PHYSICAL REVIEW C VOLUME 55, NUMBER 3 MARCH 1997

Resilience of nuclear matter in light ion induced reactions
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Cavitation and heating of the target nucleus in the first instance®Hefinduced collisions in the GeV/
nucleon range are investigated in an intranuclear cascade model for the formation of this structure and a
stochastic one-body dynamics calculation to study its evolution. The hard collisions having essentially ceased
when the structure is fully developed, the latter model is particularly suited to study the possible breakup of the
system. It is shown, however, that the target recovers a spherical shape rather rapidly, and has thus a good
chance to decay by standard evaporation, justifying the use of a cascadeporation model to analyze the
data. It is also shown that the system has to be much more modified to break up into pieces instead of
recovering a compact shape: in these reactions, it is thus expected that nuclear matter is resilient to shape
deformation and thermal excitation. Arguments are given to explain that expansion of the system, not impor-
tant in these reactions, is required to overcome this resilidiS@#56-28137)03102-9

PACS numbgs): 25.55—e, 21.65+f, 24.10.Lx, 25.70.Pq

[. INTRODUCTION basically differ by the surface tension. In the first model,
with the smaller surface tension, the hole may cover a large
Heavy-ion collisions in the incident energy range cover-fraction of the nuclear volume and last for a relatively long
ing 100 MeV/nucleon to 2 GeV/nucleon are often discussedime. In the second model, the hole has a smaller extension
in terms of a two stage scenario; the first stage correspondmd closes, say, 30 frm/after the beginning of the collision.
to the formation of thermalized sources and the second one The authors of Ref[14] concentrate on thé He + Ag
to their decay{1-3]. In general, to simplify the phenomeno- system, for which experimental measurements have been
logical investigations, these sources are assumed to acquirgparformed in the 0.6 — 1.8 GeV/nucleon domaib—18.
spherical structure. The latter hypothesis is supported by miAnalyses of the measurements have been performed in the
croscopic transport calculatiofig]. In accordance, statistical frame of the following two-stage model: an intranuclear cas-
partition [4—7] or evaporative modelg3] are applied to de- cade(INC) model for the formation of the excited source by
scribe the evolution from spherical and thermalized emittersthe hard scattering processes and an evaporation model for
It is, however, understandable that once the dynamical fedts deexcitation(alternatively, an expanding emitting source
tures of the first stage become significant, the thermal ermmodel [19] has also been usgdThe INC output(mass,
ergy, angular momentum, shape distortion, and perhaps otheharge, and excitation energy of the residiseused as input
effects have to be consistently taken into account in the seder the evaporation model. It has to be remarked that the
ond stage. junction in timet;,, when to stop the INC and pass on to
Several theoretical works have recently pointed out thatlecay is of consequence. Similar difficulties are encountered
sources with exotic shapésuch as doughnuts, for instance with other (BUU, QMD,...) descriptions and relate to the
could be formed in low energy=20 MeV/nucleon heavy-  fact that INC does not have all the ingredients to describe the
ion collisions[9-11]. However, the conditions under which decay. The problem of the determination tgf, has been
these shapes could occur in real world are not well knowrcarefully investigated in Ref20]. In a study of the temporal
and seem to be so special that, very likely, this should corevolution of a number of parametefgxcitation energy,
respond to infrequent events. Formation of transient unevenumber of ejectiles, and so pm change in their rates is
shapes can very well occur in light ions induced reactions. lrobserved at about the same time. Beyond this time the target
Ref.[12], it was suggested that 1 GeV protons drill a conicalphase space density becomes uniform and the system emits
hole in the target during the first moments of the collisions.nucleons at relatively low energy and with an isotropic dis-
Actually, it would be more appropriate to speak of a waketribution. This observation strongly suggests that thg
left behind by the incoming proton, since the nuclear densityshould be identified with this time. This two-stage coupling
is not vanishingly small in this wake, but is depleted to theprovides a good description of the bulk of the dgt#,18.
2/3 of its normal value. Antiprotons could give a similar  The above considerations raise two interesting questions:
effect, even at very lower ener@¥3]. Recently, Wangt al. (i) Does the hole close fast enough for the two-stage model
[14] have suggested, in the light of Boltzmann-Uehling-to be applicabldéthe evaporation model implicitly assuming
Uhlenback(BUU) calculations, that this wake effect is am- that the target remnant is spherical at the end of the first
plified by light ions. These predictions depend markedlystagg? (i) What are the frequency and characteristics of
upon the BUU model. Two models are employed, whichevents in which the target remnant retains an exotic shape
when it decays? We address these questions in this paper.
Our strategy is the following. We first use the INC model of
*Permanent address: Physics Department, University of LiegeRefs.[21,22) to investigate the density distribution in the
B-40009 Sart-Tilman Liege 1, Belgium. very first moments of the collision. This model using a static
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FIG. 1. Nucleon density distribution in the reaction plane for
b=0.1 fm collisions of 1.6 GeV/nucleofiHe projectiles on a Ag

target, at various times, as given by the INC calculation. For 0, 10 20 30
t=<15 fm/c, the nuclear density ahead of the projectile is only

slightly modified (the slightly lighter appearance of the target at ] ] o
t=6 fm/c, compared tot=0 fm/c is an artifact of the plotting FIG. 2. Time evolution of the excitation enerdy* (lower
routin®. The wake left behind by the projectile is clearly visible. CUTVes, scale on the lgfand of the target mass numb&gr, (upper
The average density at=30 fm/c is slightly less than normal Curves with triangles, scale on the rigitt b=0.1 fm collisions of

nuclear matter density. For sake of clarity, the particles outside thé-6 GeV/nucleor’He ions on a Ag target. The open symbols cor-
target volume are not displayed. respond to the INC calculation and the black symbols to the SOBA

calculation using input data extracted from the INC results at

and constant mean-field potential is not appropriate enough~20 fm/c. The curve with the open squares is obtained from the

to study the evolution of the shape of the system when th urve _With the open circles by re”.“)v"‘g the mass energy of the
hard baryon-baryon collisions are over and when the hol particles. See text for more detail.
starts to fill in. To study this stage reliably we employ a
stochastic one-body approatBOBA) [23], which has been matter density. Incidentally, we want to point out that we
proven to be an adequate tool for describing the possiblésed the experimental density distribution fibte (see Refs.
fragmentation of the system coming from the amplification[24,29 for detailg. The more important wake predicted in
of unstable fluctuations by the mean-field dynamics. Accordthe first calculation of Ref.14], that is called cavitation, may
ingly, the paper is divided as follows. In Sec. I, we presentbe due to the choice of a too compact configuration for this
the INC calculations for the®He (1.6 GeV/nucleop Pprojectile. In any case, the formation of a wake in both BUU
+ 197ag collisions. We so determine the shape, the mass, thand INC calculations is due to the initial nucleon-nucleon
excitation energy and théhydrodynamig velocity field of ~ collisions. The mean field plays a minor role in the formation
the target remnant at the time when the hole has the largeBfocess. In our calculation, the wake disappears progres-
extension. In Sec. Ill, these characteristics are used as inp&tvely after 15-20 fm/c because nucleons are running into
in the SOBA calculation to follow the evolution of the rem- the partially empty space. At 30 fity the density is almost
nant. We extend this analysis to different choices of the inputiniform (this corresponds to the tintg,, at which the rate of
parameters to study under which circumstances exotic shapgriation of the number of ejectiles and of the excitation
would fragment before reforming a spherical remnant and t&nergy is changing slope, as we indicated in the Introduc-
look for a possible characterization of such fragmentation. Irfion). This development is favored by the presence, in the
Sec. IV, we shortly discuss the validity of the two-stage pic-INC model, of a constant potential well in the target volume.
ture for light ion induced collisions. Finally, Sec. V contains Nucleons traveling backwards can be reflected by the poten-
our conclusion. tial wall. It is expected that, in reality the potential well, or
more exactly the mean field, is deformed according to the
density distribution although it is not clear that it follows
instantaneously the density distribution, when the latter is
perturbed by very hard collisions, since the mean-field dy-
In order to investigate the deformation of the target den-namics is basically associated with soft processes. In the next
sity distribution during the first moments of the collision, section, the evolution of the wake is studied by incorporating
we performed an INC calculation of the collisions of 1.6 the dynamics of the mean field.
GeV/nucleon®He projectiles on'” Ag targets. The detail of The time evolution of the target excitation enefgy and
the INC model can be found in Refi21,22. The average of the target remnant mass.,, defined as the excitation
density profile in the reaction plane for=0.1 fm collisions  energy and mass number inside the original target volume
is given in Fig. 1 and was obtained by considering 4000 rung.12], is displayed in Fig. 2. As noted in the Introduction,
The wake left behind by the projectile is clearly visible andthere is clearly a change in the corresponding curves around
is mainly developed fot=15—20 fm/c. At this time, the t~30 fm/c, which can be identified af,,. We will come
density depression reacheg/2, p, being normal nuclear back to this figure in Sec. IV.

40 50 60 70 80
t (fm/c)

II. CAVITATION IN THE FIRST STAGE
OF THE COLLISIONS
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FIG. 3. Nucleon density distribution in the reaction plane at

Th? linear si;e of the cells i_s a,bOUt 0.6 fm. W_e d'iscuss thQ/arious times, as given by the SOBA calculation for a configuration
main properties of the velocity field. At the beginning of the corresponding to a Ag target &it=8 MeV after removal of a cone.

collision, the velocity field is concentrated on the projectile.The Gaussian parameteris taken as 0.9 fm. The system contains

As time evolves, the longitudinal current spreads considerg nucleons. The density scale is arbitrary, but the darkest zones
ably, refleCtlng the sideward diffusion of the partICIeS In- correspond to the largest values of the density.

volved in the currenfsee Fig. 1 It is also largely slowing

down. This does not mean, however, that there are no faghe Boltzmann-Langevin theofy26]. This method has been
particles. But the latter are contributing only slightly to the shown to be accurate for describing the dynamics of the fluc-
macroscopic current. As expected, the velocity field acquiregations of the phase space distribution function, especially
a perpendicular component. This current is much smallefyhen the system enters the so-called spinodal ref@dh
than that along the direction, even when the wake is fully More precisely, in this Refi27], it is explicitly shown that
developed. Just to give an idea, let us mention that, at thahis method gives similar results for the spinodal decompo-
time, thez component of the velocity field is maximum a sjtion, as the two-dimensional complete Boltzmann-
little bit ahead of the apex of the cone, with a value of|angevin calculation on a lattice.

B~0.2. The perpendicular component has a maximum abso- Furthermore, it has been shown that the treatment of the
lute value of~0.07. mean field requires some special care. For simple Skyrme-
The formation of a wake is observed for impact param-like effective potentials, the mean field is a function of the
eters up to 3 fm, with an amplitude that decreases with iniocal density and the latter is calculated by providing the test

creasing impact parameter. For all higher impact parameterparticles with a Gaussian of width parameterAs shown in

the density is only slightly modified, and the nucleus essenref.[28], in semiclassical calculations, a valuest 0.9 fm
tially retains a spherical shape. Therefore, we can safely pys necessary to provide a good approximation to the quantal
an upper limit on the “cross section for the wake formation” description of spinodal instabilities. Since we are primarily
of the order of 270 mb for this system. The total cross secinterested in the bulk instabilities of the remnant, we chose
tion being of the order of 2 barns, the fraction of this kind of this value. We stress the fact that a smaller value of this

events is of the order of 10 to 15 % at the most. This fraCtiOfbarameter ag=0.5 fm is recommended to get a good de-
is expected to be the same for medium heavy and heavycription of the nuclear surface in the ground state with a

targets. classical test particle method, but it is not suitable for track-
ing the possible bulk instabilities.
Ill. RESILIENCE TO SHAPE DEFORMATION In order to simplify the transition between the two calcu-
AND THERMAL EXCITATION lations, we idealized the state of the system as predicted by

the INC. To start, we construct a Ag nucleus, from which a
cone has been removed, with the apex at the center of the
As noted in the previous section, INC calculations are nohucleus and with opening angle similar to the one of the
adapted to describe the nuclear shape once the hard collivake observed in Fig. 1. The system is initialized at tem-

sions have ceased and dynamical mean-field effects becorperatureT=8 MeV. This corresponds to an excitation en-
important. To study this question, we consider a SOBA calergy slightly less than the thermal excitation energy pre-
culation with input corresponding to the time when the wakedicted by the INC calculation. The spatial distribution of the
is the mostly developed, i.e., around 15—-20dnw the case test particles is disturbed randomigioise in concordance

of Fig. 1. The detail of the calculation can be found in Ref.with the known density fluctuations of a Fermi gas at this
[23]. It is sufficient to say that this transport model uses thetemperature. The evolution of the density, in a representative
test particle methodhere, we use typically 50 test particles run, is given by Fig. 3. It can be seen that, in less than 60
per nucleon and that a noise is introduced at the beginningfm/c the system loses a number of test particles and rapidly
of the calculation. The noise is suitably tuned in order toforms a compact spherical shape. Our results show that
account for the thermal fluctuations associated with the ranauclear matter is resilient to the deformation and heating
dom nature of nucleon-nucleon collisions, as described byroduced in the INC stage, inasmuch as, by comparing this

A. Cascade shapes
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FIG. 5. Same as Fig. 4, but for an initial configuration corre-
sponding to an excavated Ag nucleus. The maximum thickness in
the longitudinal ¢) direction is equal to half of the original radius.
e'I'he system contains 70 nucleons. See text for detail.

FIG. 4. Same as Fig. 3, witli=6 MeV and the velocity field
extracted from the INC calculation. See text for detail.

figure and Fig. 1, one can realize that the idealization of th
starting configuration used in the SOBA calculation is cer-
tainly less favorable for shape resilience, since the densit
inside the cone is not vanishing in the INC calculation.

In addition, we also performed a SOBA calculation by
imposing the velocity field, as given by the INC calculation
att=15 fm/c. For this case, we usef=6 MeV, which in

rinciple is more favorable to the development of spinodal;, =% ™" =" ; .
ipnstabFi)Iities[ZQ]. The resilience of the nucﬁaar sys:tempholdsthlnk itis aIready me.anlngf.ul. We considered a much more
for this case also, as shown by Fig. 4, where a typical even‘?xca\/ated conﬁgqraﬂon,_wﬂh only one quarter of the diam-
is displayed. Compared to the previous case, the shape |‘ﬁéer along the incident direction remaining in the tar@gee
more perturbed at the beginning, because of the velocit 9. 5. The so-prepared remnant contains 70 nucl_eons ata
field, but the spherical symmetry is also basically recovere emperature of 6 MeV. F“”he”.“'o“?' the ve_locny field d's'.
within t~ 60 fm/c. It is, however, interesting to note that the cusseq in the previous subsection is superimposed. AS .th.'s
system size grows much more than in the previous Géige shape is characterized by a large surface-to-volume ratio, it is

3): atT=8 MeV, the system cools by an important emissionef)q:’e(:ted that the bulklinstat.)i'li'ties give way, at Iegst par-
of energetic particles leaving behind a “core” moderatelyt'a"y’ .to the surface |nstab|I|t|e§. Therefore, taking the
excited and rather stable; =6 MeV, this emission is con- Gaussian parameter as=0.5 fm is expected to reveal the

siderably diminished since the energetic particles leave th@tter more easily. But, for the sake.of comparison, we ?ISO
system less easily, thus developing, apparently, more effperformed SOBA calculations for this starting configuration
ciently a macroscopic pressure. The ensuing expansion, tri _|t'r__1_a=50._5|3_r1:m. The retshults for a_t¥p|cal et\;]ent ar? |I|ustrateq
gered by the latter creates larger fluctuations in the volum 9. t. ey allre ra fer sur[;)r:lswllg ast. e Sf;]em rze.{n.ams
of the system, leading to more instability. This motivates ourtonnec eda single par)t or a rather long ime, athough it1s
remark above about the choice of the temperature. HoweveF.',Ot really going rapidly to a spherical shape. A closer inspec-

in the present case, this effect is not strong enough to aIIO\Hon of the results seems to indicate that the relaxation of the
the breaking of the ,system system is very long because there is a near cancellation be-

For the sake of comparison, we have considered sopAween the Coulomb forces, which tend to deplete the system

calculations with the parameter=0.5 fm. The resilience is along the collision a>§is, Iea(jing to an aimost annular shape,
then less apparent. Far=6 MeV and the velocity field the and the surface tension, which tends to make the shape more

system recovers sphericity, somewhat slower, in 85% of thg_ompact. The velocity field works against the s_urface ten-
40 events that we calculated. It breaks down, mainly in twooion, as the Coulomb forces. The results are radically differ-

pieces, in the remaining events. Fbx8 MeV and the ve- ent in a SOBA calculation, with this time=0.5 fm. In this
locity field the system recovers sphericity in 2/3 of the 25case(see Fig. § the system breaks down info pieces rather

calculated events. We think this higher proportion comegapidly' In this typical example, the system breaks first in a

from the fact that aT =8 MeV, with a small surface tension, P'€¢€ traveling forward_ and a not comple_te gnnular ring
! Y ich breaks into two pieces that are seen in Fig. 6 by their

;c/f;zsz:ignloses test particles at a higher rate, approachwﬁéss‘ s.ection in the'reac'tion pla'ne. Or_10<_e again.the velocity
' field is instrumental in this breaking. It is interesting to look
at the mass distribution of the fragments, in the case of the
last calculation. It is given in Fig. {for 50 events and
In view of the results obtained so far, we addressed thshows that the mean mass of the fragments is of the order of
following questions: To what degree should the system bd2. This is significantly smaller than the average mass of the
distorted in order to break down into pieces instead of goindragments coming from a spinodal decompositiabout 20—

ack to the spherical shape? Is the shépat we suspect to

e realized in3He induced reactions far from the onset of
this multifragmentation process? These questions are very
hard to answer as there are many ways of distorting the sys-
tem. We restrict our study only to one of the possible ex-
Itrapolations of the distortion realized in the INC, but we

B. Exotic shapes
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IOF 0Tmie E 30 Tc 30 fmdc by open symbols for INQ gnc_j black symbols for SOBA.
Eoa - b oM. There is a remarkable similarity between the two calcula-
,‘“ 44 R tions when the time scale for SOBA is compressed by a

e o factor three relative to the INC time scale. A possible expla-
it E— T nation lies in the fact that, although the matter and momen-

TTTTT T

tum distributions in the INC are fairly homogeneous at
S— 1'1‘03 fm/e t=15-20 fm/c, the target has still small packets of fast
" A particles, which, by escaping on a short time scale, rapidly
: 5.; cool the system. In SOBA, smoothing gives rise to a slower
; energy depletion. More importantly, there is a good corre-
Lot spondencdtranslated by the arrows in Fig) Between the
T T T T values of the excitation energy and the mass of the remnant
S 10 0 10 0 10 at the time the system is spherical again in the HN&DBA
calculation (=60 fm/c) on the one hand, and the values of
Z (fm) the same quantities in the INC calculation alone at the time
(t=30 fm/c) when the system is spherical and more or less
homogeneous, on the other hand. These considerations jus-
30), as predicted in Ref423,29. This observation, which tty to some degrge the use of a cascaideeyapoyaﬂor(or
. ; e\k)_e like) r_nodel, with the choice of the stopping time recom-
ertheless consistent with an interpretation of the fragmentar-nen?%d tl\z Ref[chO], to analtyze trfletr:iata.r:\lo_te tlhat t?.e agrt_ee-
tion observed in this calculation as due to a surface instabil ¢ PEtWeen the properties ot the spherical contigurations

ity [10,30. The role of the Coulomb forcgbetween the ends in the two ca_lpulations shown in _Fig. 2 is obtained with
of the ’system and of the velocity field need to be investi- extreme conditions, namely a maximum development of the

gated carefully before drawing a definite conclusion wake and an idealization of the hole in SOBA calculation.
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FIG. 6. Same as Fig. 5 far=0.5 fm.

IV. VALIDITY OF THE TWO-STEP PICTURE V. DISCUSSION

The considerations of Sec. Il A indicate that the system In this paper, we investigate the appropriateness of the
basically recovers a spherical shape after a relatively shodascader deexcitation model for analyzing the experimental
time (<60 fm/c), before continuing to deexcite presumably data relative to light ion induced reactions in the
by standard evaporative procesges by the emission of GeV/nucleon range. A necessary condition is that the system
intermediate mass fragments when the remaining excitatiois thermalized and basically spherical when the hard colli-
energy is large enoughlt is interesting at this point to make sion phasdécascadgcomes to an end. We have seen that this
a comparison between tltaveragé evolution of the system s the case for theHe + Ag system at 1.6 GeV/nucleon
in INC and SOBA. This is provided by Fig. 2. The evolution incident energy. Consequently, we consider that this should
of the thermal energfthe mass energy of thk particles, not  also be the case for lower energy and smaller projectiles up
introduced in the SOBA calculation, has been subtracted teo at least the same energy. Note that the wake predicted for
facilitate the comparisgrand of the remnant mass are given 2 GeV protons corresponds to a density depleted of only

2/3py and reaches its full development at 8 f{/12]. For

— these systems, the possibility of having a fragmentation be-
*He (1.6 GeV/nucleon) + 'Ag fore the evaporation or an evaporation from an exotic shape
15 | . remnant is very unlikely. Taking into account the results of
' Sec. Il A for the 3He + Ag system, we can put a very
conservative upper bound ef90 mb on the cross section
for the occurrence of these special events, taking into ac-
count the least favorabléor resilience of our results and
the fact that the wake is of decreasing importance as the
impact parameter is increasing. Our results with the proper
choiceo=0.9 fm show that the cross section for these spe-
cial events is, very likely, vanishingly small. In any case, our
075 - - investigations indicate that nuclear matter is particularly re-
_ silient to deformation and to thermal excitation in this kind
§ 05 - T of reactions. Note that in central collisions, the excitation
energy of the remnant after the cascade phase could be as
high as 600 MeV, i.e;-7 MeV/nucleon, as indicated in Fig.
. N 2 and confirmed by the experimental dgt&]. The situation
61 2 3 4 5 6 7 &8 9 10 is rather contrasted with the one prevailing in central heavy
ion collisions [31], where multifragmentation occurs fre-

FIG. 7. Average numban of fragments of masé; (upper pait  quently for a similar estimated excitation energy per nucleon.
and probability distribution for having fragments(lower par}, in ~ Although it is not yet clear whether the emission of several
the SOBA calculation of Fig. 6. intermediate mass fragments is a rapid process or simply a

2 T T
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slow evaporative process, there are good indicafid@kthat  issue deserves extended investigations.

the system is then less resilient to a rapid breakup in inter- Coming back to the’He+Ag system, the possibility of
mediate mass pieces. A possible explanation may rest on theaving deformed shapes leading to unusual decay patterns is
fact that the system is not significantly compressed in lighttertainly increasing with energy. One may speculate on the
ion reactions. On the other hand, in heavy ion collisions thdormation of very excavated shapes such as the one we con-
system is presumably more compressed, leading to a collesidered in Figs. 5 and 6. They may provide an appealing
tive expansion. This in turn will lead to volume instabilities opportunity to investigate possible surface instabilifiag]
which facilitate the the breakup of the systd@B]. This  of nuclear matter. This point also deserves further analyses.
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