' which decay through the channel A; —A,
+X. It was assumed that the kinetic energy of frag-
ment A, is A}/A, times greater than the energy E of
fragment A,. The decay energy of the fragment A}
was not taken into account, Using the data of Toneev®’
on the mean values of AA, U, and the number of cas-
cade collisions in the "°Ga nucleus, one can estimate
7,.**¢ This estimate gives 7,~10-11 MeV. The para-
meters 7,( Ay, E,) and b were chosen using the data on
the cross sections for the production of "Be on the nu-
clei of Al, Ag, U with allowance for this estimate of 7,
and using the data of Ref. 43 on (AA) and {U), which
gave
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vt = o= 0414008 (252)* L] 14+ 5ED)).

(24"
For {AA) and (U), the following approximations were
proposed:

(A4 = hoxp [f;s (0.45— t;i g 0;;3)]

x [fa oxp (— E ,/0.185) + L +0.15 | exp [—6,237/(4 )15 (24")

Ep-4-0.35
0,3 =l
(©) =31 (A4 [+ 72
20.9 20.3
Xexp[-—-—EpAD -+ -
p (20 Ep+1) (14

o) 04

0
22.65

In Eqs. (24')-(24"""), 7, and U are given in MeV, and
E,in GeV. They give saturaion at large E, (imitating
the “trawling effect”*®). It was assumed that the frag-
mentation proceeds rapidly until the nucleus has had
time to readjust. This makes it possible to assume
that @, is close to the energy for separation of the frag-
ment from the target nucleus. The masses of the nu-
clei are taken from Ref. 90, and the data for calculat-
ing { p;), Ry, and R, from Ref. 91. For A,=3, the
values of R, and { p,) were taken to be the same as for
3He. For °Be there are data on the distribution of not
only the charge density but also the matter density.
They were used for A,=9, It was assumed that for a

given iscbar all the R, and ( p,) are the same and do not
depend on u,, but for *He*-3He, °H the theoretical esti-
mates of the radius of Ref. 99 were used, i.e., {#2)!/?
=2.5%107** cm. For A,=5 and A, =8 there are no
data on p,(7) and for them values intermediate between
A,=4.6 and A, ="1.9, respectively, were taken. The
probabilities in the channels *He* —°He, °H were taken
tobe 0.5. The value of ¢ =a,/a, [or (a,/a,)] was esti-
mated using the data of Ref. 84 for the system with
A,=64, n=3, U=24 MeV, for which x, =0.5Xx10%
sec™. This gives ¢=1.18%x10™® gec. (For 7=10

MeV and A,=100, the relaxation time is {, =107

sec.)

Assuming o,,,=7(1 - B;/E’)(R, +R,) (in units of 10™°
cm?) and collecting together the numerical coefficients
of the expression (22), choosing b for g=0.019572 /A,
MeV™ (7, in units of 10™** em), we cbtain

200 (A1, B) 17,45 010 (A4) (254
1) Ay V3 (E —By) Ay Zyy
(in the units 10727 em?/MeV, if o, =7R2 is given in the
units 107 cm?, and W, E, and B, are given in MeV).
The factor 17.45 is approximately 2. 5 times greater
than from the expression (22) (for b=1). Note that the

s

d%/dRdE, 1172 cm®s(se-Mev)!
5
I

S,
13
T

F,MeV

FIG. 11. Comparison with experiment of the calculated spectra of light slow fragments: 1) (0.156 GeV)+Ag—3H: the broken
curve shows the experiment (6=45°), the continuous curve the calculation (the normalization is arbitrary); 2) calculation
(6=90°) for p (0.156 GeV) +Ag—°H; 3) p (0.3 GeV) +Ag— "Be: the broken curve shows the experiment (6=90°), the continuous
curve the calculation; 4) p(0.21 GeV) +Ag— 5Li: the broken curve shows the experiment (§=90°), the continuous curve the calcu-
lation; 5) p(0.66 GeV) +'#sn— ®7TLi: the broken curve is for 'Li, the continuous curve for ®Li; the histograms show the experi-
ment (9 =90°), the curves the calculation (the normalization is arbitrary); 6)p (0.66 GeV) +®Ni—6:7Li, The notation is the same
as for 5); 7) p (0.66 GeV) +*Ni—©:"Li. The notation is the same as for 5); 8)  (0.66 GeV) +Th—%:°Li: the histogram shows the
experiment (6 =90°), the broken curve is the calculation in the framework of the cascade—evaporation model of Ref. 49, and the
continuous curve is a calculation; 9) p(0.66 GeV) +Ag—5:%Li. The notation is the same as for 8); 10) # (0.66 GeV) +V—2+9Li.
The notation is the same as for 8); 11) » (0.66 GeV) +Al—8:°Li, The notation is the same as for 8); for 8)=11) the normalization
is arbitrary; 12) p (1.0 GeV) +U—"He: the continuous curve shows the calculation, the open circles correspond to 6 =90°, the
black circles to 120°; 13) (1.0 GeV) +U—"Be: the notation is the same as for 12); 14) (1.0 GeV) +U—S%He: the notation is the
same as for 12); 15) p (1.0 GeV) +Ag—®He: the notation is the same as for 12); 16) p (5.5 GeV)+U*2He: 6=90°, the continuous
curve shows the calculation; 17) p(2.2 GeV)+ Ag—%®Li: the continuous curve shows the calculation (arbitrary normalization); 18)

(250 GeV)+ AgBr —®%?Li: the continuous curve shows the caleulation (arbitrary normalization).

are obtained under the assumption that do, 4Q ~a +b cos6,
81, 95, 97, and 98.
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The calculated cross sections

The experimental data are taken from Refs. 43, 48, 49, 57, 58, 80,
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variants of the model in which effective roles are play-
ed either by all the excitons, or only the nucleon exci-
tons, or all hole excitons would give a smaller deviation
of the normalizing factor from the theoretical value but
would change little otherwise. However, the inaccura-
cies in the estimate of ¢ and the other inaccuracies of
the model do not permit us to conclude which variant of
the model is best, and we restrict ourselves to the
f~AA/n considered here.

In Figs. 1, 2, 6, 7, and 11 and in Tables IV and V
we give examples of comparison of the calculation with
the experiments for g~A,. The agreement with the
experiments is good, despite the very large range of
the cross sections (from about 10°® to about 107%¢ e¢m?).
As expected, because of the neglect of nucleon emission
and a number of other simplifications, the agreement
with the experiments for large E, and small A, and A,
is less good, while for nuclei with A, =200 the calcu-
lated cross sections are significantly smaller than the
experimental ones. This can be seen particularly well
in Fig. 12, which shows the data, averaged over A,, on
the ratios of the experimental and model cross sections,
0./0,, and the ratio of g~A2/%2(J, +J, +1) and g ~A,.
It can be seen that there is a correlation between the
ratios of the cross sections and the densities of the
levels. The deviation of ¢,/0,, from 1 is less if one
assumes g~A2/32(J, +J, +1). There is a similar

TABLE IV. Cross sections for the production of fragments.
Comparison of the predictions of the model of pre-equilibrium
fragmentation with experiment. The experimental data are
taken from Refs. 9, 42, 55, and 79-81, g~A,, @ are exact.

U’. 10-27 sz
Ay Ay Eyp, GeV -
calculation experiment
*H Al 0,19 177 88
0,60 255 169
58Ni 0,66 * 196 12244
04Ni 0,66 * 160 10743
Ag 0,156 122 124716
SH Si 0,6 25 364
N 0.6 54 52+8
s8Nj 0,66 * 36 58.3%2,0
61N 0,66 * 52 88.7/+3,0
SHe si 0,6 30,0 5245
Ag 0.6 16 21
Au 0,156 5,1 6,6
iHe s8N 0,66* 345 353+4
BNj 0,66 % 293 3024
Au 1,0 513 1130140
U 1,0 722 1070130
5.5 5020 00
8He U 5,5 2,3 4,2
o U 1,0 6,2 9,8+1,6
5,5 63,5 73
L4 U 1,0 13 22,8+3,6
5,5 124 164
SLi U 5,5 4 49
ny; | U 5,5 0,19 0,2
¢B | U 5,5 0,2 0,3
1B Ni 3,0 4,6 5,64-1,2
U 1,0 1;,9 1,?6$0,2
5,5
118 ] u 4,8 | 0,015 0,005
BN | U 0,9 l 0,053 0,024

*The cross section is obtained by multiplying do/dQ(6 = 90°) by 4.
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TABLE V. Experimental and calculated cross sections for 'Be
production?3-50-5% anq their ratios for different E,. Allowance
has been made for the inaccuracy in the approximation of
(AA). To the right of the chemical symbol of the target
nucleus the number of neutrons (superscript) and the number
of protons (subscript) are given.

o, 10727 em 2 /
Ag experiment calculation Feaucl
0,66 GeV 1,0 GeV | 0,66GeV| 1,0GeV | 0,86 GeV | 1,0 Gey
BNat2 | 5,2+0,6 |7,000,8 |42 ! 6,6 ' 1,240,144 | 1,06:0,12
maly | 48205 6,206 |31 | 4,7 [ 1,520,147 | 1,31:£0,13
285il¢ 5,8+0,6 |7,5+0,8 3,8 5,7 1,5+0,16 | 1,30:0,14
agle 5,120,6 |[6,1+0,7 4,6 6,9 1,114+0,13 | 0,88+0,10
S8Nijl | 2,89+-0,3%(4,94+0,6* | 2,3 4,04 1,26+-0,13 | 1,21+0,15
aNi | 1,310,13 ] & 0,83 = 1,58+0,16 2
1084p88 [ 0,801 # Z’Siﬁi 0,64 | 2,34 1,25 | 1,03+0,2
1815108 — T,24£0,7 *4¥ 6,8 *ex — 1,06
20,11 s
197 Ay 118 0,35+ 1,340,2 0,24 #+%%| 0,90 1,454 1,444-0,22
U2 | 10,05 ##xx +0,20 %
208 P10 = 6,2:20,6 %+ 3,2 % E 1,9+
+0,20 ***
ssyge | 0,45.40,06 ?%ig.fé 0,48 1,04 0,94-40,13 | 0,984-0,12

*The cross section is obtained by multiplying do (6=90°)/d &
by 4.

*+E, =0.48 GeV,

*++E,=3.0 GeV.

**xxE, =0.55 GeV,

correlation with o, /0, for the difference between the
experimental values of the masses of the target nuclei
and the values determined using the liquid-drop model
(the quantities @,). Thus, the variant with g~A, and
with the shell effects for the masses of the nuclei

“ switched off” (except for the fragment mass!) can
give a reasonable description of the experiments (see

Ay 2T, 4Ty 1)

VR +%$ i i ; J
"y | T "
4

YAV ' O A T T O O T 1 O (0 10 i )

30 4050 100 200 A

Go/ S (F)

0
o

FIG. 12. Ratios of experimental, 0., and model, o, cross
sections for production of light slow fragments. The black
symbols correspond to A ¢ =6, the open symbols to A;=3 and
4; the continuous line shows the ratio 2(J, +J+1)/A}/?
(normalized to 1 for Ag); the broken line shows exp(Q,/10),
where @ is the difference between the exact mass of the
nucleus A ; and the liquid-drop value (in MeV),” The
sequence of points corresponds to Na, Mg, Al, Si, S, Ca, V,
Fe, Ni, Ag, La, Pr, Ta, Au, Pb, Bi, U. The experimental
data are taken from Refs. 42, 50-52, 56, and 58.
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Fig. 2). Unfortunately, the available data are inade-
quate for choosing the variant with “switched-off”
shell effects or the variant of the fast process, in
which the shells manifest themselves in the values of
both @, and g.

We shall show below that to describe the charac-
teristics of the p +'2:'?%gn - "N reaction the variant
with the shells “switched off ” is better suited. But
for a heavy fragment the formation time ¢, may be
sufficiently long for such “ switching off. ” In any
case, the fact that the shape of the isotope distribu-
tions of the light slow fragments remains the same as
E, and A, are varied (see Fig. 3) can be regarded as
important evidence in support of a rapid (compared with
the time of relaxation to equilibrium) rate of forma-
tion of these fragments. Evidently, for the light slow
fragments the formation time is in order of magnitude
near \!, i.e., of order 107 sec.

+

The considered “models” of fragmentation in no way
pretend to a high accuracy or great degree of theoreti-
cal cogency. These are models suitable for estimating
the possible connections between the characteristics
of the target nucleus, the fragment, and the incident
particle on the one hand, and, on the other, the frag-
mentation characteristics. The obtained relations make
it possible to systematize a large body of information.
In addition, they unite in one approach data on light slow
fragments with data on the meson and nucleon com-
ponents of the disintegration products. However, the
true physical significance of these relations remains
largely unclear.

1.5. Some questions related to the search for
isotopes of light nuclei with unusual nucleon
composition

The use of fragmentation reactions to discover and in-
vestigate unusual isotopes of light nuclei already gave
important results long ago.'™” Without going into the
details of the reasons why this problem is of great in-
terest for modern nuclear physics, we note that at the
present time the studies in this direction are not yet
completed, and they are expected to yield discoveries
of new nuclides. In particular, considerable efforts
have been made and are being made to discover (or,
conversely, prove the nonexistence) of neutron nuclei
(for example, °r; see Refs. 4 and 5) and °He (Ref. 6)
and ’Li. To interpret the results of experiments of
this kind, it is important to have estimates of upper
and lower bounds of the cross sections for production
of the investigated nuclides. For this purpose, one
sometimes uses® the systematics of the ratios of the
cross sections for the production of nuclides differ-
ing by two neutrons, i.e., o,(A, +2n)/0c,(A,).

Thus, it was shown in Ref. 6 by this method that the
nuclides z and *°He do not exist if one proceeds from
the upper bounds of the experimental cross sections,
while it was concluded that **Li, may exist. Bearing
in mind that the model of pre-equilibrium fragmenta-
tion gives a reasonable description of the production
characteristics of light slow fragments, we can esti-
mate the extent to which the empirical systematics of
the ratios o,(A; +2n)/0,(A,) is reproduced by the cal-
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FIG. 13. Comparison of ratios 0¢ (A +2n)/0¢ (A ¢) of experi-
mental and calculated cross sections. Calculation for #4Ni
(black circles), *®Ni (black squares), and '®Ag and 11%sp
(black triangles); nuclei with large neutron excess 1243n,
%87, *2Th; the crosses correspond to the experiments. The
experimental data are taken from Refs. 6, 8-10, 42, 67, and
T7-81.

culation, and, thus, whether one can believe the ex-
trapolations of these ratios.

The results are given in Fig. 13. It can be seen that
a positive answer to the posed question is possible.

One may also decide on an estimate of the actual
production cross sections of the unusual fragments.
Naturally, for these estimates it is important to know
fragment characteristics such as R,, {p,), the mass,
and the spectroscopic data. For ®gn, there are theo-
retical estimates of the quantities needed for this,™
and they can be used. For °He and '3Li, there are no
suitable data. It is meaningful to vary, for example,
R, and {p,). With regard to the spectroscopic data, we
assume for °z and '°He that $ =0 and that there are no
excited nucleon-stable states. For *Li we assume that
S=4. For the nuclides with A, =10 and A, =13, using
the existing data®™ for '°B and '*C and the assumption
that (p,) ~R;®, one can calculate the possible values of
0,(*°He)/0, (°He) and 0,(**Li)/0,(**Li) for some values of
R, (Fig. 14). For %z, the calculation was made for
E,=0.7 GeV and the target nucleus ***U with variation
in reasonable limits of the values of {(p,) and R, (Fig.
15).

~ [ o("%e "Ly,
S [ s@hHe o) o
S5
S
T F
i
¢ T
L o\g
= o
jgs gl Loroiclagy
i 5010 50

B2 Bem
FIG. 14. Dependence of the ratio of the calculated cross sec-
tions for production of the fragments !°He and ®He, and *Li
and YLi on (7%1/2 under the agsumption that (p;) ~ @2)3/2,
Black circles and open circles are for 1248n, black squares and
open squares for **U, and black triangles for **Th; £,=9
GeV.
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FIG. 15. Calculated dependence of the cross section for
production of a % fragment on the values of {p;) and (r%1/2,
The arrow on the abscissa indicates the probable valuel®

of rd1/2 for the 8z nucleus.

According to Ref. 5, for E,=0.7 GeV the upper bound
for the cross section of the p + 238U — 8, reaction is
2.3%X10™* e¢m? which is much smaller than the values
that follow from Fig. 15. Thus, %z nuclei do not exist.

With regard to the nuclides °He and **Li, from the
existing estimates of the cross sections one cannot
make either a positive or a negative assertion about
their existence. From this it may be concluded that
an experiment with background conditions between one
and two orders of magnitude lower than in the previous
experiments is needed to decide whether °He and 3Li
exist. We note that the calculated estimates of the
ratios o,(A, +2n)/c,(A,) for these nuclides are not too
small from the point of view of the present-day possi-
bilities of the experimental technique used to investi-
gate fragmentation. &

2. HEAVY FRAGMENTS

The data so far accumulated on the production of
heavy fragments can provide a basis for attempts to
determine the relationship between the mechanisms
of formation of light slow fragments and heavy frag-
ments and fission. It is from this point if view that we
shall consider them.

Because of the complete absence of models of heavy-
fragment production, we shall restrict ourselves to
comparing the experimental data on heavy fragments,
on the one hand, and on light slow fragments and fis-
sion fragments, on the other.

2.1. Excitation functions and isotope distributions for
heavy fragments

If we examine Fig. 16, which shows the excitation
functions of reactions in which heavy fragments and
typical fission fragments are produced, we see that
there is a difference between this characteristic and
the excitation functions of the reactions in which light
slow fragments are produced, namely, for the heavy
disintegration products one observes a dependence
on the neutron excess of the rate of variation of the
cross sections with increasing E,.

This difference between the characteristics of the
production of heavy fragments and fission fragments
from the characteristics of the production of light slow
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FIG. 16. Excitation functions for the reactions p +U— Sc
(continuous curves) and p +U— /Sb (broken curves). The
inset shows the excitation functions of the reactions v+,

p +Au— Na. The experimental data are taken from Refs,
102 and 105.

fragments is more pronounced in the energy dependence
of the form of the isotope distributions for the heavy
products (Fig. 17). It is interesting that the isotope
distributions of the heavy fragments become narrower
with increasing E,, while the distributions of the fis-
sion fragments become broader. From the point of
view of the model of rapid fragmentation, the change in
the isotope distributions cannot be understood if one
assumes that {, <<{,. In any case, for the heavy frag-
ments and the fission fragments one observes a clear
dependence of the cross sections on the pumping” of
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FIG. 17. Isotope distributions for heavy products of uranium
disintegration: a) scandium isotopes; b) antimony isotopes;

c) rubidium isotopes. The experimental data are taken from
Refs. 102-108.
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the nucleus with excitation energy, on the degree of
breakup of the nucleus, and this does not reduce solely
to a linear dependence on (AA) and to a dependence of
the height of the Coulomb barrier on the number of
knocked-out protons. The simplest assumption is

that the process of formation of the heavy fragments is
drawn out in time, and that by the time when the frag-
ment appears the relative neutron excess (N - Z)/A of
the target nucleus and the separation energy @, have
been changed as a result of emission of nucleons in the
pre-equilibrium stage and transitions with An=0.
Naturally, developing collective excitation modes may
also have an influence. It is therefore worth examin-
ing how more “subtle” characteristics, in particular
the isotope ratios o, /g, of the cross sections, appear
for the heavy fragments.

2.2. Isotope ratios for heavy fragments

Figures Tb and 7d give the isotope ratios of the cross
sections for heavy-fragment production as functions of
T,,. Despite the fact that there are few experimental
data, there is a striking similarity to the isotope ratios
for light slow fragments in both shape and magnitude.
It is very possible that analmost exponential dependence
of 0,/0, on T, , is a characteristic of not only frag-
ments. It can be clearly seen that this is the case in
Fig. 18, which shows the isotope ratios of the pro-
duction cross sections for such nuclides— residual
nuclei which are fragments for the breakup of appre-
ciably heavier target nuclei.

The similarity of the form of the dependence on T ,
for light slow fragments, heavy fragments, and resi-
dual nuclei may be due to the fact that the cross sec-
tions must be determined by the combination T, T} o/
A!, where T, , is the third projection of the isospin
of the produc"c that makes up the observed product A,
to the decaying nucleus Aj,.
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FIG. 18. Dependence of the isotope ratios 0;/0y, for residual
nuclei on the third projection 7' ¢ of the fragment isospin:

a) target nuclei !2C and 130: black circles for E,=0.6 GeV,
open circles for £,=0.15 GeV; b) scandium isotopes in dis-
integrations of nuclei by protons with E,=1.0 GeV: 1) black
triangles for °Ni and %2Ni, 2) black circles for 3*Ni and ®Ni,
3) open circles for 94Fe and *Fe (AN =2); c) open circles for
"0Ge and "®Ge, black circles for 3®Ni and ®Ni. The experi-
mental data are taken from Refs. 109 and 110.
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FIG. 19. Dependence of the isotope ratios 0y /0y, on the mean
neutron excess AN/{A ) =(Ny, =N1)/% (A}, +4;) of the target
nuclei: a) A;=1'N, target nuclei: black circles for

2,2%, %)\ open circles for ¥+34s, black triangles for
40,4405, open triangles for #8:60:82.84Nj  plack inverted tri-
angles for 112 116,113,120, 122, 1248 ; ) 4 ="Be; ¢) A¢=4Sc,
4g¢, black circles for 'Se, target nuclei: open triangles for
58,680,62, 84N crosses for 4 %Fe, open squares for 1% "%Ge,
For clarity, the points satisfying the condition A ;< A,/3
are enclosed in rectangles. The experimental data are taken
from Refs. 10, 11, 42, 50, and 109—115.

If this is correct, there must a difference in the de-
pendence of ¢,/0, on y=AN/A,) (AN=N, , =N, |,
AA,) =A,,+A,,) in the cases when the product A, is
a fragment and when it is a residual nucleus produced
in the final stage of the evolution. Figure 19 gives ex-
amples of the dependence of o,/0, on y for "Be, "N, ,Si
In fact, the difference between the y dependence of the
ratios ¢,/0, is very appreciable. For the light slow
fragments, the dependence of o,/0, on y is fairly close
to exponential, and the total dependence of ¢,/0;, on
T, and AN/(A,) can be well approximated by the re-
lation

0, /oy~ exp [ —bT; ;T3 o/{4o)]. (25)

The exponential dependence on Tsl0 {A,) of the ratios
0,/a, for the heavy fragments can be clearly seen in
Figs. Tb and 7d, the parameter b in the approximating
curve being the same as for the light slow fragments.
The attempt to calculate the behavior of o,/0, as a func-
tion of y for the tin isotopes (Fig. 20) in the frame-
work of the model of rapid fragmentation with £, <f,
does not lead to success. However, if one assumes that
by the time of formation of the heavy fragments the
shell effects are already weakened to a considerable de-
gree and that @, is determined by the values of the
masses in the liquid-drop model for the decaying nu-
cleus and the “residual” nucleus, then the calculated
curve 0,/0, =f(y) almost coincides with the continuous
curve in Fig. 20a. Without according too serious a
meaning to this fact, we nevertheless note that the ex-
isting data on o,/c0, for heavy fragments agree well
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FIG. 20. Dependence of the isotope ratios 0;/0}, for the heavy
fragments I'N and %Na on AN =Ny =N; (a) and on T3 ¢ (b).
The points with error bars are the experimental values; 1)
calculation of 0y /0y, in the framework of the model of Ref. 82
(black symbols); 2) the same group of points with normaliza-
tion to the isotope ratio 0y/0y, for AN =2; 3) calculation in
accordance with the model of pre-equilibrium fragmentation
(Sec. 1.4) under the assumption of ‘“fast fragmentation”; 4)
straight line passing through the experimental points (open
symbols): calculation in the framework of the model of pre-
equilibrium fragmentation under the assumption that the shell
corrections for the masses of the target nucleus and the resid-
ual nucleus are “switched off.”!! In Fig. 20b the open circles
are the results of calculation in themodel of pre-equilibrium
fragmentation,

with the assumption that they are formed at a deeper
stage of the relaxation but nevertheless before nucleon
emission has strongly changed the third projection of
the isospin of the relaxaing nucleus. It is possible that
with increasing A, there would in such a case be some
matching of the characteristics of the production of the
heavy fragments and fission fragments. The experi-
ments give some support to this suggestion.

In particular, as is shown in Ref. 134 for fission re-
actions, shell effects must be “switched off” in the
deep stages of the relaxation of the cascade-excited
nuclei to achieve better agreement with experiment.

2.3. Angular distributions and spectra of heavy
fragments

One of the important characteristics of the angular
distributions is the s-called forward—backward aniso-
tropy F/B, i.e., the ratio of the number of particles
emitted in the forward (i.e., in the direction of the
beam) hemisphere. For light slow fragments, the
dependence of F/B on E, is well known (see, for ex-
ample, Refs. 42, 43, 77, and 78): F/B decreases
with increasing E,, approaching unity.

Examining Fig. 21, we see that for the heavy frag-
ments and fission fragments the behavior of F/B is dif-
ferent. Between E,=1 GeV and E,=3 GeV, the func-
tion f(E,)=F/B passes through a maximum, and the
values of f(E,) for the heavy fragments are somewhat
greater than for the fission fragments. For bombard-
ment of nuclei by nuclei A,, the values of F/B for the
same value of E, are greater than for bombardment by
protons.
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FIG. 21. Some kinematic characteristics of the fragments:

a) the angular anisotropy F/B for lithium isotopes; b) the
angular anisotropy F'/B for heavy fragments (the broken and
continuous curves join the points corresponding to the data
for reactions induced by fast nuclei and protons, respectively;
the points 1 and 2 for E, =1.0 GeV are the data for the iso-
topes 1248n and !2sn, the fragment **Na); c) the angular aniso-
tropy for the “fragments” JKr in p + Th reactions; d) values

of the mean energy (E) for heavy fragments in the form of
scandium isotopes (continuous curve) and values of the
effective Coulomb barrier (broken curve). The reaction

p +U— ISc; e) the values of {E) for krypton isotopes as
fission fragments. The reaction p +Th— Kr; f) the values
of {E) for xenon igotopes as fission fragments. The reaction
p +Th— Xe. The experimental data are taken from Refs.
42, 48, 49, 77-81, 95, 102, 104, 116-120, and 121.

It is interesting that a similar effect holds for light
slow fragments.

In Ref. 118, the similarity in the behavior of F/B for
?4Na and 2Mg heavy fragments and for fission fragments
was interpreted as a manifestation of general features
of their production mechanism. A confirmation of this
was seen, for example,'*® in the dependence on E, and
the mean energy (E) of the heavy fragments and fission
fragments (for example, in Fig. 21).

However, the decrease in (E) for heavy fragments
with increasing E, is similar to the decrease in the
height of the Coulomb barrier with increasing E, due
to knockout of nucleons, and it may be basically deter-
mined by this effect. We note that this effect also has
an analogy in the data on E , for light slow fragments
(see Table II).

More interesting are the data obtained in Ref. 121
on the dependence of the shape parameters of the
heavy-fragment spectra on E, (in particular, 7., when
the spectra are approximated by the MRI formulas).

It was found that for relatively small E, (E, <1 GeV)
the value of 7,,, for neutron-rich heavy fragments is
approximately two times smaller than for neutron-
deficient fragments. With increasing E,, this dif-
ference decreases, and at large E, we have 7,,,=20
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MeV irrespective of T, ,. Differences in 7, as a
function of T , were also observed for light slow frag-
ments *2:98 put they did not disappear with increasing
E, and were not so large.

The nature of this effect is not clear. Hitherto, it
has only been assumed'®! that at small E, the neutron-
rich heavy fragments are produced as products of
strongly asymmetric fission with a narrow energy
spectrum, the contribution of other mechanisms in-
creasing with increasing E,.

Thus, the experimental data on heavy fragments do
indeed demonstrate a similarity with both the data on
light slow fragments and the data for fission fragments.

On this basis, it can evidently be assumed that the
heavy fragments are a special group of disintegration
products produced by processes transitional between
the fast production processes leading to light slow frag-
ments and the slow processes of “equilibrium» fission.
If this is indeed the case, data on heavy fragments
could provide helpful information on the development
of collective processes in nuclei in the pre-equilibrium
stage, this, of course, requiring appropriate theoreti-
cal models.

3. FAST FRAGMENTS

The experimental data considered in the previous
sections relate to the interaction stage that corre-
sponds to decay of the excited nucleus. Although it is
not yet entirely clear what physical processes are
taking place, the empirical laws governing the pro-
duction of light slow fragments are clear. Whether
they are formed from nucleons of the exciton gas** or
from nucleons of the nucleus near the Fermi surface
under the influence of local density defects*®*—these
are interesting questions but hardly of fundamental
importance. The value of an answer to them would
consist in the possibility of solving a number of prob-
lems of nuclear kinetics and nuclear structure of
the basis of customary ideas about the nucleus.

The physics of fast fragments is a different matter.
The interest in them, as in other cumulative particles,
is due to the part they play in the solution of fundamen-
tal problems of strong-interaction physics (Refs. 15,
16, 26, 39, and 40). In this connection, it is sufficient
to recall that the production of fast fragments is as-
sociated with the possible existence of objects such as
fluctong'®: 18.39:40 and nuclear fireballs.!?™* There are
some, it is true, more modest hypotheses—for exam-
ple, the coalescence hypothesis.!?!#:22 What actually
happens is at present very difficult to say, but the ex-
perimental investigations are developing, and their
data can already be compared with the simplest variants
of the models in the framework of the mentioned
hypotheses.

In the Introduction we noted that there are fairly com-
plete reveiws (Refs. 15, 16, 26, 39, and 40) of the
physics of fast fragments, these describing both the
experimental data, which were largely obtained at the
end of the seventies, and attempts at their model in-
terpretation (usually in the framework of variants of
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the “flucton” model*®:'%4%), Therefore, we need mere-
ly briefly summarize the contents of these reviews and
turn to a consideration and discussion of the new data
and some other attempts to analyze them.

The basic experimental facts established for fast
fragments with reasonable certainty are as follows:

1. When particles of any type (leptons, photons, had-
rons, nuclei) interact with nuclei there are emitted,
together with other particles, fragments with energy
(per nucleon) appreciably exceeding the specific binding
energy of the fragment.

2. The invariant cross sections E,d%/d3p for pro-
duction of fast fragments can be represented by the ex-
pressions (Refs. 16, 26, 34, and 38)

Eui%:cieXP(_sz}i (26,)
(26”)

(26”’)

ds
Euﬁ= Coexp (—E/Ty);
. dig
EUT;p =Cyexp (—p/Py),

where E, is the total energy of the fragment, p is its
momentum, and C;, B, T,, P, are parameters.

The choice of the most convenient representation of
the invariant cross section is as yet a subject of dis-
cussion, and the relations (26) do not exhaust the em-
ployed approximations.

3. The invariant cross sections are increasing func-
tions of the energy E, of the bonbarding hadrons and nu-
clei, but in the region of relativistic energies E, they
reach a plateau. The energy at which the cross sec-
tions cease to increase is different for different target
nuclei and larger, the larger the mass number A,,.

4. With increasing A,, the slope parameter B de-
creases (T, and P, increase accordingly) when nuclei
are bombarded by hadrons. !%2%3% At high E,, the slope
parameters depend weakly on A, and on the species of
the bombarding particles.

5. The cross sections can be assumed to be propor-
tional to A‘;’, where N depends on the species of the
bombarding particle, A,, E, and E,.%2%% Investiga-
tions were made into the dependence of the parameters
used to approximate the cross sections on the fragment
detection angles 6.1%:2%3% 7t was found that the parame-
ters T, increase somewhat with increasing cosé (B de-
creases accordingly).

Particular attention was paid to the parameter N in
the A, dependence, which, according to the established
opinion (see Refs. 16, 22-27, 34, 39, and 122), gives
the clearest information about the types of processes
leading to the production of fast fragments.

Further experimental study of the production of fast
fragments made it possible to confirm and make more
accurate the previously obtained data3¥"%®:%7 with a view
of establishing the production mechanism of the cumu-
lative particles, including fast fragments. This reveal-
ed facts that are rather interesting and unexpected from
the point of view of models of both types.

These data, and also their phenomenological analy-
sis, are briefly discussed below.
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FIG. 22. Spectra of fragments resulting from bombardment
of nuclei with protons with £,=6.7 GeV, 6=90°; target nuclei:
12¢ (black circles), Cu (crosses), 11%sn (black triangles),
12dgp (open triangles) and Au (black diamonds).

Interesting results on fast fragments were obtained
by the groups of the Radium Institute?®”:37:38:57 and the
ITEF (Institute of Theoretical and Experimental
Physics)-Pennsylvania Collaboration. **+3 Figure 22
shows examples of the invariant cross sections of fast-
fragment production on the nuclei C, Cu, 1%:12%gn, Au
following bombardment with 6. 7-GeV protons. Two
circumstances are to be noted. First, as for light
slow fragments, the slopes of the *He, spectra are
smaller than for *He,. Second, the higher the mass
number of the target nucleus, the higher the curve of
the corresponding invariant cross section Ed %0/
(A,d®p) (normalized to A,). This indicates a very
strong A, dependence of the cross sections.

The experimental sequence of values of the exponent
N for different fragments?® in p + A, reactions was
noted long ago: N(p)=4/3, N(d)=5/3, N(t)=2.
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FIG. 23. Dependence of the differential cross sections on 4,
for the fragments “He, ®Li, and "Li. The values of the
parameter N in the approximation of the A ; dependence of
the cross sections by the expression o} ~A{ are given
together with the “mean values” of the momentum p, /A ¢,
6=90°, E, =6.7 GeV. The data are taken from Ref. 38.
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A new result is that experiment (we are speaking
about fragment yields at 8 =90° (Ref. 38)) reveals a
very weak dependence of N on the momentum p, for
P, >0.5 GeV/c and a strong dependence on the frag-
ment isospin T, ,= (N, - Z,)/2. This is illustrated by
Figs. 23 and 24 and Table VI. A model calculation
made in the framework of the ideas of modern relativis-
tic nuclear physics® gives, as follows from Table VI,
some different values of the parameter N and, which is
more important, values that do not depend on T ;.

Examining Fig. 25, we can see one further interest-
ing effect: For the target isotopes '2Sn and '2%Sn there
is a dependence of the fast-fragment production cross
sections on the isospin T, , of the target nucleus that in
general repeats what was observed for light slow frag-
ments. It is found that for the fast fragments 3He, “He,
L, "Li the yields from the light isotope are larger
than those from the heavy, while for ®He it is the oppo-
site. The previous results on theyields of protons and
deuterons from isotope nuclei did not reveal a clear
dependence of the cross sections on the neutron excess
N,—-Z, of the target nucleus.

As follows from Fig. 24, the exponent N can be as-
sumed to be almost independent of the fragment energy
E (or, at the least, to increase weakly with increasing
E). It is interesting that in experiments on electropro-
duction of fast fragments'®® (at E,=4.5 GeV) an in-
crease in N with increasing A, was noted, and a de-
crease with increasing energy E of the fragment. For
example, for *He the value of N changes as E is in-

TABLE VI. Values of the exponentN for the A, dependence
of the cross sections for production of fast fragments when
E,>6.7 GeV. Comparison with the model prediction of Refs.
26 and 39. The experimental data are taken from Refs. 6, 7,
35, and 36.

A! 1H 2H 3H 3He 4He 6He 6Li LY

Model prediction et 1 e Rl e O 0 i 200 L -y ] ] 144

Experiment 487 | gsi e 24| a5 250 | 257 |19 ]850
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FIG. 25. Isotope ratios A=(d0, /dE)/(d0y/dE) as functions of
the fragment energy E. Target nuclei 1%-1%sn, £,=6.7 GeV,
The data are taken from Ref. 67.

creased from 40 to 68 MeV from about 2. 3 to about

1. 65 (the data are taken from the graph of Ref. 122).
At the same time, the values of N for ®*He and °H are
very different: N=2.2 for 3He at energy E =30 MeV,
while N=1.5-1. 55 for tritons at the same energy,
i.e., the picture is the opposite of what is reflected in
Table VI for interactions initiated by relativistic pro-
tons. The differences between the values of N for the
reactions with protons and electrons are not unexpec-
ted. 6123 Unexpected is the opposite behavior of the
dependence of N on T, , for nuclides with A, =3.

Completing our discussion of the features of the ex-
perimental A, dependences of the fast-fragment pro-
duction cross sections, we give Fig. 25, which shows
the dependence on the fragment energy of the ratios of
the fragmentation cross sections on the 22Sn and 24Sn
nuclei®” at E,=6.7 GeV. The analogous ratios®® for
E,=0.66 GeV demonstrated a rapid (already at E=10
MeV/nucleon) disappearance of the isotope effect for
the cross sections., The data in Fig. 25 indicate rather
that in this case the isotope effect has a weaker depen-
dence on E.

Interesting new data are those on the dependence of
the shape parameters of the fragment spectra on the
properties and energy of the bombarding particles and
on the characteristics of the fragment and target nu-
cleus. To discuss this question, we must consider the
corresponding approximation of the spectra. For the
approximation (26”) at E,=6.7 and 400 GeV (fragment
detection angle 90°) the values of the parameter P,
were obtained (Table VII). Except for the case of *He
production on Al nuclei (E,=400 GeV) the following
may be noted. For the lightest fragments, one ob-
serves, in general, a weak growth of P, with increas-
ing A, i.e., the spectra become somewhat “harder. ”
For heavier fragments, this effect becomes particularly
noticeable. In experiments on electroproduction of fast
fragments the dependence of the shape of the fragment
spectrum on the mass number of the fragment and on
its isospin T, , was also investigated.'® To analyze the
spectra, the approximation (26”) was used. The ob-
tained values of T, for the target nuclei °Be °®Ag, and
Au revealed the presence of an A; dependence of this
parameter. The values of T, for deuterons and tritons
are 5-7 and 8-7 MeV in the range of A, from 9 to 197,
In Ref. 122 the values of T, for the fragment spectra
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TABLE VII. Values of the parameter p,, MeV/c, in the
approximation of the invariant cross sections by Eq. (26”).
Fragment detection angle 8=90°.14! The data on the p +?Be
— 8L reaction were obtained by approximation of the results
of Refs. 130 and 131 (£,=0.66 GeV) and Ref, 133 (E, =9.0

GeV), The data for E,=400 GeV (Refs, 35 and 36) are dis-
tinguished by the semibold font.
Ag
A Be c Al Cu 1128n | 1248n Ta Au
1
1 = | 17 | 122 | 127 | — | — | 128 | —
H — | 139 | 152 | 181 | — | — | 147 | —
SH — |138 | 123 | 182 | — | — 1 1 | —
sHe — | 121 | 132 | 153 | 129 | 135 | 148 | 156
122 133
iHe — | 106 | 168 | 144 | 105 | 111 | — | 127
113
sHe — | = =] =|1m]e]| - | 110
sLi — || -] - I TN TN (-
Li = |7 sl 31 [ ase [ — | —
SLi gagll — || = S PR
9.0 GeV
8 Li la|ies Ml i A e oty | M ==
0.66 GeV

were calculated for the same range of energies of the
secondary particles using the data of Refs. 79 and 80
at E,=5.5 GeV (Table VIII). For the hydrogen iso-
topes, one observes a difference between the T, values
for electroproduction of fragments and for bombard-
ment of nuclei with protons, while for the helium iso-
topes the T, values agree somewhat better.

These experimental data refer to a fairly narrow part
of the fragment energy spectrum, and they need to be
made more accurate and extended.

At the present time, wide use is made of a represen-
tation of the experimental data in a form that derives
from the Butler—-Pearson model,!” in which the forma-
tion of fast fragments is regarded as a process of pair-
ing of fast nucleons, the energy and momentum excess
being passed over to the nucleus by interaction with
the average nuclear field. This model did not give per-
fect agreement with experiment,!” but one of its fea-
tures—the factorization of the double differential cross
sections of A, nucleons, giving the double differential
cross section for fragment A,—came to be widely used.
Already in photoemulsion studies®:% of the production
of the isotopes ®H, *H, and ®He on AgBr nuclei such an

TABLE VIII. Estimates of values of the parameter T, (MeV)
for the p +Ag and p +U reactions at E,=5.5 GeV (Refs. 79,
80, and 122) and for bombardment of Ag with electrons of
energy E,=4.5 GeV 1%

)
Ay + Ap
1H 2H 3H 3He 1He
pU 10 1 10 21 11
p+Ag 12 13 14 a1 15
et-Ag ~4 ~6 ~17.5 ~ 20 ~17
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approach was successfully used to describe the fast-
fragment spectra on the basis of the proton spectra.
Indeed, the first major success in such an approach
was acheived by Poskanzer’s group,” who showed that
by factorizing the nucleon double differential cross
sections in the case of bombardment of uranium nuclei
with relativistic nucleons and nuclei one can give a
very good description of the experimental double dif-
ferential cross sections of light fast fragments. One
introduces phenomenologically an adjustable parame-
ter P,, which is associated with the size of the region

of momentum space within which nucleons will coalesce.

This empirical model—the “coalescence model” —was
also used to analyze a large body of experimental data
on fast-fragment production on nuclei bombarded with
relativistic particles in the experiments of the ITEF-
Pennsylvania®*+*® and Radium Institute®” groups. The
mean value of P, is about 190 MeV/c, which is close
to the result of Ref. 124 for nucleus—nucleus interac-
tions (P,=200 MeV/c). This suggested®’ that the
mechanism of fast-fragment production is the same in
interactions of nucleons and of nuclei with nuclei.

Figure 26 gives examples of the description of the
structure function

n E d3g
PP = o Ay (27)

in the framework of the phenomenological coalescence
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FIG, 26, Comparison with the predictions of the phenomeno-
logical coalescence model of the experimental data on the
fragment spectra, 6=90°, E,=6.7 GeV.1%
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model. It can be seen that on the basis of the nucleon
spectrum E, pd®o/d*p one can, using the relation

3 - 1 Ng Ny 4n P f.!‘f_l
By g Fes= s (&) et
E,y,p d® [Af) 1A
x[ 2] po=190MeVEe, (28)

reproduce well the double differential cross section in
the high-momentum part of the spectrum even for com-
plicated fragments like the lithium isotopes. This en-
ables us to regard (28) with some confidence as an ap-
proximation of the experimental data, although its phy-
sical content requires elucidation, especially in view of
the fact that the systematization (28) explicitly—if there
really is coalescence of the nucleons—presupposes
identity of the spectra of the fast neutrons and protons.
The experiments do not give particular reasons for
assuming these spectra to be the same.

Fairly often the experimental data on fast fragments
are discussed in the framework of the nuclear-fire-
ball model, in the version of it usually associated with
Mekjian's paper of Ref. 12. Applied to the fragmen-
tation problem, this model has the following content:
There exist some mechanism by which a large number
of nucleons are brought to interact, thermodynamic
and “ chemical” equilibrium being established between
them as a result of elastic and inelastic processes (in-
cluding coalescence into light nuclei). This hypothesis
in conjunction with the ideal-gas model, which gives the
distribution functions of the particles with respect to the
energies and in terms of the chemical potential with
respect to the species, makes it possible to obtain esti-
mates of the shape of the spectra and the absolute eross
sections for the production of different interaction pro-
ducts. The paraneters of the model are the tempera-
ture 7,, which is usually determined from the spectrum,
the critical matter density p. of the expansing fireball
at which the composition is already assumed to be
established, the spectrum, and the translational velo-
city of the fireball’s center of mass.

Analysis of Mekjian’s model (see, for example, Refs.
13, 130, and 135) showed that p,~0. 3p,, where P, is
the ordinary density of nuclear matter, T, is of the or-
der of 50 MeV, and the conditions for the attainment of
thermodyanmic and “ chemical” equilibrium are deter-
mined by the densities p; of the particles of different
species and by their interaction cross sections (for
thermodynamic equilibrium by the elastic o$}, and for
“chemical” equilibrium by the corresponding inelastic
o {}). It was found that thermodynamic equilibrium can
occur for o§;~(25-100)X 107" cm?, and that it may be
attained more rapidly than the fireball expands. The
conditions for attainment of chemical equilibrium are
more difficult. In Tables IX and X we have collected
together some results of analysis of the experimental
data in the framework of this model, giving an idea of
the typical values of its parameters. Since this model
did not have a good description of the experimental data
overall, there was proposed a “firestreak” model (for
example, in Ref. 131), in which the fireball is regard-
ed as consisting of layers of particles produced at
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TABLE IX. Parameters of the fireball model for the ?'Ne
(0.4 GeV/nucleon)+U— A ; reaction. Two sources are taken
into account: a “thermal” one with velocity psc and tempera-
ture 7, and the fireball with velocity fjc and temperature 7.

fireball yield

Aap By 1, MeV B2 T2, MeV
total yield

1H 0.27 49 0.078 26 0.53
*H 0.27 49 0.083 26 0.24
SH 0.27 49 0,079 24 0.13
3He 0.27 49 0.15 49 0.1
iHe 0.27 49 0.10 36 0.12
8Li 0.27 49 0,052 35 0.041
B 0.27 49 0.073 56 0.017
Cc 0.27 49 0,080 62 0.016

different impact parameters b. In the layers, equili-
brium is assumed. As is shown in Ref. 124, the fire-
streak model gives a poorer description of the experi-
ments than that of the phenomenological coalescence
model.

CONCLUSIONS

It is at present not possible in the framework of a
brief review to give a complete survey of the resuilts
of fragmentation investigations. The material we have
selected, while naturally reflecting to some extent the
author’s interests, can nevertheless give an idea of this
rapidly developing branch of physics.

Irrespective of the extent to which the pre-equilibrium
fragmentation models are correct, they can be regarded
as phenomenological systematizations of the data. On
their basis, there has been a gradual clarification of
the connections between the characteristics of the tar-
get nuclei, the fragments, and the cascade process and
the characteristics of the production of light slow frag-
ments, and one can at least qualitatively understand
some features of the productionof heavy fragments.

It is found that in the region of intermediate energies
one can, in the framework of a cascade model that in-
cludes pre-equilibrium decay, give a unified description
of the main data on the nucleon and meson compo-
nents,*® the residual nuclei (see, for example, Refs. 43

and 132), the fission fragments (see, for example, Refs.

43 and 134), and fragments. Not yet encompassed are
the more “rare” phenomena—cumulative production of
mesons and nucleons and, possibly, the production of
fast fragments, though in this last case too one finds a
formal connection between the characteristics of the
fast nucleon component and the fragments, i.e., there
is a possibility of relating the data on the fast frag-
ments to a cascade process.

TABLE X. Calculated properties of fireball for the value of
the impact parameter & having the maximal statistical weight
(b =b_), the A; + U—+A, reaction. 28

E
1’ -13 Number of
1 GeV/nucleon | ™’ 11 e nucleons N To, MeV B
20Ne 0.25 4.8 64 28 0,22
20Ne 0.40 4.8 64 47 0,27
e 0.40 4.7 25 33 0,17
20Ne 2.4 4.8 64 92 0,56

*Excited baryon states are taken into account.
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On the basis of the available experimental data and
their systematizations it may be concluded, with due
care, that the nature of the fragmentation phenomenon
will already be understood in a few years. This will
provide the solution to one of the oldest problems of
nuclear physics.

But for this it will evidently be necessary to in-
crease appreciably the accuracy of the experiments,
including the measurement of the excitation func-
tions, and to make experiments on a large number of
monoisotopic targets, including targets for which the
shell effects in the masses of the nuclei and in the
values of g are appreciable.

I am grateful to O.V. Lozhkin and L. Kh. Batist for
collaborating with me in investigating some of the
questions discussed in the present review.
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