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Collective Expansion in Central Au + Au Colhsions
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Energy spectra for intermediate mass fragments produced in central Au + Au collisions at E/A =
100 MeV indicate a collective expansion at breakup. For the first time, values for this collective
expansion energy per nucleon are extracted independently for each charge. Typically, these values are
one-third to one-half of the incident kinetic energy per nucleon in the c.m. system, but they decrease
with Zf, suggesting that all fragments do not participate equally in the collective expansion.

PACS numbers: 25.70.Pq, 25.70.Gh

Investigations of central nucleus-nucleus collisions re-
veal that the multiplicity of intermediate mass fragments
(IMF's: ZI = 3—30) increases with incident energy to
a maximum at Eb, /A = 100 MeV and declines there-
after [1,2]. Such observations are qualitatively consis-
tent with the excitation energy dependences of statistical
models [3—5] and nuclear phase transitions [3,4,6,7]. At
E/A ~ 100 MeV, dynamical models [8,9], however, pre-
dict the fragment multiplicities to be strongly influenced

by a rapid expansion from supranormal densities achieved
early in the nuclear collision [8], and experimental evi-
dence now suggests a significant collective "radial" ex-
pansion [10—13]. This collective expansion may persist
to lower incident energies where sidewards directed flow
[14—16] vanishes [17,18] due to cancellations between
the attractive and repulsive deflections that result from
mean field attraction and nucleon-nucleon collisions, re-
spectively. Like measurements of directed transverse flow
[14—16], measurements of radial flow [10,13] can provide
unique constraints on nuclear transport properties such as
the nuclear equation of state [19].

To investigate collective expansion in Au + Au
collisions at energies where fragment multiplicities
are maximal, thin '97Au targets of 3 and 5 mg/cm
areal density were bombarded at the semiconductor-
insulator-semiconductor (SIS) facility of Gesellschaft fiir
Schwerionenforschung Darmstadt m.b.H. (GSI) by '97Au

ions of E/A = 100 and 400 MeV incident energy.
Charged particles emitted to Ol,b

= 14 —160 were

detected in 215 plastic-scintillator —Csl(Tl) phoswich
detectors of the Miniball/Miniwall [20]. Particles which
penetrated the plastic-scintillator foils of these phoswich
detectors were identified by element for Z ~ 10 and by
isotope for Z = 1 and 2; For 25' ~ H~,b

~ 160', 4 mg/
cm plastic-scintillator foils were used, leading to energy
thresholds for particle identification of E,h/A —1.5 MeV
(2.5 MeV) for Z = 3 (Z = 10) particles, respectively.
For 14' ~ 8&,b ~ 25', 8 mg/cm2 plastic foils were
used, leading to energy thresholds of E,h/A —2.2 MeV
(4.5 MeV) for Z = 3 (Z = 10) particles, respectively.
Lower energy particles with 10MeV ~ E ~ E,h and
Z ~ 3 were detected but not identified and were included
in the measured charged particle multiplicity Nc. En-
ergy calibrations, accurate to 10%, were obtained for
25 ~ 8] b ~ 160 by combining the "punchthrough"
points measured in this experiment with detailed detec-
tor response functions measured at the NSCL K1200
Cyclotron of Michigan State University [21].

Radial flow effects should be enhanced for central
collisions [19]; therefore a "reduced" impact parame-
ter, b = b/b, „, was determined by assuming [1,22,23]
that the charged particle multiplicity decreases monoton-
ically with impact parameter. [Here, b,„was defined
by (Nc(b, „)) = 4.] Laboratory energy spectra for boron
fragments from near central collisions (b ( 0.33) dis-
play exponential slopes that become steeper with scat-
tering angle; see Fig. 1. Such spectra have been well
described at lower incident energies [24,25] and for mass
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asymmetric systems [26] by a superposition of three
isotropically emitting thermal sources corresponding to
the decay of a participant region formed by the overlap
of the projectile and target as well as the decay of rem-
nant projectilelike and targetlike spectator nuclei.

The solid lines in the upper panel in Fig. 1 indicate
best fits to the energy spectra assuming three relativistic
Maxwellian distributions [27],

dP(p) dP;(p) dPi
p, vi, Vi

dE dA, dE dA dE dA

d+ g „„&(p.v;(4~), V;)

where E and p denote the kinetic energy and momentum
of the emitted particle, v; denotes the velocity, V; denotes
the effective Coulomb barrier of the ith source, and Pq
denotes the azimuthal angle of the reaction plane [28].
Here, dP;/dEdQ(p, 0, V;) is defined in the rest frame of
the source (v; —= 0) by

E„b (MeV)

FIG. 1. Comparisons of the energy spectra for boron frag-
ments emitted to Olab = 28', 35.5', 45'. 57.5', 72.5', 90', and
110' (solid and open points) with corresponding moving source
fits. Upper panel: The solid lines correspond to fits obtained
with Eq. (1) and no radial expansion. Lower panel: The solid
lines correspond to fits obtained with Eqs. (I) and (4), incor-
porating a radial expansion. The dashed lines in both panels
correspond to the respective contributions from the participant
sources alone.

and dP; /dE dfI(p, v;, V;) is obtained fro'ni Eq (.2) bi:
Iorentz transformation . In Eq. (2), a, is a normaliza-
tion constant, T, is a temperature parameter, 0 (E —V, .)

is the unit step function, and mass I is taken from that for
the most abundant natural isotope, e.g. , A = 11 for boron.
Because of the mass symmetry of the entrance channel,
v~ = —v. . a3 = a. , and T~ = T-. is stringently required
in the c. m. frame for the spectator sources. The trans-
verse velocities of the spectator sources (i = 2, 3) were
determined from fits to triple differential cross sections
measured with respect to the reaction plane [29]; they in-
fluence little the parameters of the participant source given
in Table I.

Contributions from the participant source (dashed lines)
dominate the fits at 0]„.b = 35.5' and 45'. Spectator
sources, indicating undamped longitudinal collective mo-
tion, contribute strongly at backward angles and for very
high energies at forward angles but not at 28' ~ 6]„.&

~
57.5' for 400 MeV ~ E].,b

~ 700 Me V, where the shapes
of the measured spectra are very poorly described by
thermal source fits. Similar difficulties are encountered
for the energy spectra of other IMF's with 3 ~ Z& ~ 6.

The impact parameter gate, b ~ 0.33, includes noncen-
tral collisions with large angular momentum. Thus, 'ro-
tational" flow (due to the nuclear mean field attraction
[30,31]) and repulsive transverse collective liow can in-

fluence the momentum and energy distributions. Such ef'-

fects will be reflected in azimuthally anisotropic emission
patterns [15,16,30,31] and revealed by constructing a n-
azimuthal angular correlation functions, 1 + R(A@ „),de-
fined by

g I-(Pl P2) I 1 + R(~4' )1g yl(g~i) g I i(p )

Here, Y~ and Y~ are the singles and coincidence yields,

~~~ and p. are the momenta for the particles 1 and 2.
and AP = P, —P, is the relative azimuthal angle
between the two alpha particles about the beam axis. Both
sides of Eq. (3) are summed over momenta p~ and p.
for fixed b, P, subject to an energy threshold of E/A &
10 MeV and common centrality and rapidity gates.

As shown in Fig. 2, evidence for directed flow
is observed in correlations near target rapidity at

E/A = 100 MeV (solid circles). Near midrapidity, how-

ever, n ncorrel-ations at E/A = 100 (open circles) are

TABLE I. Parameters for three-source fits. (Fits 1 and 2 are

without and with expansion, respectively, and the units for a, .
T„and V, are MeV 'sr ', MeV, and MeV, respectively.

dp; 2

dEdO (p, O, V;) = a;0 (E —V;) (E + mc —V, )

'7

X (E + mc-" —V;) —m2c4

X exp (2)

Fit Source

9.1 x 10-"
6.5 x 10-"
8.9 x 10 '"

5.8 x 10-"

70.1 0
35.5 0.06
166 0
35.3 0.06

0 35 0
0 12 13 0
0 0 015
0 13 13 0

T, v„. , /c v;/c V, P~
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significantly reduced, ruling out large azimuthal

anisotropies near midrapidity These o. bservations stand

in contrast to the midrapidity n-u azimuthal correla-
tions observed in central Au + Au collisions at E/A =
400 MeV (open squares), where sidewards directed flow

is strongly manifested.
Thus for collisions at E/A = 100 MeV, collective mo-

tion at midrapidity is not strongly correlated with the reac-
tion plane. To determine whether the discrepancies shown

in the upper panel of Fig. 1 can be explained by a collec-
tive radial flow, a self-similar radial expansion, U(r) =
cP,„~r/Rs, of a spherical participant source [i = 1 in

Eq. (I)] was assumed which attains its maximum veloc-

ity cP,„~ at the surface r = Rs. The velocities of indi-

vidual particles were assumed to be thermally distributed
with temperature T~ about the local radial expansion ve-

locity. Coulomb expansion after breakup was modeled in

the limit of large P,„~, i.e., particles with charge Zf, emit-
ted from a source with charge Zq, were assumed to gain a
kinetic energy b, Ec,„~(r) = Zf(Zs —Zf)e r /Rs, without

changing direction. In the c.m. frame one obtains

r dr dA„dE'

&&

dE, d&(p', ~(r).0))
dP)

X ~(E E + ~Ec i(r)), (4)
with the direction of the particle's momentum assumed
unchanged by Coulomb acceleration. The total energy

FIG. 2. The open squares designate the measured u-a cor-
relations obtained for central collisions at E/A = 400 MeV
and 0.25 ~ y /y„, ~ 0.5. The open circles designate the
corresponding u-a correlations for central collisions at E/A =
100 MeV. The solid circles designate the u-n correlations for
central collisions at E/A = 100 MeV and —0.25 ~ y /yb. .
0.25.

spectrum is obtained by inserting Eq. (4) into Eq. (1) as

the participant source.
Best fits, assuming Eq. (4), Zs = 1 lg and Rs = 11 fm,

are shown by the solid lines in the lower panel of
Fig. l; the inclusion of collective expansion changes the

curvatures of the calculations so as to accurately follow

the curvatures of the energy spectra at 28 ~ O~,b ~ 57.5'
where the participant source dominates. Extracted values

for P,„~ are not very sensitive to the temperature T~,

changing by about +10% with T~ for 5 MeV ~ TI ~
20 MeV where reasonable fits were obtained. Similar

values of P,„~ for the different Zf's are extracted (left
panel, Fig. 3) for fixed T~ = 15 MeV (solid points), as

for when T~ is varied freely (open points); however,

P,„z decreases with Zf suggesting that heavier fragments

may not participate as fully as the lighter fragments in

the collective expansion. Such an effect could arise if
heavier fragments originated from the more dense central

regions of the expanding system. Values for P,„~ are not

significantly changed by making a more restrictive gate,
b ( 0.16, on the impact parameter.

Since P,„~ and the Coulomb expansion dynamics have

a similar influence on the energy spectra, there is a ~5%
variation in P,„„with Rs or equivalently the breakup den-

sity pe = po(7.4 fm/Rs) over the range 0. 1 ~ ps/po ~
0.3. The mean total radial collective energy, defined by

(E,) = 5[2mc P,„~ + Zf(Zs Zf)e /Rs] and shown by
the solid points in the right panel of Fig. 3, is consider-

ably less sensitive to ps. Here, (E„) increases with mass

(charge) but not linearly as expected for a uniform partic-
ipation of these fragments in the radial expansion. The
radial energies for heavier fragments with Zf ~ 5 increase
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FIG. 3. Left panel: The open points correspond to best fit
values for the radial expansion velocities as a function of
the fragment charge. The solid points are the corresponding
values obtained when Tl is constrained to be 15 MeV. Right
panel: The solid points depict the dependence of the mean
radial collective energy (E,) extracted from the fits upon the
fragment mass. The open squares depict the corresponding
values extracted from Fig. 4 assuming Tl = 15 MeV. Both
values are plotted at the mass of the most abundant natural
isotope.
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FIG. 4. Energy spectra in the c.m, frame for various frag-
ments detected at 8,. = 90' ~ 10'. The solid lines correspond
to the three-source fit assuming a radial expansion. The dashed
lines depict the participant source alone.

less than one would expect if a linear dependence were
followed.

To further support these conclusions, energy spectra in
the total c.m. frame at 0, = 90' are shown in Fig. 4 for
Zf 2 —6. The total fit and the participant source only
are represented by the solid and dashed lines, respectively.
Assuming a temperature T~ = 15 MeV, the mean radial
collective energy was independently estimated by integrat-
ing these spectra and subtracting the mean thermal kinetic
energy of a Maxwell gas, i.e., (E„)= (E) —2T|. These

3

estimates for (E„)(open squares, right panel of Fig. 3) are
somewhat smaller than the fitted values for the participant
source (solid points), rejecting additional low energy spec-
tral contributions from the spectator sources. Differences
between the solid and open points provide indications of
the systematic uncertainties in extracting mean radial ki-
netic energies for the participant source alone.

In summary, energy spectra for IMP's produced in
central Au + Au collisions at E/A = 100 MeV indicate
large radial collective expansion velocities at breakup.
The radial expansion energies, E„/A = 8.3 —13.5 MeV,
decrease with the fragment charge, but are relatively in-
sensitive to assumptions about the density of the system
at breakup, contributions from transverse How or from the
breakup of projectile and target spectator rnatter. Similar
to other results recently obtained [10], the extracted col-
lective energy represents one-third to one-half of the inci-
dent kinetic energy per nucleon in the c. m. frame, ernpha-
sizing the importance of this new aspect of collective How
and suggesting that expansion may, indeed, play a critical
role in the large fragment multiplicities observed.
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