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Abstract

Isotopic effects in projectile spectator fragmentation at 600 AMeV have been investigated
using data collected in recent experiments with SIS beams at the GSI laboratory and with
the ALADiN forward-spectrometer. For this purpose, primary beams of ?4Sn, as well as
secondary beams of '?*La and '°"Sn produced at the FRS fragment separator have been
used. Isoscaling in '?4197Sn+Sn reactions is investigated and results are compared with
data taken with the INDRA multidetector for 2C+112:124Sn reactions.

1 Introduction

The growing interest in isospin effects in nuclear reactions is motivated by an increasing aware-
ness of the importance of the symmetry term in the nuclear equation of state, in particular for
astrophysical applications. Supernova simulations or neutron star models require inputs for the
nuclear equation of state at extreme values of density and asymmetry for which the predictions
differ widely [1, 2]. Fragmentation reactions are, therefore, a very interesting tool because they
permit the production of nuclear systems with subnuclear densities and temperatures which,



e.g., largely overlap with those expected for the explosion stages of core-collapse supernove [3].
Laboratory studies of the properties of nuclear matter in the hot environment, similar to the
astrophysical situation, are thus becoming feasible, and an active search for suitable observables
is presently underway. Of particular interest is the density-dependent strength of the symmetry
term which is essential for the description of neutron-rich objects up to the extremes encountered
in neutron stars. In a very recent experiment with the ALADIN spectrometer, the possibility of
using secondary beams for reaction studies at relatistic energies has been explored. Beams of
107Gy, 12480, 124La, and 7Au as well as Sn and Au targets were used to investigate the mass
and isospin dependence of projectile fragmentation at 600 MeV per nucleon. The neutron-poor
radioactive projectiles '°7Sn and '?*La were produced at the Fragment Separator FRS.

The present contribution will show results obtained from an isoscaling analysis with the
collected data. A comparison will be made with data obtained with the 47 multidetector INDRA
and the relation between isoscaling and the coefficient  of the symmetry-energy term FEgyp, =
(A —2Z)? /A will be discussed.

2 The S254 experiment

The S254 experiment has been devoted to the investigation of isotopic effects in the decay of pro-
jectile spectators at relativistic energies. For this purpose, fragment decays of 17 Au, 124Sn, 197Sn
and '?*La projectiles in collisions with " Sn and Au targets at an incident energy E=600 AMeV
have been studied with the ALADiIN (A large Acceptance Dipole magNet) forward-spectrometer
at SIS.
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Figure 1: Schematic view of the fragment separator FRS.

2.1 Production of secondary beams

In order to extend the range of isotopic compositions of the excited spectator systems, four
different projectiles, all with incident energy of 600 MeV per nucleon, have been investigated
allowing a study of various combinations of masses and N/Z ratios in the entrance channel:
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Figure 2: Event distribution in the plane A/Z vs Zyusic for a nominal beam of 124 La.

124Gp, 197Au, ?'La and '°7Sn. The two latter beams have been delivered by the FRagment
Separator (FRS) of the GSI laboratory as products of the fragmentation of primary *2Nd beams
at 895 and 875 AMeV on a “Be production target with a density of 4009 mg/cm?. The separation
and the focusing of the fragments produced by the reaction take place in the four different parts
of the fragment separator. Each of these parts is composed of a dipole magnet used to separate
the different ion species as a function of their A/Z ratio and two quadrupole magnets used
for focusing (Fig. 1). Although the fragment separator is able to provide an isotopically pure
secondary beam using a wedge-shaped degrader to select the charge of the desired beam, we have
chosen not to use it, in order to maintain a beam intensity of approximately 2000 particles/sec.
The position measurement at the dispersive mid-plane and the measurement of the flight time
during the 80 m passage from the FRS to the ALADiIN spectrometer permit the reconstruction
of the A/Z ratio of the selected projectiles with high precision. A discriminant analysis using
information from all upstream detectors permits a selection of Zp.,; with good resolution, if
necessary. As an illustration, the composition of the beam delivered by the fragment separator
is shown in Fig. 2. In the present analysis, the secondary beam delivered by the fragment
separator is used without any further selection.



2.2 The ALADIiIN spectrometer

A schematic layout of the experimental setup is shown in Fig. 3. For each beam particle,
its arrival time and its position in a plane perpendicular to the beam direction are measured
upstream of the target with two thin plastic scintillators. The geometric acceptance of the
spectrometer is 4, ~ +9.2° horizontally and +4.3° vertically. It is matched by the dimensions
of the Time Projection-MUltiple Sampling lonization Chamber TP-MUSIC IV and by the time-
of-flight (TOF) wall. At E=600 AMeV, the angular distributions of some lighter fragments
extend beyond the acceptance of the spectrometer and are detected in the CsI(T1) hodoscope
array that surrounds the entrance of the magnet. The Large Area Neutron Detector LAND [4],
used to determine the neutron multiplicity, is positioned close to zero degrees with respect to
the incident beam direction.

The atomic numbers Z and the velocities of nuclear fragments are determined with the TOF
wall, located at the end of the ALADIN spectrometer and extending over 2.4 m in horizontal
and 1.0 m in vertical directions. It consists of two layers of vertically mounted scintillator strips
of 2.5 cm width and 1.0 cm thickness, viewed by photomultiplier tubes at both ends [5]. The
two layers are offset by half a width with respect to each other. The primary beam is directed
through a hole of 4.8 x 6.0 cm? cut into the middle sections of the central scintillator modules.
An overall time resolution of about 400 ps and 120 ps (FWHM) for fragments with Z=2 and
Z =~ Zproj, respectively, is achieved. The TP-MUSIC IV detector used to measure the charge
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Figure 3: Cross sectional view of the ALADIN spectrometer. The beam enters from the left and is
monitored by two beam detectors before reaching the target. Projectile fragments entering into the
acceptance of the magnet are tracked and identified in the TP-MUSIC IV detector and in the time of
flight (TOF') wall. Fragments and particles emitted in forward directions outside the magnet acceptance
and up to Oj,p = 16° are detected in the CsI(TI) array. Neutrons emitted in directions close to ;45 = 0°
are detected with the Large Area Neutron Detector (LAND). The dashed line indicates the direction
of the incident beam. The dash-dotted line represents the trajectory of beam particles after they were
deflected by an angle of 7.3°.



and to reconstruct the trajectory of the projectile fragments, is divided into two parts separated
by a cathode plane. On each side of the detector, three ionisation chamber sections (each with
8 anodes) and four proportional counters are used. Using charge-division and pads techniques,
the TP-MUSIC IV allows the recontruction of the trajectories of the fragments.

3 Trajectory reconstruction

Isoscaling requires the knowledge of the isotopic composition of the fragments produced in the
collisions. It is, therefore, necessary to determine precisely the mass of each of these fragments,
which is achieved by reconstructing their trajectory through the known field of the ALADIN
magnet. This procedure allows us to determine the magnetic rigidity of the reaction products
and, with the measured charge and velocity, their mass.

The reconstruction is based on the so-called backtracking method. The trajectories of the
fragments inside the TP-MUSIC IV are deduced from their positions measured with the pro-
portional counters. With an assumed starting value for the rigidity, this trajectory is followed
back through the magnet. In an iterative procedure, the fragment rigidity is varied until the
reconstructed intersection with the target plane coincides with the intersection of the projectile,
measured with an accuracy of about 1 mm. A fragment entering in the acceptance of a magnet
is deflected along a trajectory of radius p (in unit of meter) given by:

5 p
\R’ = Bp= @ (1)

where the magnetic field B, the charge of the fragment ¢ and its momentum p are given in units
of Tesla, electron charge and GeV/¢, respectively. Since the momentum of the fragment is given
by:

mo ﬁA

p=moByA = N (2)

with m0=0.935 GeV/c?, the mass number A and 8 = v/c, it follows that:

. 0.3Z|R|\/1 = 32

mof3

(3)

The rigidity |é| is measured with a resolution of ~ 1 % for Z = Z,,oj through the trajectory
reconstruction procedure, the charge Z is measured by both the TP-MUSIC IV detector and the
TOF-wall and the velocity [ is obtained measuring the time-of-flight with the TOF-wall knowing
the path length from the reconstruction of the trajectory. Fig. 4 shows mass spectra obtained
for light fragments (2< Z <10) produced by the fragmentation of '2*Sn (upper panels) and
19780 (lower panels) projectiles on a "*Sn target. The mass resolution obtained for fragments
entering into the acceptance of the ALADIN spectrometer is about AA/A = 3 % (FWHM) for
fragments with Z=2 and decreases to 1.5 % for Z >8. Masses are thus individually resolved
for fragments with atomic number Z <10. The dominant contribution to the uncertainty of the
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Figure 4: Mass spectra obtained by reconstructing fragment trajectories and time-of-flights for '>*Sn+Sn
(upper panels) and *°7Sn+Sn (lower panels) at 600 MeV per nucleon for fragments with charge 2<Z<10.

is caused by the mass-dependent error for the time measurement which is amplified by the
factor 2 (for 600 MeV /nucleon, v2=2.6 ). Assuming that the rigidity resolution is about 1 %
for Zproj, a time resolution of At ~280 ps (FWHM) can be deduced for the light fragments and
At ~120 ps (FWHM) for the projectile. By inspection of the mass spectra, first-order isotopic

effects can be observed: higher yields are obtained for neutron-rich isotopes in the case of the
neutron-rich system.



4 Isoscaling and symmetry energy

Isotopic scaling, also called isoscaling, has been shown to be a phenomenon common to many
different types of heavy-ion reactions [6-9]. It is observed by comparing products yields Y; from
reactions which differ only in the isotopic composition of the projectiles or targets or both but
are otherwise identical. Isoscaling refers to an exponential dependence of the measured yield
ratios Ro1 (NN, Z) on the neutron number N and the proton number Z of the detected products.
The scaling expression

R21(N7Z):Yé(N’Z)/Yl(N’Z):Oexp(OZN‘FﬁZ) (5)

describes rather well the measured ratios over a wide range of complex particles and light
fragments [10]. For illustration, the yield ratios R(Sn124/Sn107) obtained for the fragmentation
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Figure 5: Yield ratios for He to Ne isotopes from the fragmentation of 1?Sn and '°7Sn projectiles at
600 AMeV as a function of the neutron number N for two different centrality selections. The dashed
lines are the results of exponential fits (for elements with 3< Z <10) according to Eq. (5).

of the '?4Sn and '°7Sn projectiles in the Zpounqa = 10 — 20 and Zpouna = 20 — 30 intervals,
covering the region of maximum fragment production, are plotted in Fig. 5 as a function of the
neutron number. Isotopes of the same elements are plotted with the same symbols. Odd-Z
nuclei are represented by open symbols while even-Z nuclei are represented by closed symbols
(helium isotopes are represented by a cross). The dashed lines are best fits to the data points
with one common pair of values a and (3 for elements with 3< Z <10. In the case of Fig. 5,
a=0.397 and a=0.476 for Zpoung = 10— 20 and Zy,oung = 20 — 30, respectively. The fit values for
other centrality selections are reported in Table 1. The observable Zpouna, defined as the sum of
the charges of the projectile fragments (Z >2) and used to sort the collisions according to their
centrality, is related to the impact parameter and, thus, to the excitation energy. The accuracy
of the isoscaling described by Eq. (5) can be compactly displayed, and then more easily judged,
by plotting the scaled isotopic ratio, as a function of the neutron number N,

S(N) = Ri2(N, Z)exp(—pZ) (6)



Zbound a B

0-10 0.320 4+ 0.005 -0.343 + 0.001
10-20  0.397 £ 0.001 -0.416 + 0.001
20-30  0.476 £+ 0.001 -0.497 + 0.001
30-40  0.633 £ 0.002 -0.648 £ 0.002
40-50  0.826 £ 0.082 -0.888 4 0.039

Table 1: Parameters obtained from fitting the measured isotopic yield ratios with the scaling
function given by Eq. (5) as a function of the Zy,ounq selection (i.e. of the excitation energy). The
first and last intervals are fitted for 3< Z <8, whereas the other ones are fitted for 3< Z <10.

For all elements, S(N) should lie along a straight line on a semilog plot when Eq. (5) accurately
describes the experimental data.

The scaled isotopic ratio S(N) for different centrality selections obtained for the S254 ex-
periment is shown in Fig. 6 (left panel). For a comparison, data obtained with the INDRA
47 detector for 2C on '124Sn reactions at incident energies of 300 and 600 MeV per nucleon
are also plotted [11]. The difference between the isotopic compositions of the two systems be-
ing smaller in the case of the INDRA experiment, the value of the scaling parameter «, for a
given centrality, is, as expected, smaller than in the present experiment. However, normalized
by the difference of the squared Z/A values (see below), we obtain for the most peripheral
bins a/A(Z2/A?)=14.1 and a/A(Z?/A?)=15.8 for the INDRA and the present experiments,
respectively. This represents an agreement within ~ 10 %.
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Figure 6: Scaled isotopic ratios S(N) for 1°7:124Sn+Sn at E=600 AMeV (left panel) and for 12 C+112:1245n
at E=300 AMeV and 600 AMeV obtained with the INDRA multidetector (right panel) [11] for three
different centralities. In both cases, the dashed lines are the results of exponential fits according to

Eq. (5).



The slope parameter o decreases strongly with the centrality of the collision, extending from
a=0.826 to a=0.320 for the most central event group (Table 1). The 2C induced reactions cover
the rise of fragment production over the range up to Zhound = Zproj/2, wWhereas for collisions
with the Sn target (in inverse kinematics) this range extends to very small Zpounqg. Moreover, in
the INDRA case, the centrality selection was based on charged-particle multiplicity and not on
Zbound, which makes the comparison between the two experiments not straightforward. Central
collisions in '2C induced reactions correspond, approximately, to the bin 20-30 in the present
experiment. In both cases, « has about half the value observed for peripheral collisions. The
present data show that « decreases even further for the more violent collisions initiated with the
Sn target.

In the grand-canonical approximation, assuming that the temperature T is about the same,
the scaling parameters « and 3 are proportional to the difference of the neutron and proton
chemical potentials for the two systems divided by the temperature, « = Ap,/T and =
Ap,/T. Of particular interest is their connection with the coefficient v of the symmetry-energy
term Fgym = v(A — 2Z)?/A, which has been obtained from the statistical interpretation of
isoscaling within the SMM [7] and expanding-emitting-source model [10] and confirmed by an
analysis of reaction dynamics [12]. The relation is

72 72
ol = Ay = 2 — pn1 = 4y <A—§ — A—%) = 4yA(Z%/A%) (7)
1 2

where Z1, A1 and Z5, As are the charges and mass numbers of the neutron-poor and neutron-rich
systems at breakup, respectively. The coefficient = of the symmetry term can then be obtained
from isoscaling knowing the temperature and the isotopic compositions [11]. For this purpose,
temperature measurements using isotopic thermometers are currently being investigated with
data collected during the S254 experiment [13]. The difference of the chemical potentials also
depends on the isotopic composition at breakup. Although transport models predict that the
difference between isotopic compositions for the two systems should not deviate by more than a
few percent from the original value [14], larger deviations would have a significant effect on the
deduced 7.

5 Summary and outlook

Isotopic effects in the projectile fragmentation have been studied with the ALADIN spectrometer
at the GSI laboratory. Neutron-poor secondary beams produced at the fragment separator FRS
have been used in addition to stable beams in order to cover a larger range of isotopic composi-
tions. Resolved masses have been obtained for light fragments (2< Z <10) by measuring their
charge, their time-of-flight and by reconstructing their trajectory, allowing to distinguish unam-
biguously each isotope. Isoscaling has been observed for 197:124Sn+4Sn reactions at 600 MeV per
nucleon and the relation between the scaling parameter o and the centrality of the collision has
been shown. It confirms results obtained earlier with the INDRA multidetector for 12C+112:1243p
reactions at incident energies 300 and 600 AMeV and demonstrates that, as expected, the value
of the scaling parameter « increases with the difference between the isotopic compositions of the
two systems. The connection with the symmetry-energy term of the nuclear equation of state has



been discussed. The temperatures at breakup are currently being investigated using the double-
isotope thermometer in order to quantitatively establish the evolution of the symmetry term [13].

This work was supported by the European Community under contract No. HPRI-C'T-1999-
00001.
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