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Production of multi-hydrogen (mH) isotopes in the spallation of 200A GeV sulphur projectile
using nuclear emulsion is reported. Yield of mH isotopes is studied and compared with that
of the lowest energy (3.7A GeV) data. The two-source emission picture is used to describe
the transverse momentum (PT ) distribution of mH isotopes (with and without the effect of
32S (γ, p) 31P channel). The Rayleigh type PT -distribution seems to be in agreement with
the corresponding experimental data. The contributions of low and high temperature emission
sources show a dependence on the photonuclear processes.

PACS: 25.75.-q, 25.70.Mn, 25.70.Pq

1 Introduction

Many experiments have been devoted to investigate the transverse momentum distribution (PT )
of relativistic helium fragments using heavy ion beams when they became available at accel-
erators. The authors of references [1–4] investigated the PT distribution of relativistic helium
projectile fragments, produced in nucleus-emulsion collisions at 0.9 – 4.5A GeV/c. At high
energy, such investigation has also been done [5] for relativistic He-fragments emerging from
events having large impact parameters induced in the interactions of 200A GeV 32S ions with
emulsion nuclei (Em). The investigations on the PT distribution of relativistic He projectile
fragments (PFs) show that there are two sources with different temperatures to emit relativistic
helium fragments. These works are supported by Raha’s arguments [6].

Recently, few similar experiments with relativistic proton PFs obtained either from nuclear [7–
9] or electromagnetic [10, 11] events have already been carried out to study the PT distribution.
In the former case, Ghosh et al. [7, 8] reported PT distributions of relativistic proton PFs emitting
from the interactions of 12C and 16O with nuclear emulsion at 4.5 and 60A GeV/c, respectively.
The comparison of these distributions with Maxwell-Boltzmann distribution gave the indication
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of a single temperature in the fragmentation region. This is against the current explanations [1, 6],
which favor of the existence of two different temperatures. The existing theories [1, 6] cannot
account properly the single temperature emission of relativistic proton fragments [7, 8]. In addi-
tion, such observation does not agree with the results obtained by El- Nadi and co-workers [9]
where there was an indication of two temperatures in the study of PT distribution of relativistic
proton PFs emitted from the inelastic interactions of 32S - Em at 3.7A GeV. In the case of elec-
tromagnetic dissociation (EMD) process, the author of Ref. 10 investigated the PT distribution
of only relativistic proton fragments produced in the dominant EMD process through the reac-
tions 32S (γ,p) 31P ( 92 relativistic proton PFs) and 16O (γ,p) 15N ( 45 relativistic proton PFs)
at 200A GeV. The obtained PT distribution in each reaction is fitted by a double Rayleigh dis-
tribution having two different temperatures. This two-temperature structure of relativistic single
charged fragments is described in Ref. 11 by a simple model based on a two-source emission
picture.

In the present work and owing to the collection of our exclusive data given in Ref. 12, it
was possible to do further study of PT distribution of all relativistic single charged particles (308
hydrogen isotopes) emitted in the different visible decay modes (i.e. those involving charged
fragments) of 32S spallation at 200A GeV. Consequently, the given H-particles PT -distribution
analyzed with and without the effect of single proton production through the 32S (γ ,p) 31P
channel [10], the dominant mode of decay (44 %), within a two-source emission formalism [11].

2 Experimental details

In the present work, a stack of Fuji emulsion plates was exposed horizontally to the 200A GeV
32S ions at the CERN-SPS (Exp. No. EMUO3). To obtain high scanning efficiency, the pellicles
were scanned under 100 × magnification by doubly scanning along the beam tracks, fast in the
forward direction and slow in the backward one. The beam tracks were picked up at a distance
of 4 mm from the entrance edge, and within the central 80% of the pellicle thickness. Each
beam track was carefully followed up to a distance of 5 cm or until the point of interaction with
an emulsion nucleus. Other details concerning the chemical composition of the emulsion used,
irradiation and scanning are given in Refs. 12 and 13. In each event, the following visual features
were recorded: Nb, the number of black tracks; Ng , the number of grey tracks; Nh = Nb + Ng ,
the number of heavy tracks from the target nucleus; Ns, the number of minimum ionizing shower
tracks; NH , the number of H-particles of charge Z = 1; NZ , the number of PFs of charge Z ≥ 2.
H-particles and PFs are produced within the fragmentation cone defined by θ ≤ θc = Pf/Pbeam,
where Pf is the Fermi momentum, estimated to be ≈ 200 MeV/c (θc ≈ 1 mrad at 200A GeV).
Each event was carefully examined and qualitatively classified into three principal categories: (i)
central, (ii) peripheral and (iii) electromagnetic events.

The pure EMD events are then selected to be analyzed. These events generated by the EMD
of the projectile nucleus are generated in collisions involving impact parameters large enough
so that no nuclear interactions occur. Extremely strong electromagnetic fields from heavy nuclei
are produced for a very short time at the projectile; such events typically consist of projectile
fragments, which proceed essentially in the direction of the projectile nucleus. The present
candidate EMD events were selected [14, 15] with no visible target excitation (Nh = 0) or
secondary particle production (Ns = 0) together with the condition that the sum of measured
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charges of all the outgoing fragments (Z ≥ 1) inside the fragmentation cone must equal the
charge of the incident 32S beam. Exclusion of low-energy e+e− pairs, high-energy γ-rays and
elastic scattering events was done [14, 16]. Upon application of these stringent selection criteria,
210 EMD events out of 1459 observed events were determined to be due to the clean breakup of
the 32S projectile. Charge measurements were performed on projectile EMD fragments by δ-ray
counting. For light fragments (Z = 2 − 4), complementary gap counting was undertaken [17].
In general, the detection of Z ≤ 2 PFs is quite definite due to their distinctive grain density and
the use of electron sensitive Fuji nuclear emulsion detectors allows an exclusive type of analysis
on an event-by-event basis. It is well known that the emulsion detector covers a 4π geometry and
has a very high spatial resolution. The latter feature is very helpful in identifying and measuring
the angles of individual PFs formed in EMD events, even when the fragmentation cone of the
PFs is very narrow.

The emission angles of all PFs in EMD events of 200A GeV 32S projectile were determined
from the vector directions of the incident beam and emitted fragments following Ref. 15. The
accuracy in the angular measurements in the emulsion is higher than 0.1 mrad for angles θ ≤ 1
mrad. In nuclear emulsion experiment, the (pseudo) transverse momentum of the projectile
fragment can be obtained from the emission angle measurement [9]. Since we are concerned with
the relativistic hydrogen particles in the break up modes of 32S ions at 200A GeV, the transverse
momentum PT of H-particles can be determined with the assumption that the hydrogen isotopes
have the same longitudinal velocity as that of the incident 32S beam.

3 Results

With the successful acceleration of heavy nuclei to ultra-relativistic energies, the study of EMD
in nuclear emulsion offers a number of experimental advantages particularly in the identification
of specific final states. Since in the emulsion experiment, only charged particles can be identified
such that the charge of each but not the mass could be determined, neutrons cannot be detected
and isotopes are not separated. Consequently, in this work, the fragmentation modes having
fragments accompanied with one or more neutrons are misidentified.

In Table 1, we report the detected 210 EMD events due to the clean break up of 200A GeV
32S projectile in emulsion. One can see that the present events are observed in only 28 channels
(different visible decay modes) ordered according to Zmax, the charge of the heaviest PF emitted
in an event. At the beginning, one can observe the simple photonuclear process in which one or
two light PFs dissociated from the projectile nucleus leaving the residual nucleus, which cools
down, forming a heavy fragment. It is possible to think that this process is characterized by low
temperature. On the other hand, at the end of the table one can notice a hard photonuclear process
in which the sulphur nucleus has been decayed into H and He fragments.

In Fig. 1, we show the charge yield curve for 32S spallation in the emulsion at two widely
different energies. The solid histogram in Fig. 1 represents our data at 200A GeV while the
dashed one represents the data of 3.7A GeV [12]. The two distributions have a characteristic
U-shaped form. The figure shows clearly the effect of incident energy at large values of Z,
i.e. at Z ≥ 10. The number of single charged particles, NH , could characterize the degree of
hardness of interaction. These particles may be emitted from different sources. Therefore, for
better probing the dynamics of heavy ion reactions, the present work which is an extension to
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Tab. 1. Different visible decay modes of 32S-spallation at 200A GeV and the corresponding number of
events.

Decay mode No. of events Decay mode No. of events
31P + p 92 19F + 2He + 3H 1

28 Si +He 30 19F + 3He + H 2
28 Si +2H 20 16O + 3He + 2H 1

27Al + He + H 15 16O + 2He + 4H 1
27Al + 3H 6 14N + 3He + 3H 1

24Mg + 2He 5 14N + 2He + 5H 1
24Mg + He + 2H 4 12C + 3He + 4H 1

24Mg + 4H 5 11B + 4He + 3H 1
23Na + 2He + H 4 11B + 2He + 7H 1
23Na +7 Li + 2H 1 9Be + 2He + 8H 1
23Na + He + 3H 4 7Li + 4He + 5H 1

23Na + 5H 3 6He + 4H 1
20Ne + 2He + 2H 3 5He + 6H 1
20Ne + He + 4H 3 4He + 8H 1

Fig. 1. The charge yield curve of the PFs emitted in the EMD events for the present 32S projectile at 200A
GeV (the solid histogram) and 3.7A GeV [12] (the dashed histogram).

our previous one [10], deals only with a sub sample of 175 EMD events having one or more
H-particles in the final state (in addition to the heavy fragments), see Table 1. Following the
analysis of the angular distribution of 308 H-particles presented in our sub sample, the average
values of emission angles, 〈θH〉, are found [10] to be (0.889± 0.081) mrad.
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Tab. 2. Relative rates (in percentage) of visible channels of multi-hydrogen (mH) isotopes together with
that of the single proton.

Multiplicity No. of tracks Relative rates (%)
1p 92 43.8
1H 113 53.8
2H 58 13.8
3H 39 6.2
4H 44 5.2
5H 25 2.4
6H 6 0.5
7H 7 0.5
8H 16 1.0

In fact, we deal with the interested EMD data sub sample as two major parts, namely single
charged particles [10] (mostly are protons) which are the most abundant particle in Table 1,
32S (γ, p) 31P, and the multiple hydrogen isotopes, mH. The measured cross section in Ref. 12
for the former decay mode, σp

EMD equals to (502 ± 52) mb which represents (33 ± 3) % of
the measured total EMD cross section [12] where, σtot.

EMD = (1531 ± 103) mb. While for the
later ones, the cross section measured for mH emission channels, σmH

EMD represent about (55 ±
4) % of the measured total EMD cross section. The cross sections measured for 1p and 1H,
2H,...,mH emission channels induced by Ag target in emulsion [18, 19], see after, sum to about
(1340± 90) mb, which represent roughly 88% of the σtot.

EMD. This permits a comparison between
PT distributions of these two major parts. This study is considered complementary to energy
measurements already reported in our recent work [18]. All of this information could help to
obtain a consistent picture of the entire reaction process.

In Table 2, we show the production relative rates (in percentage) of visible channels for the
multi-hydrogen isotopes (mH) together with that for a single proton (1p). The latter reaction
channel 32S (γ ,p) 31P at 200A GeV has been studied in Ref. 10, reporting that the majority of
events in this dominant channel may be attributed to the absorption of giant dipole resonances
(GDRs). On the other hand, one can notice from Table 2 that the behavior of decreasing yield
and the extension of the production probability to higher multiplicity values of NH (up to 8) may
reflect the dependence of the degree of break-up on the response of projectile nucleus to the ab-
sorption of one or more than one virtual photon, i.e. several simultaneous GDR photons [18, 20].

Our total EMD cross section measured by the interaction of 32S in an Ag target is (1531±103)
mb. This value is computed using the relation [18, 19] σ = f/ρλ, where ρ is the concentration
of Ag nuclei in the emulsion used (ρ = 1.01× 1022 atoms/cm3) and f is the weight factor of Ag
nuclei (f = 0.62). From the Weizsacker-Williams (WW) calculation [21], the total integrated
EMD cross section is estimated to be (1869±100) mb (using the measured σ(γ, tot) total photon
absorption cross section [22]) which is significantly higher than our measurements. However, a
closer agreement with our data is obtained if we subtract the one-neutron (1n) contribution (281
mb) (calculated by the WW using the measured σ(γ, n) [ 22]) from the WW total EMD cross
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Fig. 2. The measured angular distribution for all Z = 1 particles emitted in the total sample (210 detected
EMD events) of 32S break-up at 200A GeV.

section.
In Fig. 2, we show the angular distribution measured for all Z = 1 particles in the sub

sample (175 EMD events) with an average emission angle < θH >= 0.89 ± 0.08 mrad. This
figure shows that the peak is broader and the tail becomes larger i.e. there are few H-isotopes
emitted with angles greater than the critical fragmentation cone (θc).

In the following, the investigations on the transverse momentum distribution of the present
relativistic H-particles will occur using the model of Ref. 11 introducing a two-source emission
picture to describe such PT distribution. The description of this model [11, 23] is summarized
below.

In the EMD process, the local region of the colliding nucleus obtained the virtual photon
energies from the collisions. Then the local region has some excitation energy and remains in
a high excitation state. A small part of the excitation energy of the local region is transmitted
to the other part of the colliding nucleus. Then the other part remains in a low excitation state.
The completely colliding nucleus does not remain in the equilibrium state, but the local region
excited by virtual photon energies and the other part of the colliding nucleus remain in the local
equilibrium state. The whole nucleus acts coherently, but each nucleon does not directly obtain
the virtual photon energies. The nuclei in EMD process are thus excited non-evenly. The au-
thor [23] treated the nucleus as a physical object with given volume. For the EMD process, the
two sources are the nuclear local region (hot source) excited by virtual photon energies and the
other part (cold source).

According to this picture [11, 24], two emission sources having different temperatures exist
and may remain in different excitation energies. In the rest frame of the emission source, it is
assumed that the three particle momentum components obey a Gaussian distribution having the
standard deviation (σi) with the same width.
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Fig. 3. The PT distribution for all (308) H - particles (thick lines), i.e. with the effect of p +
31 P channel,

in comparison with that of 92 protons (thin lines). The solid histograms are the present experimental data.
The curves (see the text) are our calculated results.
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For a two-source emission process, the PT distribution is the sum of two Rayleigh distributions:

fPT
(PT ) = ALf(PT , σL) + AHf(PT , σH), (2)

where AL and AH are the normalization factors for the low and high temperature emission of
mH particles, respectively, while σL and σH are related to the temperature T of the emission
sources [23] according to the relation σ2 = m0γT (γ is the mean Lorentz factor).

In this work, the transverse momentum of all (308) H particles emitted in the 200A GeV 32S
break-up is calculated. We divided such particles into two groups, as we already mentioned. The
first group contains 92 protons emitted in the dominant decay mode 32S (γ, p) 31P and the second
one contains 216 H particles emitted in the different other decay modes of Table 1. Therefore,
the transverse momentum distributions are investigated in Figs. 3 and 4 with and without the
effect of protons produced in the p+31P channel, respectively.

In Fig. 3, the PT distribution for all H particles is compared with the corresponding one of 92
protons. The solid histograms are the present experimental data. The curves are our calculated
results. The contributions of low and high temperature emission sources are given by the dotted
and dashed curves, respectively. The solid curves are the sum of the dotted and dashed curves.
The values σL and σH are obtained by fitting the experimental data and equal 160 MeV/c and
470 MeV/c, respectively. The values of χ2/degrees of freedom (DOF) for the low and high
components of all mH isotopes are 0.507 and 1.319, respectively. While for the single protons,
the corresponding values are 0.491 and 1.861, respectively.
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Fig. 4. The same as Fig. 3 but for only 216 H - particles i.e. without the effect of p +
31 P channel.

In Fig. 4, we show the PT distribution for the 216 H particles i.e. without the effect of p+31P
channel. The other conditions are the same as Fig. 3. The values of χ2/DOF are now 0.518 and
1.857, respectively.

From Figs. 3 and 4, one can see that the three experimental distributions have the same shape
and the same trend. The best fit is observed for the low components of the PT distributions,
where the minimum value of χ2/DOF is obtained. We also notice that the two-source emission
picture gives a good description of the transverse momentum distribution for H particles in both
investigated cases, i.e. with and without the effect of p+31P channel. This description shows
the dependence of shape of PT -distribution on the contributions of low and high temperature
emission sources such that the great difference in these contributions cannot be described by a
single temperature.

4 Conclusions

A study has been made of the production of multi-hydrogen (mH) isotopes during the break-up
of 200A GeV 32S projectile in nuclear emulsion. The decreasing yield and the extension of the
production probability to higher multiplicity values may reflect the dependence of the degree of
break-up on the response of the projectile nucleus to the absorption of one or more than one
virtual photon. The PT -distribution of mH isotopes was analyzed with and without the effect of
single proton production through the 32S (γ,p) 31P channel, the dominant mode of decay (44%),
within a two-source emission formalism. The calculated results show a good agreement with
the experimental data. Although the PT -distributions appear no evidence for the effect of single
proton channel, the contributions of low and high temperature emission sources seem to depend
on the degree of photonuclear (simple or hard) processes. That is the process leading to higher
temperature will lead to the emission of multi-particles of hydrogen isotopes in the final state.
This may be explained, based on the energy spread shown in Ref. 18, in terms of multiphoton
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absorption, i.e. absorption of several simultaneous GDR photons.
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