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. I, INTRODUCTION

In this paper we report on results of measurements of the
emission of 3H He , and 4He in *He c0111s1ons w1th various
nuclear targets. Be, '20 27A1, 64Cu, Ag and '"7Auat a be-
am kinetic energy of 3.33 GeV per nucleon. The inclusive cross
sections have been measured at three angles § =45°,90°and 135°.
The emitted fragments have been detected for energies of 20~
180 MeV for Z = 2 fragments and 10-70 MeV for tritium.

The emission of fragments in high energy collisions has been
studied over a long period of time,see Refs.1-3 and references
therein. The majority of experiments have been performed with
hadron beams/1-5/, but in the last decade it became possible
to accelerate ions to an energy of a few GeV per nucleon and
to study fragment production in nucleus-nucleus interactions/6-10/
For review of nucleus—nucleus collisions at high energy and an
extensive list of references see

Although the experimental situation seems to be quite good,
our knowledge of fragmentation processes is not satisfactory.
There is a common consensus that the emission of the slowest
fragments, those with an enerﬁy of a few MeV, is dominated by
the evaporation mechanism/ proposed by V. Weisskopf.

In this model the excited-nucleus resembles a hot drop of liquid
which evaporates to decrease its energy. The temperature of such
an excited nucleus is a few MeV, and it cannot significantly
exceed the binding energy per nucleon since the excited nucleus
is assumed to be metastable. :

On the other hand, a variety of models has been proposed
to describe the emission of fast fragments with energy per nuc-
leon greater than 30 MeV. The cross sections for proton emissi-
on can be reproduced in a wide class of cascade models/14-17/
where a nucleus-nucleus interaction is a superposition of had-
ron-hadron collisions. Light nuclei are produced due to a coa-
lescence mechanism/18-22/. final state interactions of nucleons
with almost equal momenta. The defect of the coalescence model
is that relative yields of fragments are unpredictable since
coalescence radius is a free parameter of the model. A simul-
taneous descr1pt1on of the emission of nucleons and co¥?os1te
fragments is offered by statistical, hydrodynam1ca1
and thermodynamlcal/ 6-30/ models. In these models the assump-
tion of chemical equilibrium makes it possible to predict rela-
tive yields of all produced,elementary and composite,particles.
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The aim of this paper is to consider fragmentation processes
in the intermediate energy region of secondaries. We have cho-
sen three fragments: 3H, e and ‘He. An internal structure of
two of them (°H and %He) is very similar while the structure
of e is significantly different from the others. Thus, compa-
rison of spectra of these ions can be helpful to differentiate
mechanisms responsible for the emission of light fragments.

II. EXPERIMENT

The experlment has been performed at an internal beam of the
Dubna synchrophasotron. The target has been placed inside a va-
cuum chamber of the accelerator. Secondaries have been registe-
red by a telescope of six semicoductor detectors. The absolute
monitoring of the beam has been reached by detecting deuterons
knocked out of a deuterized polyethylene (CD,) foil due to
elastic interactions with incident nuclei. A good knowledge of
elastic cross séctions made it possible to determine absolute
values of the fragmentation cross sections under study with an
error of less than 20%. A detailed description of the experi-
mental set-up and technical problems can be found in Ref.3l.

ITI. QUALITATIVL FEATURES OF SPECTRA

In figs. 1, 2, 3, 4, 5,and 6 are shown the spectra measured
in this experiment®. They have the following features:

- The form of the inclusive cross sections is not exponential.
So, the spectra cannot be described by a single Weisskopf/12/
or Maxwell-Boltzamann distribution.

- The anisotropy of the spectra increases with fragment ener- «
gy.

- The absolute values of the cross sections significantly
increase with the atomic number of the target.

- For heavy targets the cross sections for #He emission with
an energy less than 100 MeV exceed those for 3He emission.
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IV. VELOCITIES AND TEMPERATURES OF SOURCES OF THE FRAGMENTS

Assuming the existence of a source, which emits fragments,
the anisotropy of fragment spectra can be treated as a measure
of a longitudinal velocity of the source. This velocity can be

* e ; .
The tables containing the numerical values of cross sections
can be found in Ref.32.
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Fig.1. The invariant cross sections of 3He and *He
emission in YHe-197 Au and * He-? Be collisions at 8 =45°,
90° and 135° versus fragment kinetic energy. The er—
rors of individual poznts (statistical and systemati-
cal) are indicated in the figure. The absolute norma-
lization error is 20%. The firestreak model predicti-
ons (solid and dashed lines) are normalized at T =

= 100 MeV.

estimated applying the following procedure. We determine the
energies for which the values of Lorentz invariant cross sec-
tions are equal at different angles. Assuming that these ener-
gies, different in the LAB system, correspond to the same ener-
gy in the CM of the source, we can find the velocity B of the
source for each pair of spectra measured at different angles.
For this analysis we have used no experimental points but the
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curves fitted to the experimental spectra. In Fig.7 are shown’
the values of 8 for different LAB energy of the fragment emit-
ted at 6 = 90°. Because there are spectra at three angles in
our experiment, we have determined B three times for each pair
of angles. The lines presented in the figure correspond to the
average values, and the "errors" are differences between the
average and maximal (minimal) values. It is seen that the frag-
ments with higher energies are emitted by the source with, on
the average, higher velocities. Let us observe a very striking
feature of the sources. Their velocity does not depend on the
target. When the target mass is changed by a factor of 22 (from
%Be to 197Au), the velocity as a function of fragment energy is
practically the same. ;

‘To estimate the temperatures, T, of the sources, we have
fitted the spectra at 90° with the formula

3
pdio CE*exp(y—:—l*— )

d3p To (T
where T* is fragment kinetic energy in the CM of the source.
E and E* denote total fragment energy in LAB and CM, respecti-
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vely. Because the spectra cannot be described with a single ex—
ponential function, we have assumed the 1inear2dependence Ty
on T For emission angle 6 = 90°, T* = T + mB72.We have used
linear parametrization for B(T), namely,

B = 0.0005-T + 0.02 for 3He B = 0.0004T + 0.01 for *H

n
B = 0.0003-T + 0.01 for *He.
Coulomb barrier, V, has been found according to the formula
702, > 2.)e?
1/3 . A:/3

’

)

wheret = 1.4 fm and "f" denotes fragment parameters. In Fig.8
we show T, as a function of T. It is seen that the temperature
increases with the energy of emitted fragment. For “He emission
T (T) is similar for all targets, while for 3H and 3He we obser—
ve a systematic increase of the temperature with the target mass.,
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V' . A ROLE OF EVAPORATION

In the previous section we have found that the temperatures
of some sources exceed a value of 10 MeV. This means that eva-
poration can contribute ouly to a soft part of the spectra.

In our opinion, higher temperatures are not realistic from the
point of view of the evaporation model to the assumption of me-
tastability of an excited nucleus. Let us discuss a role of eva-
poration more carefully.

In the framework of the evaporation model/12: 13/ tpe probabi-
lity, P(T*), of emission of a fragment with energy T* can be
approximated in the rest frame of emitting nucleus by the for-
mula

P(T*) = C(1 - l) 8(T* - V)exp(- -_-) (2)
0

(1 -V/T™6(T*- V) 1is a classical penetrating factor and C is

a constant., Using the formulae (1), we have transformed (2)

from CM to LAB. In figs.5 and 6 we present the spectra of 3He

and *He emitted in collisions with 12C and '98Ag. For the !2C

case we have tﬁken the experlmental value of the evaporatlon

temperature , while for ! Ag we have got the maximal, in our
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T Fig.5. The invariant
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33. Because ZH-
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H A2%2/3. The evapora-
tibn curves (dashed
lines) are normali-
—| zed at T = 10 MeV.
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opinion, value Ty = 10 MeV. Normalization of the evaporation
model predictions is arbitrary. It is seen that the contribu-
tion of evaporation is more important for light targets. In the
case of “He emission from heavy targets the evaporation seems

to be negligible in the fragment energy under consideration.

For all targets the contribution of evaporation is bigger for
“He than for 3He. The above observations agree with the systema-
tics of fragmentation cross sections perforﬂgd for low energy
nuclear collisions It has been shown that, in agreement
with the evaporation model, a fragment emission cross section
crucially depends on reaction energy which, in partlcular, ma-
kes favourable emission of strongly bound system like 4He.

vI .RATIO OF YIELDS OF °H AND 3He

In Fig.9 we present the ratio, R, of the yields of 3H and
He as a function of fragment energy in an interval of 20-70 MeV.
There are three emission angles 45°, 90°, and 135° and three
targets '2C, !98Ag, and !'97Au. It is seen that the ratio decrea-
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ses with fragment energy for the heavy targets, and it is fair-
1y constant for 12¢. Let us notice that the ratio does not de-
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pend (within the experimental errors) on angle, while the spect—

ra, in the energy interval under consideration, are far from
isotropy.

The energy distribution of fragments, P(T¥, emitted from
the nucleus, being the source of the electrostatic Coulomb fi-
eld, can be factorized in its rest frame in the following way:
P(T*) = g(T* t(T*), where g(T*) 1is the penetrating factor desc-
ribing the influence of the Coulomb barrier and f(T*) 1is the
energy distribution of fragments in the absence of electric
field. In analysing the ratio R, we have not used the classi-
cal penetrating factor quoted previously but a more realistic
semiempirical function found in studies of the reverse proces-—
ses of compound nuclei formation’/36/ .

8(T*) = (0 /T*In(1 + exp(27 (T* - V)/w)),

where V and o are the height and curvature of the parabolic po-
tential barrier for S -wave. Deformation effects of nuclei are
taken into account by considering the barrier V to have a uni-
form distribution of values between V- Aand V+ A. We have taken
the values of parameters from Ref.36,
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Fig.9. The ratio of it is experimentally shown that the ratio is compatible with

the yields of % the neutron to proton ratio in an initial colliding system 3
and e versus frag- . The sol1d’11nes in Fig.9 are found according to the formu-
. eneagy for three la (3) assuming that the source of the Coulomb field, the tar-
targets 12C, 198ag, get nucleus as a whole, is at rest in LAB, In addition, we have
d YORu ond thres a§sume§ that the numbers A and Z of the emitting nucleus coin-
emission angles of C}de with thosg of the target. The dashed lines are found ta-
45°, 90°and 135°. klng the velocity of the Coulomb field equal to 0.05c. It is a
The solid lines arve typl?al value of the velocity of fragment source being conside-
found assuming that red in chapter IV.
the source of Cou- The fact that an agreement with the data is better, when the
lomb field ie at -~ source of Coulomb field is assumed to be at rest in LAB, can be
botudti i WoBE th A Th: A interpreted as follows. 3y and 3He are not emitted by the nuc-
i -*tﬁ%—4—1hﬁ“ ehed lines are rvelo— leus as a whole (evaporation mechanism), but the fragments are
BH LD GTpe) BB b H Gy B D 60 T tod to the moving emitted by a small object which moves inside the nucleus. Thus,
source with a con- the v?locity of a nucleus as a whole is much smaller than the
stant velocity of 0.05 e. The normalization of both curves is velocity ef a fragment source.

arbitrary but the same for all angles. The indicated errors

contain uncertainties of absolute normalization.
VII. Al DEPENDENCE

[

It is reasonable to assume in the small interval of T* the In Figs:lo, 11 and 12 we present the dependence of invariant
functions f(T*) for 3H and 3He are the same up to the constant cross sections measured at § = 90° on the target mass for dif-
factor ¢ related to a surplus of neutrons in heavy nuclei. ferent values of fragment emergy. It is used to parametrize the
Thus, in the rest frame of the Coulomb field (T* =T) the ra- A,-dependence on the form: -
tioR is expressed as follows: Eil e o

= t

R - ¢cg (T)/g,(T). (3) dy

_ w1ty a independent of A, . For 3H and *He the above parametri-
where 8 andgs are the penetrating factors of *H and 3He, zation can be applied while for ®He a changes with Ay. As is
respectively. As is shown in the paper’8/and what is confirmed seen, in this case the experimental points dg not lie on a
by our data, ¢ is about 2 +3 for a heavy target like 197 pu, straight }1ne in the logarithmic scale. For “He emission we
while simple combinatorical arguments give no more than 1.57%/, have applied (4? for middle mass targets (Al, Cu, Ag). The va-
The explanation seems to look as follows’3":8/  The number of lues of a are given in the figures. For the emission of all
neutrons and protons for 3H and 3He formation are reduced by f fragments a significantly increases with fragment energy.
those nucleons which fall in other fragments, mainly 2H and *He.
Because the numbers of n and p are equal in these ions, the ra- :
tio of neutrons to protons deposited for 3H and 3He formation VIII. COMPARISON WITH THE THERMODYNAMICAL MODEL
is greater than in the emitting nucleus. Unfortunately, it is .
not easy to convert this comprehensible argumentation into mo- According to the previous sections, it is very natural to
del-independent result. So, in our later considerations the con- apPly.the thermodynamical model for description of fragment
stant coefficient ¢ is arbitrary. If the ratio R were considered emission, for soft fragments (energy lower than 50 MeV) the
in a wide interval of fragment energy, it would be incorrect to old evaporation model and for more energetical fragments the
assume that ¢ does not depend on fragment energy. The problem is nuclear ?1reba11 type models. In comparison with experiment
that the above mechanism depends on the temperature of the emit- many variations of the original fireball idea’26/ have been
ting source. When the temperature increases, the formation of used. A thermodynamical content in each of these models is the
composite fragments is suppressed and an amplification of the ; same, only geometrical parts differ. All these models exploit
effective neutron to proton ratio is weaker. For fast fragments the so-called "participant-spectator" picture of nucleus-nucleus

10 i1
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Fig.11. The invariant
cross sections of 3He
emigsion for four valu-
es of fragment energy
versus target mass num-
ber. The indicated er—
rors contain uncertain-
ties of absolute norma-
lization. The solid li-
nes are A% fits.
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=4 sus target mass number.
The indicated errors con—
tain uncertainties of ab-
solute normalization.
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interactions. In this picture the only nucleons (participants)
which interact are those from the overlapping region of colli-~
ding nuclei. The rest of nucleons (spectators) fly off after
collision with essentially unchanged velocity. The firestreak
model1/2?/ is one of the most popular and quite successful in
describing experimental data/28-30/. In this model the interac-
tion region is broken up into infinitesimal collinear streaks.
Collisions between the streaks occur independently. The interac-—
ting objects form highly excited nuclear matter which reaches
thermal and chemical equilibrium. The fireobject expands to some
critical density and decays as an ideal gas. Our firestreak
calculations concerning secondary protons are described in
Ref.30. To find the spectra of composite fragments, we have used

the coalescence formula’18-22/.
A yA
3 Af 3p Zs 3 n AZ
pdie = arpdlel g rpitia gt 5)
a3p a3p a®p

where the cross sections of fragment A; and nucleons n and p
are taken at the same momentum per nucleon. C is a constant as
a function of fragment momentum. The idea of coalescence can be

13



treated dually: as a physical concept describin%;the formation
of composite particles or as a well verified/38 3%/ experimen-—
tal law apart from the interpretation of final state interactions
leading to fragment formation. It should be remembered that the
assumption of chemical equilibrium also leads to the approximate
power law formula (5)/2/, To improve an agreement with the da-
ta, the spectra of protons and neutrons are assumed to be diffe-
rent due to Coulomb barrier effects. Namely, it has been assu-~
med that the minimal temperature of a fireobject, which is suf-
ficient for emission of neutron is 9 MeV/14/, while the minimal
temperature for proton emission is 9 MeV plus {%V;. where V is
the value of Coulomb barrier for proton emission from target
nucleus. (The fragments in our experiment came, of course, from
the target fragmentation region). Because the coalescence radii
(hidden in constant C in the formula (5)) are not precisely
known and the results strongly depend on their values, the ab-
solute normalization of the model predictions is arbitrary in
our considerations. In Figs. 1, 2, 3, 4, 5,and 6 we show the
firestreak model predictions. It is seen that for fragments with
energy greater than 50 MeV the model reasonably agrees with our
data. To describe slower fragments, the evaporation should be
added.

IX. SUMMARY AND DISCUSSION

Let us summarize our results.
If one assumes the existence of an intermediate object which
is responsible for fragment emission in high energy nucleus-

nucleus collisions, the velocities and temperatures of the objects

increase with an energy of emitted fragment. More precisely,
on the average, more energetical fragments are emitted by the
sources the velocities and temperatures of which are greater.
The velocities of emitting objects seem to be independent of
target, while temperatures increase with target mass. We have
found that the temperatures and velocities of the sources emit-
ting different kinds of fragments with, on average, equal ener-
gies are not the same. For example, the velocities and tempera-
tures of the sources emitting *He are smaller than those of the
3e sources. At first sight this fact could be treated as an
argument against the hypothesis of thermal and chemical equilib-
rium. However, it is not the case because we choose different
types of collisions detecting #He or 3He. The detection of %He
is likely to be the way for triggering small excitation events.
Thus, inclusive experiments cannot give the answer to such ques-
tions as that of chemical equilibrium.

We have shown that the evaporation mechanism can be important
for the emission of fragments with energy less than 50 MeV.
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Considering the ratio of the yields of 3H and 3He,we have
found that the existence of nonreduced Coulomb barrier seems
t? be compatible with our data. This result is in disagreement
w1t§ those reported in Refs.2-4 and 6 where it has been argued
an important reduction (about 50%) of the Coulomb barrier in
h1g§ energy interactions. It should be underlined that our ana-
lysis is model-independent while in the quoted papers it has be-
en assumed that experimental spectra can be described by the
31ng1e (by two in Ref.6) Weisskopf of Maxwell-Boltzmann distri-
butl?n. In chapter IV we have shown that the experimental spect-—
rum 18 a superposition of many distributions with different ve~-
l?cltles and temperatures. If one tries to fit such superposition
W}th.the single distribution, the value of temperature found by
fitting is determined by the hottest sources what leads to an
underestimation of the Coulomb barrier. '

We have discussed the A, dependence of fragment production.
és in other experiments we have found that the A, dependence
1s stronger for fast than for slow fragments.

AF the end of our paper we have compared our data with the
predictions of the slightly modified firestreak model. A rea-
sonable agreement has been found for fragments with energy grea-
Eer t?an 50 MeV. The yield of slower fragments, particularly

He: 1s,as one can expect, underestimated because a main contri-
bution to such fragments comes from the evaporation.
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