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The production of cumulative 3H nuclei in 16Op-collisions at a
momentum of 3.25 GeV/c per nucleon are studied for the first
time under the conditions of 4m-geometry. We determined the
slope parameters of invariant cross sections for cumulative 3H
nuclei and obtained new data on correlations of the escape of
cumulative 3H nuclei and charged particles and fragments in 16Op-
interactions. Noticeable differences between the characteristics of
cumulative and non-cumulative events are revealed.

1. Introduction

The study of the processes of cumulative production of
hadrons and light fragments escaping at large angles in
hadron-nucleus interactions and collisions of relativistic
nuclei represents an urgent problem aimed at obtaining
the important information on mechanisms of the nuclear
interaction and details of a nuclear structure at small
distances along with the information on manifestations
of quark degrees of freedom in nuclei. Systematic
investigations of cumulative processes were initiated by
Baldin [1] in 1971, while the cumulative effect was
experimentally discovered by the group led by Stavinskii
at the LHE JINR (Laboratory of High Energies of
the Joint Institute for Nuclear Research, Dubna)
synchrophasotron in the reaction 2H(10 GeV/c) +
Cu — 7 (0°) + X[2], in which pions with the energy
considerably exceeding that per nucleon of a deuteron
were observed. The first experimental indications of
unusual phenomena in the processes of hadron-nucleus
interactions were the results on the elastic pd-scattering
of 660-MeV protons [3] and quasielastic knock-out of
deuterons from light nuclei by a 675-MeV proton beam
[4]. A great number of works cited in reviews [5-10] are
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devoted to investigations of these processes. The basic
regularities of the production of cumulative particles
allowed Leksin to formulate the hypothesis of limiting
fragmentation of nuclei (nuclear scaling) [11] that was
tested for a wide range of primary energies and mass
numbers of fragmenting nuclei. However, the majority of
works on cumulative processes available in the literature
(see, e.g., [10]) are devoted to the investigation of the
production of cumulative nucleons (mainly protons),
deuterons, and mesons (mainly pions and kaons). At
the same time, there is much less information on the
cumulative production of light fragments with A > 2,
and, as far as we know, no correlations of the escape of
light cumulative nuclei and accompanying particles and
nuclei were analyzed. Meanwhile, there are a lot of works
[12—-24] devoted to correlations in the processes with the
production of cumulative nucleons and pions.

The recent work [25] deals with the investigation
of the cumulative production of nucleons and light
fragments (d, 3H, and 3He) in *Hep-interactions at a
momentum of 5 GeV/c. In this work, the invariant
cross sections for the production of protons, neutrons,
and light nuclei d, 3H, and 3He escaping to the
backward half-sphere in the *He nucleus rest-frame
were determined in the 4m-geometry, and the slopes
of their spectra in the cumulative region (the so-
called temperature) were obtained. The spectra of the
invariant cross sections of cumulative nuclei d, 3H, and
3He were in a good agreement with the predictions
of the nuclear fusion model, and it was established
that the radii of the fusion region in the *Hep-
interactions are mainly determined by the radius of the
escaping fragment [25]. It is worth noting that the
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Invariant cross sections Ed3o/d>p (e) of 3H nuclei escaping to the
backward half-sphere (9412 > 90°) depending on their kinetic
energy (a) and total momentum (b) in the rest-frame of the
oxygen nucleus. Solid curves — results of the approximation of
the experimental data in the region 7' > 26 MeV by the function
f =Aoexp(—T/Tp) (a) and in the region P > 383 MeV /c by the
function f = Agexp(—Bo - P?) (b)

slope parameters of cumulative 3H and 3He nuclei [25]
produced in “Hep-interactions at a momentum of 5
GeV/c coincided within error limits.

The present work continues the cycle of our
investigations [26-29] of the production of cumulative
particles in hadron- and nucleus-nucleus collisions at
high energies. It is devoted to the researches of the
production of cumulative *H nuclei in *Op-interactions
at a momentum of 3.25 GeV /¢ per nucleon. We analyze
the spectra of invariant cross sections of cumulative *H
nuclei and also present new results on correlations of the
escape of cumulative tritium nuclei and charged particles
and fragments in *6Op-collisions.

The experimental material was obtained with the
help of a 1-meter hydrogen bubble chamber (the LHE
of JINR) irradiated with relativistic *O nuclei at the
Dubna synchrophasotron. The data of the given work
are based upon the analysis of 8712 completely measured
160p-events at a momentum of 3.25 GeV /c per nucleon.
The target homogeneity and a low density of the working
liquid of the chamber allowed us to unambiguously
identify the charges of all secondary fragments and to
measure their momenta to a high accuracy. In the given
experiment, we use a beam of nuclei falling on a target-
proton. In this case, the produced cumulative particle
or a nucleus is fast in the chamber rest-frame, and
the efficiency of its registration is close to 100%. We
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considered single- and double-charge fragments with the
lengths of their tracks in the working volume of the
chamber exceeding L = 35 cm. In the case of such a
selection, the mean relative error in the determination
of the momenta of such fragments does not exceed 3.5%.
When determining the mean multiplicities, we took into
account the corrections for fragment losses due to the
interaction with the working liquid of the chamber at
the length L < 35 cm. In the case of fragments with
charges z > 3, their track lengths were not restrained
in such a way, as we did not identify their masses. It
is worth noting that, among the whole experimental
material, we did not register any event with the total
charge of multicharged fragments (with z >2) exceeding
the charge of the fragmenting oxygen nucleus.

As protons-fragments and deuterium and tritium
nuclei, we accepted positive single-charged particles in
the range of momenta in the laboratory system of
coordinates p = 1.75-4.75 GeV /¢, p=4.75-7.75 GeV /c,
and p > 7.75 GeV/c, respectively. Such a selection
with respect to the momentum range allows one to
identify isotopes of single-charged fragments with the
probability >96%. Doubly charged fragments with the
momentum p < 10.75 GeV/c were considered as 3He
nuclei, while those with the momentum p > 10.75 GeV /¢
— as *He ones. In this case, admixtures of *He and He
nuclei with respect to *He ones do not exceed 4% and
0.5%, respectively. The methodical peculiarities of the
experiment are reported in more details in [30-32]. The
inelastic cross section of *6Op-collisions at a momentum
of 3.25 GeV/c per nucleon determined according to the
standard technique appeared to be equal to 334 4+ 6 mb
[32].

2. Experimental Data and Their Discussion

Figure,a presents the experimental invariant cross
sections f(T) = Ed3c/d3p for 3H nuclei escaping to the
backward half-sphere (Ja1.p > 90°) depending on their
kinetic energy in the rest-frame of the oxygen nucleus
in 60p-collisions at a momentum of 3.25 GeV/c per
nucleon. As one can see from Figure,a, the spectrum of
the invariant cross section of 3H nuclei contains, on the
whole, two regions with different shapes of the spectrum:
T < T, — spectator region and T > T, — cumulative
one. Differentiating the spectrum of the invariant cross
section of 3H nuclei, we determined T, ~ 26 MeV as
the transition point of the spectrum from the spectator
region to the cumulative one. The value T, ~ 26 MeV
(which is of the order of the Fermi-motion energy of
3H nuclei in a %0 nucleus) obtained for *H cumulative
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nuclei in 6Op-collisions at a momentum of 3.25 GeV/c
per nucleon appeared to be close to the corresponding
value (T.H°He ~ 20 MeV) for 3H and 3He nuclei in
4Hep-interactions at a momentum of 5 GeV/c [25]. The
statistics of events with the production of cumulative *H
nuclei with the kinetic energy 7' > 26 MeV amounted
to 148 events. The experimental spectrum f(7') of *H
nuclei in the cumulative region T > 26 MeV was
approximated by the function f = Agexp(—T/Ty) with
the slope parameter Ty (or the temperature) representing
one of the important characteristics of the cumulative
production. The solid curve in Figure,a shows the result
of such an approximation (fitting parameters: Ag =
433 £ 71 mb GeV™2 ¢ st Ty = 19 + 2 MeV,
goodness measure x? /degr. freed. = 0.3). As follows from
Figure,a and the value of X2, the spectrum f(7) of
cumulative 3H nuclei is rather well described by the
exponential function with the slope parameter Ty = 19
+ 2 MeV. The value of Ty for cumulative 3H nuclei
produced in Op-collisions at a momentum of 3.25
GeV/c per nucleon (which corresponds to the kinetic
energy of protons 7, ~ 2.5 GeV in the rest-frame of
the oxygen nucleus) appeared to be higher than T for
3H and 3He cumulative nuclei (9.4 + 0.9 and 9.1 +
0.6 MeV, respectively) produced in “Hep-interactions
[25] at a momentum of 5 GeV /¢ (which corresponds to
T, ~ 0.62 GeV in the rest-frame of the *He nucleus).
This result is not surprising and agrees with the general
tendency of decreasing the parameter Ty with reducing
the primary energy [25] in complete accordance with the
hypothesis of nuclear scaling (limiting fragmentation)
[10,11]. Figure,b shows the experimental invariant cross
sections f(P) = Ed3c/d®p for *H nuclei escaping to
the backward half-sphere (J,,5 > 90°) as a function
of their total momentum in the rest-frame of the
oxygen nucleus in ®Op-collisions at a momentum of
3.25 GeV/c per nucleon. The experimental spectrum
f(P) of 3H nuclei in the cumulative region P > 383
MeV /¢ (that corresponds to the region T' > 26 MeV)
was approximated by the generally accepted function
f = Agexp(—By - P?) with the slope parameter By.
The solid curve in Figure,b presents the result of such
an approximation (fitting parameters: Ag = 547 +
160 mb GeV=2 ¢ st7!, By = 10 +1 (GeV/c)72,
goodness measure x?2/degr. freed. = 0.18 ). As follows
from Figure,b and the value of x?, the spectrum f(P) of
cumulative 3H nuclei is well described by the exponential
function f = Agexp(—By - P?) with the slope parameter
By=10 £ 1 (GeV/c)~2

As is well known, the investigation of various
correlations with respect to yields of cumulative and
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noncumulative particles and fragments can provide the
important information necessary for the identification
of the mechanisms of cumulative production of particles
and fragments [10]. In order to analyze the peculiarities
of events with the production of a cumulative 3H nucleus
in more details, we compared the mean multiplicities
of charged fragments and pions in events accompanied
by the production of a cumulative 3H nucleus (with
Yalab > 90° and T > 26 MeV in the rest-frame of
the oxygen nucleus) (hereinafter — cumulative events)
with those in the events with the production of one or
more noncumulative H nuclei rather than the escape of
a cumulative *H nucleus (hereinafter — noncumulative
events). The mean multiplicities of charged fragments
and pions in these two groups of events are presented
in Table 1. As one can see from the table, the mean
multiplicities of protons-fragments, 2H and 3He nuclei,
as well as multicharged fragments with the charges z=3—
6 and 7~ -mesons, practically coincide within error limits
in cumulative and noncumulative events. However, as
follows from the table, the mean multiplicity of *H
nuclei in cumulative events appeared to be noticeably
higher than that in noncumulative events. This result
agrees with those obtained in early works [12-16,18-22]
devoted to the study of the production of cumulative
protons and pions. In [12-16,18-22], it was shown that
the interactions with the emission of cumulative protons
are accompanied by an increased multiplicity of all
protons, whereas events with cumulative m-mesons are
characterized by an increased multiplicity of all 7-
mesons. In our recent work [33], we demonstrated that
the interactions with the formation of cumulative *He
nuclei are also characterized by an increased multiplicity
of all *He nuclei. The obtained results demonstrate that
the regularity [12-16, 18-22] typical of the cumulative
production of hadrons consisting in the increased mean
multiplicity of hadrons in interactions with the emission

T a ble 1. Mean multiplicities of charged fragments
and pions in events with production of a cumulative 3H
nucleus (Group 1) and in noncumulative events (Group 2)

Type ‘ Group 1 Group 2
(n(*H)) 2.80 £+ 0.12 2.88 + 0.06
(n(?H)) 0.72 £ 0.07 0.70 & 0.03
(n(3H)) 1.34 £ 0.04 1.19 + 0.01
(n(*He)) 0.35 + 0.05 0.32 + 0.02
(n(*He)) 0.76 & 0.07 0.87 & 0.03

(n(z= 3)) 0.08 & 0.02 0.08 & 0.01
(n(z= 4)) 0.06 & 0.02 0.05 £ 0.01
(n(z= 5)) 0.03 & 0.02 0.03 & 0.01
(n(z= 6)) 0.05 & 0.02 0.06 & 0.01
(n(m7)) 0.32 £ 0.04 0.35 & 0.02
(n(xT)) 0.50 & 0.06 0.60 & 0.03
655



Kh.K. OLIMOV

of the corresponding cumulative hadrons is also valid for
the cumulative production of light nuclear fragments.
Evidently, these results indicate the general universal
feature in the mechanisms of cumulative production
of hadrons and light nuclear fragments. In Table 2,
we present the mean escape angles ((J)), transverse
momenta ((p;)), and kinetic energies ((T')) of 2H
nuclei, noncumulative nuclei H, and nuclei *He in the
rest-frame of the oxygen nucleus in cumulative and
noncumulative events. As one can see from Table 2,
2H, noncumulative 3H, and *He nuclei in cumulative
events escape at noticeably larger angles as compared
to those in noncumulative events. Moreover, “He
nuclei in cumulative events exhibit a tendency to the
predominant emission to the backward half-sphere, i.e.
in the direction of the escape of 3H cumulative nuclei.
At the same time, *He nuclei in noncumulative events
mainly escape to the forward half-sphere in the rest-
frame of the oxygen nucleus. It is worth noting that
“He nuclei accompanying the emission of cumulative
4He nuclei in %Op-collisions at a momentum of 3.25
GeV/c per nucleon also tended to the predominant
escape to the backward half-sphere in the rest-frame of
the oxygen nucleus [33]. This common feature observed
in the processes of cumulative production of tritium and
4He nuclei is obviously related to the a-cluster structure
of the oxygen nucleus. As follows from Table 2, 2H and
4He nuclei in cumulative events are characterized by
considerably higher values of the transverse momentum
and the kinetic energy as compared to those in
noncumulative events; for noncumulative 3H nuclei,
these values in cumulative events are noticeably lower
than those in noncumulative ones. It is worth noting

T a b1l e 2. Mean escape angles ((9)), transverse
momenta ({pt)), and kinetic energies ({(T)) of 2H nuclei,
noncumulative 3H nuclei, and *He nuclei in the rest-
frame of the oxygen nucleus in events with production of
a cumulative 3H nucleus (Group 1) and in noncumulative
events (Group 2)

Type | Group 1 | Group 2
Nucleus 2H 3H 4He 2H 3H 4He
(9), deg. 84+4 8549 101+5 7442 70+2 88+2

(pt), MeV/c 301£27 183+19 228116 248+9 221+6 208 +6
(T), MeV 55+ 10 20+4  314+6 4443 29+2 2543

T a bl e 3. Mean escape angle ((9)), transverse
momentum ({p¢)), and kinetic energy ({(T')) of cumulative
3H nuclei (with 9a1ap > 90° and T > 26 MeV in the rest-
frame of the oxygen nucleus)

Fragment | 3H
(9), deg. 139 +£ 2
(pt), MeV/c 333 + 16
(T), MeV 69 + 6
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that the similar characteristics of protons-fragments,
3He nuclei, and charged pions practically coincided
within the limits of statistical errors in cumulative and
noncumulative events. The mean values of the escape
angle, kinetic energy, and transverse momentum for
cumulative 3H nuclei in the rest-frame of the oxygen
nucleus are presented in Table 3. As follows from the
table, these parameters in the case of cumulative H
nuclei are considerably larger than those in the case of
noncumulative ones (see Table 2) in cumulative events,
as one would expect from the conditions of the selection
of cumulative 3H nuclei.

3. Conclusions

The basic conclusions of this work can be briefly
summarized in the following way. The experimental
invariant cross sections f(T) = Ed%c/dp (f(P) =
Ag exp(—DBg- P?)) of H nuclei escaping to the backward
half-sphere (Ja1ap > 90°) were obtained for the first
time as functions of their kinetic energy (momentum) in
the rest-frame of the oxygen nucleus in ®Op-collisions
at a momentum of 3.25 GeV/c per nucleon. The
approximation of the f(T') (f(P)) spectrum of *H nuclei
in the cumulative region T > 26 MeV (P > 383 MeV/¢)
by the function f = Agexp(—T/Tp) (f = Aoexp(—By -
P?)) allowed us to determine, for the first time, the slope
parameters Ty and By of the spectra of cumulative 3H
nuclei that appeared to be equal to 19+2 MeV and 10
+1 (GeV/c)~2, respectively.

We have performed the comparative analysis of
various characteristics of particles and fragments in
cumulative events with the production of a cumulative
3H nucleus and in noncumulative events without
production of cumulative 3H nuclei but with the
production of at least one noncumulative >H nucleus.
The results of such a comparison discovered significant
distinctions in cumulative and noncumulative events.
In particular, the mean multiplicity of 3H nuclei in
cumulative events appeared to be noticeably higher than
that in noncumulative ones. This result agrees with
numerous data obtained for the cumulative production
of protons and pions, where events with the production
of cumulative hadrons were also characterized by an
increased multiplicity of the corresponding hadrons.
A similar result was also obtained for cumulative
4He nuclei formed in 'Op-collisions at a momentum
of 3.25 GeV/c per nucleon. It was also revealed
that 2H, 3H, and *He nuclei that accompany the
escape of a cumulative >H one are emitted, on the
average, at noticeably larger angles in the rest-frame
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of the oxygen nucleus as compared to mean escape
angles of the corresponding nuclei in noncumulative
events.
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discussions of the results of the present work.
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CTBOPEHHA KYMVJIATUBHUX
SIJIEP 3H YV 3ITKHEHHAX SAJEP KUCHIO
3 ITPOTOHAMMU ITPU IMITYJIBCI 3,25 I'eB/c HA HYKJIOH

X.K. Oaimos
PezwowMme

Brepiie B ymoBax 4m-reomerpil BUBYEHO yTBOPEHHSI KYMYJISITUB-
mux szep SH B 16Op-sitkuenusx npu immysnsci 3,25 TeB/c Ha mHyk-
joH. Busnayeno nmapaMeTrpu Haxuily iHBapiaHTHUX IlepepisiB Ky-
MYJIATUBHUX €D 3H Ta HaBeZeHO HOBI maHi 3 KOpPEJIALil BUXOIY
KyMyJISSTUBHEX siziep S H i 3apsi/zKeHnX 4acTUHOK Ta pparMeHTiB B
16Qp-B3aemosiax. 3uaiineno moMiTHi BiMiHHOCTI XapaKkTepuCTHK
KYMYJIITUBHUX | HEKYMYJISITUBHUX ITOJiM.
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