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New experimental data on the kinematic characteristics of a-
particles produced in the interactions of relativistic oxygen nuclei
with protons are presented. It is shown that the statistical model
of Goldhaber is not able to describe the momentum characteristics
of light fragments and that the role of the evaporation mechanism
can be neglected. The indication is obtained that a certain
part of excited systems can execute a full 27 rotation before
fragmentation.

Introduction

The nuclear fragmentation process has been discussed
for a long time [1—3]. However, detailed studies
have begun relatively recently when the heavy ion
accelerators were put into operation in 1970s. Interesting
results on the production of various types of fragments
were obtained from the so-called “O-experiments”
dedicated to the study of peculiarities of disintegration
of colliding nuclei. In particular, it was found that, in
a wide range of the masses and energies of colliding
nuclei, the fragments production cross-section can be
presented with a good accuracy in the form O'Z]:t =
7};%, where 71{ and ~; are factors depending on
the projectile and target characteristics, respectively
[4].

An overall description of these experiments has
been obtained within various versions of the statistical
model of fragmentation [6—8]. However, further
studies carried out in a 4m-geometry have shown
that electron experiments in which the detection
of secondary particles was limited by a narrow
solid angle do not allow one to obtain sufficiently
detailed information on fragmentation process [9—
11].

The results obtained in the last years show that
nuclear disintegration is a rather complex process having
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a multistep character. It is found from experiment
that the structure of the observed fragments is
significantly influenced by the a-cluster structure of
the fragmenting nucleus [12]; theoretical calculations
based on the statistical mechanism of fragmentation
were not able to describe qualitatively the bulk of
data.

An effective way to study nuclear fragmentation
requires the detection of all light fragments (p,
d, t, *He, and *He) in a 47 geometry because
the cross-section of the yield of light particles is
comparable to the total cross-section of the reaction.
Formation of light fragments is typical of the nuclei
fragmentation process. Secondly, it is well established
that the majority of these fragments is emitted within
the first stage of interaction of the colliding nuclei
providing direct information on the dynamics of the
interaction, which is not clearly understood till now
[13].

During the fragmentation of light nuclei, the
twice charged fragments have the highest yield of all
multicharged fragments. The majority of them consists
of *He nuclei [12]. At present time, several possible
mechanisms of a-particle formation are known. Some
of them are: Fermi break-up (statistical) mechanism,
decay of intermediate non-stable nuclei (°He, °Li, 8Be,
9B and others), and mechanisms of fusion or nucleon
association. However, this variety of mechanisms is not
studied completely.

In this work, an attempt is made to obtain
information on possibles mechanisms a-particle
formation in the °Op collisions at 3.254 GeV/s.
Experimental data are compared with the calculation
results from the Cascade-Fragmentation Evaporation
Model (CFEM) [14]. The data are also compared with
the predictions of the statistical model of Goldhaber [7]
and with the calculations from the coalescence model
[15].
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Fig. 1. The invariant differential cross-section of a-particles as
a function of the kinetic energy 7. Points: o — CFEM, e —
experiment, curve — calculations by the coalescence model [15]

1. Experimental Data

The experimental data were obtained using stereograms
taken from a one-meter Hydrogen Bubble Chamber
(HBC) HEL JINR irradiated at the synchrophasotron
by 'O nuclei with a momentum of 3.254 GeV/s.
11089 'Op events were analyzed. The conditions of
experiment allow us to identify visually the precise
charge of every secondary particle and fragment. At
the track length of a light fragment in the working
volume of the camera of L > 35 cm long, the average
relative error in the momentum measurement was no
more than 3.5%. This allowed us to perform mass
separation for light fragments with the charge Z < 4.
The twice charged fragments with momenta of 10.8 <
P < 15.5 GeV /s were related to a-particles. The analysis
of the momentum distribution of fragments with Z >
5 made it possible to determine the yields of some
isotopes.

Mass separation of fragments was carried out using
the measured values of momentum and charge [12].
We have selected the tracks with length L > 35
cm, which is required for better mass separation
and reliable analysis of kinematic characteristics of
fragments.

In the following analysis, the energy and angular
distributions of a-particles are translated into the
anti-laboratory system, i.e. to the rest system of
oxygen.
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2. Experimental Results and their Analysis

2.1. Invariant Structure Function

In Fig.1, we present the invariant structure function
f(r) = E;%; as a function of the kinetic energy T of a-
particles. Experimental data, CFEM calculations from
code [14] and coalescence model calculations based on
[15] are shown by closed circles, open circles, and solid
line, respectively.

The contribution of evaporative processes to the
fragment formation cross-section in CFEM is negligibly
small because 160 is a light nucleus. Therefore, when
simulating the '®Op collisions (in our case), the
contribution of the evaporation mechanism is not taken
into account. Fermi break-up is considered as the basic
mechanism for the formation of fragment. In the model,
the secondary break-up of non-stable nuclei by the
channels ?He — a+n, °Li = a+p , Be — 2a, and
'Be — 2a+p is also taken into account. Although
the CFEM can well describe the multiplicities of the
twice charged fragments, it is not capable of reproducing
their isotope composition [12]; the average number of -
particles (nq) occurred to be 0.50 £ 0.01 in experiment
and 0.36 £ 0.01 in the CFEM model. Therefore, for
the quantitative comparison of the studied properties
of a-particles in the experiment and model, the CFEM
spectra have been normalized by the experimental
spectra.

As one can see from Fig.1, experimental spectrum
sharply decreases with energy up to T' ~ 10 MeV. Then
its slope reduces and, starting from 7" ~ 80 MeV, the
T-distribution attains an exponential form. The CFEM
calculations in the region of T < 15 MeV reproduce the
experimental spectrum within statistical errors. As was
shown in [12], the model significantly overestimates the
yield of protons in this region. This occurs because the
CFEM does not take into account the contribution of
the evaporation mechanism of light fragments formation.
From the agreement observed in our case, we conclude
that the contribution of the evaporation mechanism to
a-particle production is negligibly small. In the region
of T > 15 MeV, the deviation between calculations
and experiment increases with the kinetic energy of a-
particles. Theoretical spectrum ends at 7' &~ 100 MeV,
whereas the experimental distribution spreads to T' =
200 MeV. Such a sharp difference between experiment
and CFEM calculations is, apparently, related to the fact
that CFEM does not take into account the a-cluster
structure of light nuclei, as well as the pick-up and
coalescence mechanisms.
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According to the coalescence model, the cross section
of fragments with mass number A is given in terms of
the protons yield cross-section as follows:

dPoa

EA—:C’A(

d3UA )A
dp®, ’

dp’y =
where the difference between proton and neutron spectra
is neglected. Here, pa = Ap,, Ca is the coalescence
probability weakly depending on the target mass and
not depending on the energy of a projectile and emission
angle of a fragment [16].

The solid line in Fig.1 was calculated according to
Eq. (1) using the experimental proton spectrum. The
coefficient Cy4 is obtained in the region of T > 120 MeV
by approximation by the least square method. The
nucleon momenta corresponding to this region of T' are
higher than 235 MeV/s. One can see that the a-spectrum
in this region is in a good agreement with the coalescence
model predictions. This provides an evidence for that the
nucleon evaporation processes do not contribute to the
formation of relatively fast a-particles.

2.2. Transverse Momentum

The «-particle distributions over the transverse
momentum are presented in Fig.2. Closed circles
represent experimental data, open circles show the
CFEM prediction, and the solid line shows the fitting
of experimental data by the expression

F(pr) = Apr exp(—bp3,). (2)

where A = 27.81+£1.19,b = 31.02+1.37 and x?/f.d.n. =
17.56. This expression can be derived from the statistical
fragmentation model of Goldhaber [7]. From Fig.2, one
can see that the experimental distribution has a wide
maximum at pyr & 0.12GeV/s, which can be fitted
by Eq.(2) up to pr ~ 0.3GeV/s. Starting from pr =~
0.5GeV/s, the experimental distribution acquires an
exponential form (shown in Fig.2 as a straight line)
with a slope parameter of (5.5 £ 0.5) (GeV/s)~!. This
form of the py distribution is caused by non-statistical
character of the corresponding formation of fragments.
The average value of the transverse momentum of «-
particles obtained in our experiment is (1924 2) MeV/s.
Within statistical errors, the CFEM calculation gives
the same value. In spite of this, as seen from Fig.2,
CFEM can only qualitatively describe experimental
data: at pr < 150 MeV/s and pr > 550 MeV/s, the
model underestimates experimental data, whereas, in the
region of pr = 150 + 500 MeV/s, it overestimates the
experimental data. It is also seen from Fig.2 that the
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Fig. 2. a-particle distribution over the transverse momentum py.
Points: o — CFEM, e — experiment, curve — calculations by the
Goldhaber model [7], solid line — exponential fit in the region of
pr > 0.5 GeV/s

Goldhaber model reasonably describes the pp
distribution at pr < 0.3 GeV/s only, and that it
significantly deviates from the experimental points at
higher values of pr.

As shown in [17], the longitudinal momentum
distribution for fragments with charges Z7 = 2 + 7
produced in the OBe collisions at the energy of 2.1
GeV/nucleon is well described by Eq.(2) introduced
in [7]. Apparently, this agreement is related to a
limited range of emission angles (# < 12.5 mrad),
covering mainly the formed fragments of statistical
origin. Deviations of the Goldhaber model [7] predictions
from our experimental data indicate that a contribution
of non-statistical mechanisms to the a-particle formation
at pr > 0.3 GeV/s is important. These fragments
can be formed, as mentioned above, in the decays of
various non-stable intermediate nuclei, having different
excitation energies and being produced with different
cross sections. Besides, as was shown before, the
coalescence mechanism [15] can contribute to the cross
section of relatively fast a-particles with 7" > 120 MeV.

It is also interesting to study the dependence of
the average transverse momentum of a-particles on
the excitation energy of the fragmenting nucleus. In
our experiment, different topologic channels can be
considered as the measure of excitation energy. Fig.3
represents the dependence of (pr) on the a-particle
production in different topologic channels: closed circles
present experimental data, open circles are CFEM
predictions. One can see that the maximal value of (pr)
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Fig. 3. Dependence of the average value of the transverse
momentum of a-particles on the topology. Points: o — CFEM,

® — experiment

is observed, both experimentally and in the model, in
the topology channel with one a-particle production
(2). In Fig.3, topology channels are divided into two
groups by the average value of the transverse momentum
within statistical deviations. The first group consists of
(22), (23), (24), and (26) channels (the numbers in the
brackets denote the charge composition of the fragment).
The second group includes (25), (222), (223), (224), and
(2222) channels. The dashed lines in Fig.3 represent
the average values of the transverse momentum for
each group separately. Although the topology (26) has
a lower energy threshold than that in (22), (23) and
(24) channels, the (py) values are the same in all four
topologies. As the analysis in [12] showed, the break-
up of the relativistic oxygen nuclei in channel (26) takes
place mainly by quasi-elastic knock-out of a-particles by
a proton of the target. A large discrepancy between the
CFEM and our experiment is observed for lithium and
carbon yields. The lowest values of (pr) predicted by
CFEM are observed in (23) and (223) channels.

2.3. Angular Distribution of Slow a-particles
(T <10 MeV/s)

It is known that the angular distributions of fragments
with energies less than 10 MeV per nucleon according
to the statistical theory of fragmentation must be
isotropic so that the corresponding cosine distributions
are uniform.

In [12], the p, d, t and 3He emission at T <
10 MeV /nucleon in the collisions of 0 with proton at
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Fig.4. Distribution of a-particles with 7" < 10 MeV over the cosine
of the emission angle. Points: o — CFEM, & — experiment

amomentum of 3.254 GeV /s is revealed to be symmetric
with respect to 90° angular distributions with noticable
maxima in the forward and backward directions. This
observation was interpreted as the evidence for that the
angular momentum of the excited fragmenting system
may differ from zero. For a more convincing proof of
this phenomenon, we present the angular distribution of
a-particles at significantly smaller energies, namely at
T < 2.5 MeV /nucleon, in Fig.4.

One can see from Fig.4 that the experimental data
(closed circles) are symmetric with respect to 6 =
90°, whereas the CFEM angular distribution (open
circles) shows a maximum in the forward direction;
average values of cosf, are 0.01 = 0.01 and 0.31 £ 0.01
in the experiment and CFEM, respectively. Although
the average value of the experimental cosf, within
statistical errors is zero, the distribution exhibits the
peaks at cosf, = =1, which may be a sign that the
system can gain non-zero angular momentum before
the fragmentation stage. The effect increases with the
transition from light to heavy fragments. For example,
the fraction of protons and a-particles with cosf < —0.7
and T < 10 MeV/nucleon was found to be equal to
0.14 + 0.01 and 0.22 + 0.01, respectively.

Conclusion

The analysis of the kinematic characteristics of a-
particles produced in the '%Op collisions at 3.25 A
GeV/s was carried out. As was expected, the majority
of a-particles is produced due to the Fermi break-
up statistical mechanism, whereas the evaporation
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mechanism contribution is negligibly small. The role of
the coalescence effects is well manifested in the region
of large kinetic energies and transverse momenta. The
observed a-particle angular distribution is symmetric
with respect to 90° and exhibits the maxima in the
forward and backward directions which at low energy
would be interpreted as a sign for the formation
of a rapidly rotating compound system. In our case
of relativistic collision energies, these pecularities of
angular distributions indicate that a system formed at
the beginning of the fragmentation process may execute
a full 27-rotation; the angular anisotropy increases with
the transition from light to heavy fragments, proving
our earlier results on p, d, t and *He yields [12]. To shed
more light on the production of fragmenting nuclei with
non-zero angular momentum, it is necessary to carry
out studies of various interaction characteristics in the
azimuthal plane.
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MEXAHI3MU HAPOJI?KEHHS o-YACTUHKIN
B (10p)-CIIBYTAPAX IIPU IMIIVJIBCI 3,25 A TeB/c

E.X. Basapos, C.JI. Jlymnyanaes, I1.3. Hacupos, K. Oaimos,
A.A. FOadawes, B.C. Oadawes, €.1. Icmamos,
X.1I. Xamidos, M.I. ®a3unros

Pezwowme

HaBemeno HOBiI eKCHEpUMEHTAJbHI JaHi 3 KiHEMATHIHUX XapaK-
TEPUCTUK (-IACTHHOK, YTBOPEHHX B PE3yJIbTATI B3AEMOIIH peJs-
TUBICTCHKUX f/Iep KHUCHIO 3 IpoTOHaMu. [I0Ka3aHo, 0 CTATHCTHI-
Ha Mogesnb lombaxabepa He MOXKe OMUCATH IMIYJIbLCHI XapaKTepH-
CTHKH JIETKHUX (PArMEHTIB i 10 BUMIAPHUM MEXaHi3MOM MOXKHA,
3HexTyBaTH. OTPUMAHO NaHi PO Te, IO II€BHA YaCTHHA 30yiKe-
HHUX CHCTEM MOXKE€ MOBEPTATHCS Ha KyT 27 1epej (pparMeHTaljier.

MEXAHU3MBI POKJTEHUSA a-HACTHUIIBL
B (*60p)-COVJIAPEHUAX TTPU UMITVJILCE 3,25 A I'sB/c

5.X. Basapos, C.JI. JIlymnyanaes, LI.53. Hacwpos, K. Oaumos,
A.A. FOadawes, B.C. IOadawes, E.U. Hcmamos,
X.1I. Xamudos, M.H. Pasvinos

Pezwowme

Hpe;[CTa.BJIEHbI HOBBIE SKCHepI/IMEHTaJIbeIe JdaHHBbIE 10 KUHEMATHU-
YeCKHM XapaKTEePUCTUKAM (-9aCTHUIll, 0Opa30BAHHBIX B DPe3yJIbTa-
T€ B3aMMOAEHUCTBUN PEJIATHUBUCTCKUAX AP KHUCIOPOJA C MPOTOHA-
mu. [TokazaHo, 4TO crarucTUYecKas Mozesb [osnbaxabepa HE MO-
2KeT ONUCATh HMIIYJIbCHBIE XapaKTEPUCTUKHU JIETKAX (parMeHTOB
¥ 9TO UCHAPHUTEIbHBIM MEXaHU3MOM MOXKHO npenebpeus. [Toxyde-
HBI JAHHBIE CBUJIETEJbCTBYIOINE, IYTO OIpe/e/leHHas JacTh BO30y-
2KJIEHHBIX CHCTEM MOXKET HOBOPAYMBATHCs HA yrojl 27 nepej dpar-
MEHTAITHEH.
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