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Abstract

Experimental results on light particle and intermediate mass fragment for-
mation in interactions of 1N (E = 14A and 32A MeV) with 1121245 are
presented. Mass identefication for all fragments with Z<5 and energies >1
MeV /nucleon has been obtained and their double differential cross sections
have been measured in the angular interval 24°-155°. Standard parameters like
temperatures and velocities have been determined for two Maxwellian sources
defined from the invariant cross section contours in the parallel-transverse mo-
mentum plane. The ratios of the fragment yields from reactions with 12Sn and
1245n targets are studied. Quantum molecular dynamics calculations with a lo-
cal Pauli potential have been applied to describe the light particle and fragment
production.



1 Introduction

The phenomena of nuclear fragmentation and multifragmentation in interac-
tions of high energy particles and heavy ions with atomic nuclei are important
to study in connection with the attempts to describe the equation of state
of baryonic matter [1]. The lack of understanding of the formation of highly
excited nuclear matter and its decay as well as of how clusters are formed is,
however, still hampering this description

Experimental and theoretical investigations during the last decades show
multiple production of intermediate mass fragments (IMF, 3< Z; < 20) in
different kinds of reactions [2, 3]. Fundamental characteristics of baryonic
matter such as temperature, compressibility, clusterization and instabilities
at low density can be studied in this multifragment emission.

Though the first indication of a liquid-gas phase transition in nuclear
matter has emerged from experiments with the ALADIN detector [4], more
results are required for a solid evidence. The first results confirm qualitatively
the prediction from the statistical multifragmentation model [5], which states
that a nuclear phase transition does occur.

The experiments, described in this paper aim at investigating the interme-
diate mass fragment production in reactions induced by relatively low energy
(14 and 32A MeV) heavy ions in isotope enriched target nuclei (1121248n),
Heavy ion reactions in this energy domain are of a complex transitional na-
ture [6]. The excited compound nucleus formation (complete fusion) and its
decay via sequential evaporation or fission changes to incomplete fusion, deep
inelastic and at higher energies also participant/spectator reactions. In the
MN+121218 reactions studied here, the IMF emission comes from sources
which are similar in size, excitation energy, Coulomb barrier, etc. but differ
in isospin and also in the IMF binding energy. The "isotopic effect”, i.e. the
systematic evaluation of the yield of a specific fragment from sources which
differ in the number of neutrons (N) but not in charge (Z) has been studied
earlier at higher beam energies [7]. This gives a possibility to evaluate the
temperature of the decaying system in a parameter-free way [8]. In the first
study of fragmentation at much lower energies, (this experiment) we found
evidence for an intermediate source, the decay of which can be described by
equipartition statistics [8].



2 Details of the experiment

The data have been obtained in two experiments at the Gustav Werner cy-
clotron at The Svedberg laboratory, Uppsala, Sweden. Beams of N jons
with energies of 14A and 32A MeV and intensities 5-20 nA bombarded 112Sn
and *8n self-supporting target foils with thicknesses of ~1mg/cm?. The iso-
topic purity of the target was 79.9% for 112Sn and 95.3% for 124Sn. The beam
current was measured with a Faraday cup. Three multidetector Si-telescopes
were placed inside a vacuum chamber and one monitoring telescope outside
a 50 pm stainless steel window. Two telescopes consisted of six Si-detectors
(the last one acting as veto detector) with thicknesses from 14 up to 3500 ym
which allowed to register fragments with energies from 0.7 MeV /nucleon up
to 250 MeV/nucleon. The other two telescopes were intended for measure-
ments of high energy particles and consisted of a combination of a 300pm Si
detector and one CsI(Tl) scintillator with a thickness of 26 or 40 mm. This
sets the upper energy limit for protons to 80 or 120 MeV. The setup actually
registered all fragments up to their kinematical limits, so the energy limits
were actually set by statistics. Detailed telescope parameters are listed in
Table 1. The energy calibration of the Si-detectors was performed with point-
like **! Am alpha sources (5.49 MeV), placed on the frame of each detector. In
addition the back-bending points of the dE-E matrices, which correspond to
maximal energy delivered to the E-detectors, were used. The uncertainty of
the energy with this method was estimated as < 4%. The energy calibration
of the CsI detectors was performed by placing the calibrated Si-detectors in
front of them during bombardment. The angular range covered in the exper-
iments was 24° to 155° (lab. system). The systematic errors in the absolute
cross sections were ~20%. Actually additional measurements at 62° and 90°
degrees have been performed with telescopes exchanged in order to verify the
absolute cross sections. These measurements show the same spectral shapes
and absolute cross sections (within 10%) which confirms the correctness of
the evaluation of the systematic errors.

3 General experimental results

The double differential cross sections of 23H, 348He, 6789 79,1011Be
191L128 from MN-+1121218p reactions at 14A and 32A Mev at 8 angles were
measured. These data allow systematic studies of emission sources with



particular emphasize on the importance of their isospin. Fig. 1 shows spectra
of H,He,Li,Be and B isotopes measured at 25° 48.50, 620, 709, 90°, 1049,
131.5° and 155° from “N+!*Sn reaction at 32AMeV. Fig. 2 shows some
spectra measured at 70°. The following general features of the spectra are
similar to what is observed in reactions of high energy protons with 1121218y
targets [7]:

¢ The anisotropy of the particle emission significantly increases with par-
ticle energy.

o The shape of the fragment spectra is the same for the two Sn targets
but the absolute cross section depends on N;/Z, and N;/Z; ratios (t
stands for target and f for fragment). As pointed out earlier [8] this
depends on both the difference in separation energy of fragments and
in Coulomb barrier.

® An important feature of the fragment energy distribution is the pro-
duction of secondary particles below the Coulomb barrier. This indi-
cates a significantly reduced Coulomb potential in the decaying system.
Emission of sub-barrier fragments has been discussed in [9, 10] both in
reactions induced by high energy and intermediate energy particles.
This effect can possibly be explained by partial loss of charge in the
target nucleus at the pre-equilibrium stage of the reaction or by fast
decay (multifragmentation). Expansion of the source will also decrease
the effective Coulomb barrier for the fragmentation process. The effect
of expansion are discussed in [11].

o The shape of the double differential cross sections for protons and frag-
ments (Fig.1) can not be described in terms of one single Maxwell-
Boltzmann like moving source in equilibrium.

4 Source analysis

Invariant, 1/p d%c /dEdS2, cross section contours in the parallel-perpendicular
momentum plane exhibit the existence of at least two well separated sources.
Fig.3 shows some examples of such contour plots. One slow source (SS), mov-
ing with a velocity < 0.02 ¢ (less than the CM velocity) and one intermediate
source ( IS), moving with about half the nucleon-nucleon (NN) CM velocity



are recognized. In some cases a third fast source (FS), associated with the
projectile, is indicated, but it is normally not observed because of the exper-
imental angular cutoff at 24°. The slow source has actually a minimum in
the cross section at its center typical for Coulomb repulsion, while this is not
observed at all for the IS. The SS is generally believed to be associated with
deep inelastic reactions or incomplete fusion for more central reactions. The
intermediate source is associated with pre-equilibrium emission and the fast
source is associated with projectile residue evaporation in peripheral colli-
sions. The simplest description of the spectra is a sum of two or three Galilei
transformed Maxwell-Boltzmann like sources

d*c _E-vy
m =COTLSt'(E"—1/f) e T (1)
where
F' =FE+Ey—2\/E- Ey- cos(©) (2)
for surface emission or
d*o B -v;
— = . " e
T I const -/ (E' —Vy)-e” 77T (3)

for volume emission. E and E’ are kinetic energies of the fragment in the
lab and CM systems respectively, © is the emission angle in the laboratory
system, Ky is the energy of the emitting source in the lab. system and Vy
is the effective Coulomb barrier. Spectra are transformed to the laboratory

system as,
dc _ [E d% (4)
dEdQ N E' dE'dSY

A proper introduction of the smearing of the Coulomb barrier modifies (1),

k+D
dQO' ' _E’—k-vt
m—;—const/(E—k‘l@)-e T dk (5)
k-D

Where k and D are the reduction factor and the width of the smearing. In
practice (1) can be simplified to,

d*o r  _E
M=COTLSI§-E-8 T (6)



for the intermediate source. In order to fit the inclusive spectra with a sum
of two Maxwellians, some of the parameters must be fixed or at least given
initial values. The following procedure has been used.

e Velocities of the moving sources were estimated from the Py — py plots.
Thereby the velocity of the SS was fixed at 0.017¢ for 32A MeV and
0.010c for 14A MeV reactions for all fragments. It should be stressed
that the small velocity at 14A MeV is in disagreement with the linear
momentum systematics [12] in incomplete fusion reactions. This shows
the fact that at 14AMeV there is a strong mixture between incomplete
fusion and other, peripheral, reactions where the target-like source gets
a very small velocity. The velocity of the IS is different for different
fragments and it was e.g. set to 0.12¢ for 5Li fragments from the 32A
MeV N+1'%48n reactions.

¢ Since practically only emission from the slow source contributes at the
very backward angles, the temperature of this source, and its Coulomb
barrier were determined from these spectra.

® A scparate fit is performed to inclusive energy spectra for each angle
(Figs.4,5). It is required that x?/d.o.f <1 to accept the fit. The angular
dependence for the slow and intermediate source is then obtained by
integrating the cross sections (5) and/or (6) over all particle energies
(Fig.6,7). The angular dependence may be described as,

do 56
m =4a;-€

(7)
The SS emits particles rather isotropically in the lab system, while the IS
has the strong forward anisotropy.

¢ The total cross section, o, of particle emission is taken as a sum of
two cross sections, ¢; and o3, representing the slow and intermediate
sources.

All parameters determined by the procedure described above is presented
in tables 2-5. Besides total and partial cross sections, the tables give ex-
tracted temperatures, which fall in the region 2.5-4.5 MeV for the slow source



and 12-15 MeV for the intermediate one. These temperatures remain ap-
proximately the same for all types of emitted particles which suggests that
all particles are of the same origin.

The results show that the total elemental cross section (fragments with
the same Z) are larger for the light target isotope. This agrees with the results
in reference [13] and demonstrates the "isotopic effect” for fragmentation
[4, 10].

The temperature of the slow equilibrized source with isotropic CM emis-
sion falls in the region of 4-6 MeV. This is very close to the ”chemical”
temperature, which can be estimated from the relative yields of excited frag-
ments [15], from the "isotopic effect” [8] or from combined ratios of light
fragments [16]. As shown in [8], the chemical temperature of the excited
source, estimated from the isotopic effect in MN(32A MeV) +1121248 reac-
tions is 4.94+0.35 MeV for He - Be fragments.

In the next chapter we combine a dynamic model for 1 N+Sn interactions
with statistical deexcitation through particle emission.

5 Theoretical interpretation

51 Overview

Statistical descriptions of fragmentation are based on the assumption that
the final products occupy the whole available phase-space uniformly [17, 19],
and they have proven to be useful in predicting a variety of observables
in intermediate energy heavy ion reactions. Such descriptions explain in
particular the large IMF multiplicity. However such approaches neglect all
dynamics of the reaction and they can therefore not be expected to answer
any question about how emission sources are created. Instead various hybrid
models have been created, where a dynamical prescription is added to the
statistical decay.

With microscopic models one can investigate nuclear reactions without
making any specific assumptions about the reaction mechanism. There are
many kinds of microscopic theories, such as time dependent Hartree-Fock
(TDHF) [20] , which describes the mean field, the Vlasov, the Vlasov Uehling-
Uhlenbeck (VUU) or Boltzmann Uehling-Uhlenbeck (BUU) [21, 22] equa-
tions, that incorporate both the mean field interaction and two-body colli-
sions and the cascade model [23] which stresses two-body collisions.



The BUU model [22] is often combined with sequential evaporation [24]
from the remaining residue. Asshown in (6], one can get a good description of
invariant cross section contour diagrams for nucleons if a mean field potential,
corresponding to a "soft” equation of state,

7/6
Vip) = —3652 + 303 (ﬁ) MeV, (8)
Po Po

is chosen and if a strongly reduced Coulomb field of the residual nucleus is
taken into account. Such calculations lead to fusion-like reactions at small
impact parameters and to deep inelastic reactions at large impact parameters
and therefore two separate sources (slow and fast) of fragment production
appears. The BUU model is however basically a one-body model, which
cannot describe the formation process of complex fragments, although ex-
perimentally, contour diagrams for complex particles are observed which are
quite similar to those of protons.

5.2 PQMD calculations

Quantum molecular dynamics (QMD) [25], or nuclear molecular dynamics
(NMD) [26] are models developed to investigate both reaction dynamics and
fragment formation. The semiclassical nature of the standard QMD does
not make it applicable for low energy heavy ion reactions (below 50A MeV),
but several modified versions of the original model have appeared. Antisym-
metrized molecular dynamics (AMD) [27] and Fermionic molecular dynamics
(FMD) [28] treat the many-body nature of the antisymmetrized Fermionic
system with numerical methods, while Pauli molecular dynamics (PQMD)
[29] and extended molecular dynamics (EQMD) [30] models include the Pauli
potential part in the Hamiltonian. In PQMD the total energy of the "free”
Fermi gas system is given by,

2 2 2
p; 1 0 h Tij Py
Eiot = EgintEpguti = += Y Ve |:—] exp [—-— — —=L| b7 60,0
tot in . Z Paul qoPo 2(]3 217% YA
(9)

where 7; and ¢; denote the spin and isospin of nucleon i. Furthermore, the
Hamiltonian is written as,

H= Elcz'n + EPauli + VCoulomb + VYukawa + VSkyrme (10)



and the nucleons are represented by gaussian wave packets of the form,

filre, piyt) = (ﬂ_;)a exp {_[r;_;zfio_(m - [pi — pio(?) : i_]:} ) (11)

propagating according to classical equations of motions for their centroids
(rip and pyp). The stochastic nature of the collision and Pauli blocking in the
final state is also incorporated. The inclusion of the Pauli potential gives this
model a well defined Fermionic ground state, which is very important for low
energy reactions (below 50A MeV) Then it becomes possible to provide exci-
tation energies to the emitted fragments and therefore to describe secondary
decay properly. In order to show the importance of the Pauli potential we
calculated the fragment mass distributions from the “N(32A MeV)+!%Sn
reaction in both the NMD and PQMD approach (Fig. 8). The NMD ground
state of the incident nuclei, as well as of the emitted fragments, are not well
defined and this leads to further emission of nucleons which gives a signifi-
cant mass shift of the target and projectile-like residues. Consequently, NMD
overestimates the yields of light particles.

The statistical multifragmentation model (SMM) is introduced for deex-
citation of fragments and residues, remaining after the dynamical stage of
the PQMD calculations. Such deexcitation is very important for a correct
description of the reaction mechanism and leads to significant changes in the
mass distribution of reaction products, as shown in Fig. 8.

Fig. 9 shows double differential cross sections of protons and deuterons
calculated in the frame of the PQMD+SMM approach. Good agreement
with data is observed. While PQMD correctly describes production of high
energy particles, the SMM is essential for description of low energy parti-
cles especially at backward angles. The calculated p| — p. contour plot for
protons from the MN(32A MeV)+!24Sn reaction (Fig. 10) confirms the ex-
istence of two well separated sources of particle emission with positions and
relative strengths in agreement with experimental observations (Fig. 3). In
order to understand the nature of these sources the emitted protons were
separated into direct PQMD products and decay products from the target
or projectile-like part. Fig. 11 shows the energy spectrum of protons from
1“N(32AMeV) + 2'3n reaction and its composition. The slow source with
(slope) temperature of about 4MeV is formed by the decay products of the
target residual. The corresponding fast source has an apparent (slope) tem-
perature of 17 MeV which can be translated to a proper source tempera-
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ture (5.5-6.0 MeV) after transformation to the rest system of the projectile.
These particles build up the high-energy tail of the spectrum. The inter-
mediate source is represented by the directly emitted protons. The (slope)
temperature of this source is about 12 MeV, which corresponds well to the
experimentally observed temperature. It should be emphasized that particles
in this region of the energy spectra are products of dynamic processes and
no specific "thermal” source is connected with it. Instead, the observed tem-
perature should be regarded as "kinetic”. This differs significantly from the
"chemical” temperatures connected with particle emission from equilibrated
thermal sources.

Fig. 9 shows that the model correctly describes production of secondary
particles below the Coulomb barrier. The reduction of the Coulomb barrier
in the PQMD model is due to the partial loss of charge in the equilibrated
target residue at the dynamic stage of the reaction and by the expansion of
this source after preequilibrium emission has taken place.

The time-scale of the reaction was also investigated in the frame of the
PQMD+SMM approach. Fig. 12 shows how the total multiplicity varies
with time. The projectile and target nuclei form a ”compound” binary sys-
tem which exists for about 50-75 fm/c and after that time the fast dynamic
emission of particles during about 10-20 fm/c takes place. The system be-
comes fully equilibrated after about 300 fm/c. Then the SMM ”afterburner”
should be switched on. This process will increase the charged particle mul-
tiplicity further.

6 Conclusion

The emission of light particles and intermediate mass fragments at angles
> 24% in N+4-Sn,Au collisions at 14A and 32A MeV exhibits clearly two
sources, an equilibrized target- or incomplete fusion-like source with velocity
0.01-0.02¢ and temperature 2.5-5 MeV and a non-equilibrium, intermediate
source of dynamical origin with velocity close to the NN CM and "kinetic”
temperature 12-15 MeV. A combination of a dynamic model and a statisti-
cal model, here the PQMD+SMM combination, for decay of both residues
and excited fragments reproduces data well. Comparing the emission from
MN+1123n and 1N+'2'Sn reactions show little difference in the spectral form
but substantial difference in the individual yields. These differences are re-
lated to different separation energies, different isospin and different Coulomb

11



barriers.
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7 Figure Captions

Figure 1. Double differential cross sections of fragments emitted in **N+'%4Sn
reactions at 32A MeV. a) for H and He fragments, b) for Li and Be
fragments and c) for B fragments. Lab. angles are labelled on the first
figure.

Figure 2. Double differential cross sections of H and He fragments emitted
at 70° in ¥*N+1%4Sn reactions at 32A MeV.

Figure 3. Invariant cross section contours in the p; — p plane of p (left)
and ®Li (right) fragments emitted in *N+-1%4Sn reactions at 14A MeV
(upper) and 32A MeV (lower). The a.u. numbers correspond to the
cross section given in logarithmic scale.. ‘

Figure 4. Double differential cross sections for ®Li produced in 1¥N4!%4Sn
reactions at 32A MeV. Curves show the fit with two Maxwellian dis-
tributions (see text).

Figure 5. °Li emission cross sections in #N+124Sn reactions at 32A MeV.
The curves show the contribution from the slow, the intermediate and
the sum of Maxwellian sources (dotted, dashed and solid).

Figure 6. Angular distribution of Li, Be, B fragments from *N+!%Sn at
32AMeV. Points are results of integration over particle energies. Solid
curves represent the total cross section as a sum of the intermediate
source (dashed) and slow source (dotted).

Figure 7. Angular distributions of H and He fragments from 4N+41%4Sn
reactions at 32A MeV. Curves as in Fig. 6.

Figure 8. Mass distribution of all products emitted in 1¥N-4124Sn reactions
at 32A MeV in different molecular dynamics calculations. NMD =
Nuclear Molecular Dynamics, PQMD = Quantum Molecular Dynamics
with Pauli potential, SMM = Statistical Multifragmentation Model.
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Figure 9a. Proton differential cross sections from #N+124Sn interactions
at 32AMeV. Circles - experimental data, dotted lines - PQMD calcu-
lations, dashed lines - PQMD+SMM calculations.

Figure 9b. Deuteron production from “N-+24Sn at 32A MeV. Circles -
experimental data, dotted lines - PQMD calculations, dashed lines -
PQMD+SMM calculations.

Figure 10. PQMD+-SMM calculations of invariant cross section contours
(a.u., log. scale) from protons emitted in “N+124Sn reactions at 32A
MeV.

Figure 11. Proton energy spectra (a.u.) calculated in the PQMD+SMM
approach. The various contributions are shown by the different curves.

Figure 12. The total particle multiplicity as a function of reaction time in
YN+1248n reactions at 32A MeV calculated in the PQMD approach.

8 Tables

Table 1. Parameters of multidetector telescopes

Telescope Thickness of detectors, pm

Si 1AE-5AE  14,4+140+-800+-2500+550

Si IAE-5AE  30+150-+100042000-+1000

Si IAE-5AE  33,3+375+2175+3400+525

Si IAE-6AE  550+17504-2000+2700-+3400+3400
Si 4+ CsI(TI) 800+26000

Si 4+ CsI(TI) 2000+40000

13



Table 2. Maxwellian parameters for fragment spectra in *N(14AMeV)+112Sn
and !?*Sn reactions
3G, 2Ig,
Fragment k Ty, MeV k Ty, MeV

6Li 0.25 4.28 0.25 4.37
Li 0.26 4.95 0.27 3.70
8Li 0.27 4.23 0.25 2.50
"Be 0.37 4.32 0.34 250
Be 0.31 4.60 0.35 4.33
10Be 0.31 3.50 0.37 3.65
1°8 0.40 4.00

1B 047 4.70

Table 3. Maxwellian parameters for fragment spectra in 1*N(32AMeV)+1125n
and 1?4Sn reactions
g, TS,
Fragment k T,,MeV T,,MeV k T,MeV Ty,MeV

°Li 0.28 4.28 13.0 0.28 4.67 12.0
Li 0.17 5.40 12.0 0.18 4.90 13.2
814 0.33 540 12.5 024 3.54 13.0
"Be 0.38 4.00 14.0 0.30 3.50 15.0
Be 0.36 5.50 14.0 0.45 4.01 14.0
10Be 0.40 3.60 15.0 0.36 5.20 14.0
1°B 0.56 4.13 0.50 3.57

g 047 6.10 0.45 4.67
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Table 4. Production cross sections (in mb) for secondary particles in
“N(14AMeV)+1'2Sn (left) and '2'Sn (right) reactions

Fragment o, 9 Ctot o1 e 2 Tiot
%He 1.38 441 5.79
614 1.75 11.28 13.04 1.12 7.57 8.69
Li 212 11.88 14.01 1.89 13.11 15.00
8Li 1.67 097 264
"Be 036 180 216 0.15 0.88 1.03
9Be 041 281 322 057 399 456
0Be 018 075 093 061 295 3.56
10 097 4.02 5.20

1B 0.54 3.62 4.16

Table 5. Production cross sections (in mb) for secondary particles in
MN(32AMeV)+!128n (left) and 12*Sn (right) reactions

Fragment o, o 2 Ttot o1 09 Tiot
1H 18414 1635.2 3476.6

’H 232.50 604.80 837.20

SH 216.90 375.20 592.10

3He 23.74 249.44 273.18

‘He 848.90 1042.40 1891.30

5He 3.63 16.31 24.99

8T 8.15 39.62 47.75 6.30 27.23 33.53
Li 10.81 44.63 5543 11.60 45.80 57.40
8Li 5.25 10.27 1563 0.20 1234 1254
"Be 1.90 20.05 2195 1.06 10.34 11.40
‘Be 3.41 11.00 14.41 1.81 12.76 14.57
10Be 0.45 5.29 574 199 933 11.32
10 2.48 16.40 19.25 148 12.17 13.64
g 3.44 14.35 17.78 1.54 11.93 13.47
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