
VOLUME 69, NUMBER 13 PHYSICAL REVIEW LETTERS

Bubble and Ring Formation in Nuclear Fragmentation

28 SEPTEMBER 1992

Wolfgang Bauer, George F. Bertsch, and Hartmut Schulz

National Superconducting Cyclotron Laboratory and Department of Physics and Astronomy, Michigan State University,

East Lansing, Michigan 48824-1321
(Received 28 May 1992)

Nuclear transport theory predicts the formation of unstable bubbles and rings in the central collision

between equal-mass heavy ions. This phenomenon occurs around a beam energy of E/A = 50
MeV/nucleon and is due to the compression of the nuclei in the early stage of the collision. As observ-

able consequences, we predict a higher number of intermediate-mass fragments than expected from mul-

tifragmentation of a homogeneously filled sphere, and a diA'erent pattern of fragment Coulomb accelera-
tions.

PACS numbers: 25.70.Pq, 24. 10.Cn

At sufficiently high excitation energies (E */A + 10
MeV) of nuclear matter, copious production of inter-
mediate-mass fragments is observed. This excitation en-

ergy can be deposited in different ways. The two most
common are (1) bombardment of heavy target nuclei
with very high energy protons [I] (or the same process in

reverse kinematics), and (2) central collisions of target
and projectile with approximately equal mass numbers at
intermediate beam energies (E/A = 50 MeV).

The first type of reaction is assumed to be a two-step
process. In the first step, the small projectile only in-
teracts with the target nucleons in its direct path; some of
the sideways ejected nucleons and pions penetrate into
the spectator matter and give rise to its excitation. In the
second step, the excited target spectator matter decays.

Central heavy-ion reactions proceed in a diA'erent way:
In the initial state of the reaction, thermalization takes
place via binary nucleon-nucleon collisions. During this
stage the nuclei compress each other, whereby typical
densities of p/po= 1.3-1.5 are reached. This excited and
compressed participant matter then expands and decays.

The reaction mechanism, via which intermediate mass

fragments are formed, is still debated. At lower excita-
tion energies, sequential emission from the surface [2] in

a statistical fashion is dominant. At higher energies
simultaneous multifragmentation of the entire nuclear
volume seems to be favored [3-6]. Since the nuclear in-
teraction exhibits short-range repulsion and intermedi-
ate-range attraction, the resulting nuclear equation of
state exhibits a phase transition between the liquidlike
and gaslike phases. The phenomenon of multifragmenta-
tion has been connected to this effect [3,7-9]. Of the
phase transition models under consideration so far, per-
colation based models have been most successful in repro-
ducing high-energy proton-induced and light-ion-induced
multifragmentation data [10,11].

In this Letter we propose a novel path leading to the
emission of intermediate-mass fragments in heavy-ion
collisions: the formation of unstable hollow bubbles and
rings of nuclear matter, which decay by fragment emis-
sion.

Our reasoning is based on the nuclear Boltzmann-
Uehling-Uhlenbeck (BUU) transport theory [12,13],
where the transport equation for the nucleonic one-body
density distribution function f t

=f(r t, p, t ) is —given by

6 f)+~ V,f) V,U Vpf) —= d q) d q2d q2 ti(E)8 (p) If) fp(1 f))(1 —f2) ——f)f2(1 —f( )(1 —f2)]. (1)

In our numerical implementation [14] we use the test-
particle method, in which the solution of Eq. (1) is re-
duced to the solution of a set of 6 x (A, +A~) && N coupled
first-order differential equations in time, where /V is the
number of test particles per nucleon, and 3, and A~ are
the target and projectile mass numbers, respectively. To
reduce artificially created numerical Auctuations due to
finite numbers of test particles, we use N=1000 in the
present study, leading to a system of 1.1 x 10 coupled
difIerential equations in the case of the Nb+ Nb sys-
tem studied below.

The mean-field potential U appearing in Eq. (1) is
parametrized as a density-dependent functional,

U(p) =A(p/po)+&(p/po)"', (2)

with the coefficients 8 = —218.1 MeV and 8 =164.0

! MeV fixed by nuclear matter saturation properties. This
potential yields an incompressibility coefficient tc=235
MeV.

To illustrate the occurrence of the bubble and ring
structures, we show in Fig. 1 the time evolution of a cen-
tral 3Nb+ 3Nb collision at Es„ /A =60 MeV. We
display the nucleon density in the reaction plane for
diAerent times during the reaction. In the initial stage
(t =40 fm/c) of the reaction, the two nuclei compress
each other in their overlap zone to a density of p = 1.4po,
and the density distribution is approximately spherically
symmetric.

The transiently compressed system expands radially,
and the central density falls to a value below po/2. The
bulk of the matter forms a spherical shell.
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This behavior may be understood as arising from a del-
icate balance of several effects. The initial stage gives
rise to a spherically symmetric compressed nucleus, if the
time to establish local equilibrium is reached just when
the nuclei have maximum overlap. Then the subsequent
expansion will be mainly radial.

When a compressed sphere expands radially, a rarefac-
tion wave propagates from outside towards the center,
leaving matter at normal density streaming outward.
When the wave reaches the center, the outward stream-
ing matter depletes the center, sending the density to a
low value. At low energies the system slows down and
recompresses the hole, but at higher energies, such as we
see here, the bubble grows.

What causes the outgoing density wave to stall and en-
able the formation of a bubble'? The matter that forms
the outgoing density wave is supplied by the inward prop-
agating rarefaction wave. The continuity equation re-
quires

routp(rout)Uout =rin ~pc p(rin)~Uin
2 .2 (3)
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FIG. 1. Calculation of the time evolution of the density p (in
units of po) in the reaction plane (the beam axis is in the z
direction) for a central 3Nb+ 3Nb collision at Fb,, /A =60
MeV.

for stationary flow. Here r;n, ro„t and v;„,U,„,are the loca-
tions and velocities of the surfaces of the inward and out-
ward propagating wave fronts, respectively. As the rare-
faction wave moves in toward the center, the right-hand
side of Eq. (3) decreases. As long as there is a well-

defined surface with finite density p(r, „t), the outflow ve-

locity u,„, must decrease and eventually approach 0. In
the case that the radial kinetic energy is large compared
to the nuclear binding energy, the outflowing matter va-

porizes and Eq. (3) is fulfilled with p(r, „&) 0.
In any case, matter close to the center of mass is still

streaming outward when the rarefaction reaches the
center, and the interior of the nuclear system is depleted
of baryon density (t =100-130 fm/c). This gives rise to
the occurrence of bubble and doughnut like shapes of the
density profile.

The occurrence of this striking feature is sensitively
dependent on the amount of radial kinetic energy sup-
plied by the initial compression. At higher beam ener-
gies, the initial compression is increased, and the energy
of radial expansion exceeds the nuclear binding energy.
Then the result is a prompt disintegration of the entire
nuclear volume. At lower beam energies, the initial
compression is too small, and monopole type oscillations
are the consequence. Since the initial compression is

dependent on the nuclear incompressibility, the oc-
currence of the shapes predicted by us may also yield
valuable information on this key parameter of the nuclear
equation of state.

We have conducted studies at several different beam
energies and find that for the Nb+ Nb system the mono-

pole type oscillation occurs for F/A (50 MeV, and that
prompt disintegration occurs for E/A )80 MeV. In the
energy window between these values bubble and ring for-
mation occurs, even for small nonzero (b S0.2b,„) im-
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s. We have also studied other symmetricpact parameters. e
or slightly asymmetric mass systems and n e sa
eff'ect.

des ite the oc-The bubble has a relatively long lifetime desp
ce of dynamic instabilities. The onset of these in-currence o y

stabiiities can e oi b observed from Fig. 2, where we p y
the square of the sound veloci y v,t v as a function of the
reaction time and the distance to the center of mass. Us-

~ ~

ing our above equation of state, it is

4(E (p, T))+A P + —,ajp m 9
, S po 3 po

4i3-

(4)

where (Ek(p, T)) is the average kinetic energy per nu-

cleon.
For t mc,

' ' ''' ea-) 100 f / dynamical instabilities become ap-
parent v, . o( (0). Now the system becomes unstab e o

15-17].ll erturbations or fluctuations in the density [1sma per ur a i

S h fl t tions can be induced by two-bo y-bod nucleon
'19].nucleon collision [18] or surface instabilities i

We can see from Fig. 1 that the bubble shaped nuclear
remnant is conver e it d into a ring (or doughnut shape
ob'ect during the subsequent time evolution, as in icate
by the two bumps in the density distribution in the reac-

( =160 fm/c). To show the appearance of the
d h t shape more clearly, we display in ig. eoug nu s

f e of constant nucleon number density, p x,y, zsur ace o cons
rdinates for=0.3 as a function of the three spatial coor i

r =160 fm/c. Now we can clearly observe the oug

=. po, asa
dou hnut

shape perpen icu ar o ed'
1 t the beam direction including the

shape fluctuations due to Rayleigh-Taylor surface insta-
bilities.

alance towardsThe doughnut shape reflects an imbalance towar s

d flow in the nearly symmetric compressed phase.sidewar s ow in

The bubble shape would be preserved to onger
a lighter-mass system, since that wou q

'
uld e uilibrate slight-

ly later.
nnot be inferred atFrom our greatest calculation it canno e

curs. This isthe breakup into fragments occur .
outside the scope of the present one-bo y t eory.
er, it is clear that the final fragment distribution carries
some information o t e of h t pology of these intermediate

steps shown here.
nse uences ofredict two major experimental consequences o

b bble and ring formation. F~rst there sthe u e an
these ex-more interme ia e-d' t -mass fragments formed from

the eca of atended systems than would be produced by the ecay o a

corn act object at the same temperature [20]. It is

difficult to quantify this tendency, u iut it is clear that a

relatively coo o jec wi1 b t 'th a large surface will produce
h hot object with a smaller surface,

dhlwhich will emit mainly neutrons and hydrogen an e i-

um isotopes. e a sW 1 o expect a diff'erence in the mass dis-
andtributions etween eb th breakup of rings and bubbles, an

ntly investigating this eff'ect [201.we arepresen y'
b accelerationThe second prediction is that the Coulom acce

in the final state will on average be smaller than expected
f th decay of a uniform density spherical system.rom e e

11 one fits the spectra assumiog a istribu iGenera y, one s
ds and the averageCoulomb barriers as the decay proceeds, an

barrier will be re uce .d d. If noncompact topological ob-
ction will bejects are formed transiently, the barrier reduction wt e

There is another small Coulomb eÃect that may be ob-
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servable. In volume decays, a small fraction of the frag-
ments originate at the center and are not subject to
Coulomb acceleration. This fraction will no longer be
present here, because the center is empty. All the frag-
ments are at roughly a common radius.

In summary, we predict the occurrence of bubbles and
rings of nuclear matter for central heavy-ion collisions at
beam energies per nucleon around 50-60 MeV. The bub-
ble shape we find is similar to the one observed by using a
spherically symmetric, compressed, and heated nuclear
system as an initial condition and propagating it via the
time-dependent Hartree-Fock method [21], the Vlasov
equation [22], or a hydrodynamical equation [23]. Our
findings are based on detailed calculations using the nu-

clear BUU transport theory and on qualitative hydro-
dynamical arguments. The new torus shape is found be-
cause of memory eA'ects from the initial stage of the col-
lision, which are not contained in the former approaches
[24]. As observable consequences we predict an in-

creased production of intermediate-mass fragments and
an additional reduction of the Coulomb barrier in the en-

ergy spectra of these fragments.
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