VOLUME 92, NUMBER 6

PHYSICAL REVIEW LETTERS

week ending
13 FEBRUARY 2004

Isospin Diffusion and the Nuclear Symmetry Energy in Heavy Ion Reactions

M. B. Tsang, T. X. Liu, L. Shi, P. Danielewicz, C. K. Gelbke, X. D. Liu, W. G. Lynch, W. P. Tan, G. Verde,
A. Wagner, and H. S. Xu

National Superconducting Cyclotron Laboratory and Physics and Astronomy Department, Michigan State University,
East Lansing, Michigan 48824, USA

W. A. Friedman
Department of Physics, University of Wisconsin, Madison, Wisconsin 53706, USA

L. Beaulieu, B. Davin, R. T. de Souza, Y. Larochelle, T. Lefort, R. Yanez, and V. E. Viola, Jr.
Department of Chemistry and IUCE Indiana University, Bloomington, Indiana 47405, USA

R.J. Charity and L. G. Sobotka

Department of Chemistry, Washington University, St. Louis, Missouri 63130, USA
(Received 6 July 2003; published 10 February 2004)

Using symmetric 12Sn + '12Sn, 124Sn + 124Sn collisions as references, we probe isospin diffusion in
peripheral asymmetric ''2Sn + '?4Sn, '2*Sn + !'2Sn systems at an incident energy of E/A = 50 MeV.
Isoscaling analyses imply that the quasiprojectile and quasitarget in these collisions do not achieve
isospin equilibrium, permitting an assessment of isospin transport rates. We find that comparisons
between isospin sensitive experimental and theoretical observables, using suitably chosen scaled ratios,
permit investigation of the density dependence of the asymmetry term of the nuclear equation of state.
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The nuclear mean field potential binds nuclei, stabil-
izes neutron stars against gravitational collapse [1], and
generates forces that shape the dynamics of nuclear col-
lisions [2—4] and supernova explosions [5]. Many of these
environments involve densities or isospin asymmetries
far (i.e., differences in the numbers of protons and neu-
trons) from those characteristic of stable nuclei [1,5].
Investigations of nucleus-nucleus collisions enable ex-
perimental constraints to be placed on the mean field
potential and on the nuclear equation of state (EOS) at
the extremes [2—4,6,7]. Significant constraints have al-
ready been placed on the symmetric matter EOS at high
densities [2]. In contrast, relatively weak constraints exist
on the isospin-asymmetry term of the EOS, which de-
scribes the EOS sensitivity to the difference between
neutron and proton densities and allows for extrapolations
to the neutron-rich matter within neutron stars [1,8].

Comparisons of collisions of neutron-rich to that of
neutron-deficient systems provide one means of probing
the asymmetry term experimentally [9-11]. A second in-
volves ‘“‘isospin-asymmetric” collisions of projectile and
target nuclei. In such cases, the asymmetry term of the
mean field provides driving forces that propel the system
towards isospin equilibrium where anisotropies in the
difference between neutron and proton densities are
minimized. Investigations of these driving forces require
collisions with commensurate collision and isospin-
equilibration time scales and observables that reveal iso-
spin equilibration. At low incident energies, deep inelastic
collisions have been used to study charge equilibrium
leading to conflicting conclusions [12,13]. However at
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incident energy above E/A = 30 MeV, the time scale
for fragment emission decreases and anisotropies in the
emission patterns may develop [14], enabling one to mea-
sure the time scales for charge and mass transport and
diffusion during the collision. Here, we show that isotopic
distributions near projectile rapidity in peripheral Sn +
Sn collisions at E/A = 50 MeV allow for investigations
of isospin diffusion. Transport calculations suggest that
subsaturation density is achieved in the neck region where
isospin diffusion occurs [15]. By comparing the results of
measurements and calculations relevant to isospin diffu-
sion, we explore the sensitivity of the diffusion to the
density dependence of the asymmetry term of the EOS at
subsaturation densities.

The experiment involved bombarding ''>Sn and '**Sn
targets of 5 mg/cm? areal density with 50 MeV per nu-
cleon '2Sn and '?*Sn beams from the K1200 cyclotron at
the National Superconducting Cyclotron Laboratory at
Michigan State University [11]. Nine telescopes of the
Large Area Silicon Strip Array (LASSA) [16] detected
isotopically resolved particles with 1 = Z = 8. Each tele-
scope consists of one 65um single-sided silicon strip
detector, one 500 uwm double-sided silicon strip detector,
and four 6-cm thick CsI(TI) scintillators, read out by pin
diodes. The strips of the silicon detectors provide an
angular resolution of about +0.43°.

We placed the center of the LASSA device at the polar
angle of § = 32° with respect to the beam axis, covering
polar angles of 7° = # = 58°. Additionally, 188 plastic
scintillator-CsI(T1) phoswich detectors of the Miniball/
Miniwall array [17] complemented the LASSA coverage.
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The combined apparatus covered 80% of the total solid
angle. Peripheral collisions were selected by gates on the
charged-particle multiplicity yielding the reduced impact
parameter range of b/b,, = 0.8-1.0 in the sharp cutoff
approximation [18]. To minimize contributions from
the neck fragments, projectile rapidity fragments were
selected by the rapidity gate of y/ypeam = 0.7, where y
and yy.,, are rapidities of the analyzed particle and beam,
respectively. The experimental results are the same
within the statistical uncertainty if a more restrictive
rapidity gate of y/ype.m = 0.8 is used instead.

Because there are no isospin differences between iden-
tical projectiles and targets, the symmetric ''2Sn + '12Sn
and '?*Sn 4 '24Sn collisions are used to establish
diffusion-free baseline values for the measured and pre-
dicted observables. The asymmetric '**Sn + ''?Sn and
11280 + 1248n collisions, on the other hand, have the large
isospin differences needed to explore the isospin diffu-
sion. As experimental observables, we focus on features
of the isotopic yields Y;(N, Z) of particles measured for
reaction “j” at y/Ypeam = 0.7. Here, N and Z are the
neutron and proton numbers for the detected particles.
As in multifragmentation [9,10,19], in deep inelastic col-
lisions [10,20] and in statistical evaporation [10], we
find that ratios of isotopic yields R,(N, Z) = Y,(N, Z)/
Y (N, Z) for a specific pair of reactions, with a different
total isotopic composition, follow the isoscaling relation-
ship [10].

Ry (N, Z) = Cexp(aN + BZ), (1

where « and S are the isoscaling parameters.

The left panel of Fig. 1 displays the measured values for
R,;(N, Z) when using '?*Sn + !24Sn collisions as reaction
2 and '2Sn + '"2Sn collisions as reaction 1 in Eq. (1). The
fits to Eq. (1) are represented by the solid and dashed
lines. Fits to the other two systems relative to ''?Sn +
1281 (not shown) are of similar quality. In the right panel
of Fig. 1, we plot the best fit values for the isoscaling
parameter, o, versus the overall isospin asymmetry of the
colliding system: 8o = (Ng — Zg)/(No + Zg), where N
and Zg are the corresponding total neutron and proton
numbers. The solid and open points represent data for
124Sn and '!>Sn projectiles, respectively. In general, the
isoscaling parameter « increases with the overall isospin
asymmetry dq. If a linear correlation between « and 8¢
is assumed [11], then the mixed systems at 65 = 0.153
should assume an « value midway between that of
1248n + 1248n (8 = 0.193, @ = 0.57 = 0.02) and ''2Sn +
128n (8o = 0.107, @ = 0) if isospin is equilibrated
across the system. However, the measured value for the
124Sn projectile (solid point) is much larger than the value
for the ''2Sn projectile (open point) at 85 = 0.153 indi-
cating that isospin equilibrium is not achieved in the
asymmetric reaction systems [21]. The upper value of
a = 0.42 + 0.02, obtained for '>*Sn + '2Sn, represents,
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FIG. 1. Left panel: Measured values for R, (N,Z) =

Yi24+124(N, Z)/Y1124112(N, Z) (points) and fits with Eq. (1)
(lines). The solid line and points represent even Z = 4,6, 8
isotopes while the dash lines and open points represent odd
Z =3,5,7 isotopes. Right panel: Best fit values for « as
function of 6. The lines serve to guide the eye. The reactions
are labeled next to the data points. Solid points denote '?*Sn as
the projectile and open points denote !'>Sn as the projectile.

in the linear relation, an effective asymmetry of about
0.17. This value corresponds to roughly half way from the
projectile value of 0.193 to the “equilibrium” value of
0.153. The lower value of 0.16 = 0.02, obtained for
1280 + 1248n, has the same interpretation; except here
the projectile is '?Sn and the change in asymmetry is in
the opposite direction. The consistency of these results
extracted from two independent measurements adds
credibility to our approach.

Following Ref. [22], we define the isospin transport
ratio R; as

2X = X1p44124 ~ Xi12+4112
R; = , 2)

X124+124 — X112+112

where x is an isospin sensitive observable. For the two
symmetric systems '>*Sn + 2*Sn and ''>Sn + '!2Sn, R, is
normalized to +1 and —1, respectively. In the absence of
isospin diffusion, preequilibrium emission from the pro-
jectile should be approximately equal for asymmetric
124Gn + 1128n (112Sn + !24Sn) collisions as for symmetric
124Sn + 124Sn (112Sn + ''28n) collisions. By focusing on
differences in isospin observables between mixed and
symmetric systems R; largely removes the sensitivity to
preequilibrium emission and enhances the sensitivity to
diffusion. To represent the experimental data, we chose
the neutron isoscaling parameter o because the projec-
tiles and targets for the asymmetric systems differ only in
their neutron numbers. Using « for x in Eq. (2), we obtain
|R;(a)| = 0.5, shown as the shaded bands in Fig. 2. The
observed values are consistent with previous discussion
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FIG. 2. Measured (shaded bars) and calculated (points) val-
ues for R;. The labels on the calculated values represent the
density dependence of Eyy, /A with increasing “softness”
from left to right.

that the isospin asymmetry of the projectile remnant is
half way between that of the projectile and the “‘equili-
bration value.”

We now explore the relationship between isospin dif-
fusion, and the asymmetry term of the EOS. The
Boltzmann-Uehling-Uhlenbeck (BUU) [23,24] formal-
ism calculates the time evolution of the colliding system
using a self-consistent mean field. The isospin indepen-
dent part of the mean field in these calculations is
momentum independent and described by an incompres-
sibility coefficient of K = 210 MeV [15]. The interaction
component of the asymmetry term in three sets of calcu-
lations provides a contribution to the symmetry energy
per nucleon of the form Eyp,in/A = Cyym(p/po)? Where
Cyym is set to 12.125 MeV and y = 2, 1, and 1/3. Here,
smaller values for y dictate a weaker density dependence
for Egyp ini- The fourth set of calculations, referred to as
SKM, uses an interaction asymmetry term providing
Eqymin/A = 38.5(p/po) — 21.0(p/po)? [25] and has the
weakest density dependence at p = p,,.

Calculations were performed for the '**Sn + !24Sn,
1248n + 1128, 1128n + 1248n, and ''2Sn + ''2Sn systems
at an impact parameter of » = 6 fm [15]. We employed
ensembles of 800 test particles per calculation and
we followed each calculation for an elapsed time of
216 fm/c. At this late time, the projectile and target
residues can be cleanly separated. We further require
that all nucleons in the region assigned to a projectile
residue to be at a density greater than 0.05p, and have a
center of mass velocity more than half that of the beam.
To reduce statistical fluctuations in the results, we aver-
aged them over 20 calculations for each system and used
the average numbers of neutrons and protons in the resi-
due to compute its average asymmetry (8).
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Using the calculated (8), as the isospin observable, x,
in Eq. (2), we plot R;(8) as a function of time in Fig. 3 for
the stiffest asymmetry term (p2, top panel) and the softest
asymmetry term (SKM, bottom panel). By construction,
R;(8) describes the evolution of isospin asymmetry for
the projectiles ('?Sn or '>*Sn) in the mixed reactions
relative to that for the symmetric '**Sn + 2*Sn (with
R;=1) and '"’Sn+ '>Sn (R, = —1) systems. The
widths of the bands reflect the statistical uncertainties
of the calculated values. Initially, R;(8) = 1 for '>*Sn and
R;(8) = —1 for '2Sn projectile. Subsequent isospin dif-
fusion drives the R;(5) values towards zero. Even though
preequilibrium emission from the projectile remnants
influences (8), R;(8) is not strongly modified because
preequilibrium emission is largely target independent
and therefore canceled in R;(8) by construction.

The influence of the asymmetry term depends on its
magnitude at subsaturation density [24,26]. For the top
panel, Eqpin/A = Coym(p/p,)* decreases rapidly at low
density and becomes very small, leading to little
isospin diffusion. For the bottom panel, Esym,int/A =
38.5(p/py) — 21.0(p/py)? remains larger at low density,
leading to stronger isospin diffusion and driving the
residues to approximately the same isospin asymmetry.
In both cases, the asymptotic value for R;(5) is first
reached at around 100 fm/c when the two residues sepa-
rate and cease exchanging nucleons as illustrated by the
time evolution images of the collisions for the '**Sn +
1248n system. This time scale is comparable to the colli-
sion time scale 7.,

1.0 1'24S'n+1125n ' p2 -

0.5 [

W O & o o=

-0.5 /-—-—/'/—
.10} 11281, 124Sn ]

~ ' T

1.0 I 124Sn,112Sn skm ]
054¢ i
0.0[

-0.5[ -
ol 11280, 124Sn 1

0 50 100 150
time (fm/c)

FIG. 3 (color). R;(8) from BUU calculations are plotted as a
function of time for the mixed systems. Note, Eq. (2) renorm-
alizes the symmetric systems to +1 and —1 automatically. The
top and bottom panels show the calculated results with
E sym,int/A = 12125(/?/170)2 and Esym,im/A = 385(/7//)0) -
21.0(p/ py)?, respectively. The bands above (below) zero repre-
sent the system with 12*Sn (!12Sn) as the projectile. Images of
the time evolution of collisions for the '>*Sn + 12#Sn system are
superimposed on the upper panel suggesting that the projectile
and target separate at around 100 fm/c.
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Teoll = (4RN + d)/vbeam ~ 80 fm/C, (3)

where Ry, Upeam, and d are the nuclear radius, incident
velocity, and the separation distance between the two
nuclear surfaces at breakup.

Assuming that the experimental isoscaling relation-
ships, shown in Fig. 1, reflect particle emission from
the projectile remnants after 100 fm/c and that such
emission can be described statistically, the calculated

Ri(a) = Ri(5) -

values for R;(8) may be easily related to the measured
ones. In doing so, we take advantage of the nearly linear
relationship between « and & [27]:

52+51>

> “

@ (8~ o)1~
where 6, and §, are the asymmetries for the two systems
involved in the isoscaling ratio. Inserting Eq. (4) into the
expression for R;(a), one can show

(61' B 5112+112)(8i B 5124+124)

Since the second term is negligible (<4%), we can
compare asymptotic values of R;(8) around 216 fm/c to
the experimental values of R;(«). The calculated values
of R;(8), shown as open points in Fig. 2 in the order of an
increasing ‘“‘softness”” from left to right indicate an in-
creased isospin equilibrium for successively softer asym-
metry terms. The filled diamonds indicate the R;(a)
values obtained as in the experiment by decaying the
residues obtained in BUU to fragments using the statis-
tical model of Ref. [27]. As expected, there is close agree-
ment between the diamonds and the corresponding open
points.

Figure 2 demonstrates the sensitivity of such observ-
ables to the asymmetry term of the EOS. The experimen-
tal R;(a) values are closest to the predicted R;(8)
values with Egpyini/A = Csym(p/po)*. This conclusion
depends, however, on the assumption that the mea-
sured particles are produced after 100 fm/c when (§)
attains its asymptotic values. If the data include emis-
sion from earlier stages when o is larger, a favorable
comparison with calculations using softer asymmetry
terms may be possible. Relevant determinations of the
emission time scales for the detected particles are being
explored [26] and may make the present conclusions
regarding the density dependent asymmetry term more
definitive.

In summary, we have observed the effects of isospin
diffusion by investigating heavy-ion collisions at
E/A =50 MeV with comparable diffusion and col-
lision time scales. Simulations using the BUU trans-
port model predict that the isospin diffusion reflects
driving forces arising from the asymmetry term of
the EOS. The present comparisons suggest a better agree-
ment with the stiff asymmetry term; however, more
stringent constraints on the emission time scales for
the measured particles are needed. The current version
of BUU has no momentum dependence of the mean field,
which might interplay with the asymmetry term. How-
ever, at incident energies around 50 MeV/u, few nucleons
get accelerated to high momentum so the momen-
tum dependence of the mean field may not be that im-
portant. Nonetheless, such effects should be explored in
the future.
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