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Cavitation and penetration in central collisions with light ions
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The dynamical evolution of central collisions induced by GeV light-ion projectiles is examined with two
different Boltzmann-Uehling-UhlenbedBUU) calculations. For projectile energies above 1 GeV incident on
heavy target nuclei, a region of depleted density develops in the core of the nucleus at times of the order of 30
fm/c, producing hot residues with significantly depleted density at longer times. The simulations predict
penetration of the target by the projectile momentum front at incident energies near 4—6 GeV, leading to a
saturation of deposition energy. These results are examined in the context of marked changes in reaction
observables reported for light-ion-induced collisions.

PACS numbds): 25.75—q, 21.65:+f, 24.10.Cn, 25.70.Pq

[. INTRODUCTION with GeV proton and alpha-particle beaiis6]. Above this
energy, there is an increase in the number of energetic

The behavior of hot heavy residues formed in central col-shower particles, but little change in observables that reflect
lisions between light-ion(H and He projectiles and heavy deposition energy. This may be related to the increasingly
target nuclei changes markedly as the beam energy increast@sward-focused nature dl-N scattering and higher pion
from 1 to 10 GeV[1,2]. One of the most prominent signals momenta associated with increasing incident energy, thereby
for this transition is the rapid growttby a factor of~ 10?) enhancing transparency for hadrons in the nuclear medium.
in the probability for complex fragment emissigi—4]. It may also be associated with a possible type of Leidenfrost
Over this same energy interval, the ta&N scattering cross  effect in nuclear matter. Thus, questions of both energy depo-
section remains approximately constant, although the ratio dition and geometry imposed by the reaction dynamics are
inelastic-to-elastic collisions increases rapidly and the angueritical to understanding the behavior of hot nuclear matter
lar distributions become strongly forward peak&ll Exclu- ~ formed in very asymmetric nuclear collisions.
sive studies have shown that the observed increase is associ-

ated with an e_nhanced probability for mult|_fragmer_1tat|on of Il CALCULATIONS
the target residue, and further, have provided evidence for
fragment emission from an extended source \pithy<<1/3 Transport models, simplified to various degrees, to ac-

[6,7]. Above a beam energy of 8—10 GeV, fragment cross count for GeV light-ion-induced reactions have included
sections become independent of energy and the mass disttihose based on straight-line geomeftty] and intranuclear
butions cease to varglimiting fragmentation[4,6,8]), sug- cascade approachgs5,18,19. Intranuclear cascade calcula-
gesting that the target nucleus has become transparent to fuiens [18] indicate that the conversion of projectile energy
ther energy deposition. For beams of heavier projectiles, thimto internal heating of the residue occurs quite rapidly,
onset of constant intermediate-mass-fragment charge distnieaching a maximum after a collision time of about 30 fm/
butions occurs at much lower bombarding ener$gs c. In order to gain insight into the dynamical evolution of

It is also over the 1-10 GeV bombarding energy regiontargetlike residues formed in light-ion reactions with heavy
that the inclusive angular distributions for complex frag-nuclei and the mechanism for expansion, we examine here
ments evolve from forward to sideways peaked with respecthe results of two calculations based on the Boltzmann equa-
to the beam axi$10,11]. Related studies have shown that tion (BUU) [20,21]. These calculations differ in methods and
fissionlike events detected transverse to the beam directicsome details of physics input. Both use a soft equation of
exhibit anomalously high kinetic energies relative to fissionstate and employ relativistic kinematics. The calculation dis-
TKE systematics, suggesting a fast breakup of the residueussed if20] utilizes a parallel ensemble method, while that
from a compact scission configuratiph?]. discussed in[21] employs a global ensemble method. In

Large projectile energy loss, or stopping, pa-A reac- [21], gradient terms are included in the expression for energy
tions has been studied in this energy region as (|14  to account for finite-range effects in the mean field, and fur-
More relevant to the eventual fate of the targetlike remnant isher, a lattice Hamiltonian method is used to integrate drift
the question of deposited excitation energy; i.e., the energierms in the transport equation. J&0], finite-range effects
that is available to drive the disintegration of the systemresult from averaging over finite distance in space. Both cal-
Recently, measurements with ar4etector array have pro- culations have been confronted on a number of occasions
vided evidence for deposition energy saturation in the vicinwith different heavy-ion data sets and are in general agree-
ity of 4 GeV for the ®He+Ag system[15]. Similar conclu- ment with each other and experiment as far as single-particle
sions have been reported on the basis of emulsion studienergy spectra and global observables are concerned.
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FIG. 1. BUU predictions for
central collisions =0) of 4.8
GeV 3He ions with 1*Au nuclei.
Shown is the time evolution of
two-dimensional invariant density
4.8 GeV *He + Au BUU (WB) profiles for a plane cut through the

i center of the reside along the beam
axis. Upper figures are from calcu-
lations of [21] (P.D) and lower
figures are from calculations based
on [20] (W.B.). The Z axis is co-
incident with the beam direction.
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We first compare the two BUU predictions for the 4.8 may be amplified exponentiallisee alsg?21]). While this
GeV 3He+197Au reaction. The impact parameter was0  severely limits the predictive power of one-body transport
and 250 test particles/nucleon were used in these calculanodels for the later stages of the reaction, the initial forma-
tions. In Fig. 1, two-dimensional density distributions aretion of a density depletion is seen in both models and should
shown as a function of reaction time for a plane cut througtbe considered physical.
the center of the nucleus along the beam étkie results are Similar results are also obtained in the present BUU cal-
symmetric in azimuthal angleResults are fairly similar over culations for proton-induced reactions in this bombarding en-
the first 30 fmé of reaction time, which accounts for the ergy regime, as well g24] (using the code df20]). Earlier
major part of the energy dissipation and mass loss due timtranuclear cascade calculatiofi$] have also indicated a
prompt cascade ejectiles. Initially, there is a local buildup ofdepleted central density ip+ A collisions (p/py=~0.85). In
nuclear density 30%) as the projectile penetrates into the Fig. 2, the time evolution of the density distributions is
central region of the target. At reaction times near 20—30 fmshown for central collisions in the 5 Gep'+Au reaction.

c, a region of depleted density appears in the center of th&he results are quite similar to those féHe projectiles,
nucleus, creating an annular shell of nuclear matter. Foalthough the®He projectile produces a greater density deple-
longer reaction times, the calculation [&0] predicts more tion.

viscous behavior, as the hole persists for a length of time A critical question in the coupling of transport codes to
approaching that for breakup of the systems 100 fmkt models that describe the decay dynamics involves determi-
[22]). On the other hand, in the calculation[@f1], the hole nation of the reaction time at which the fast cascade no
relaxes after about 50—60 fmto an average density of longer influences the deposition energyd related thermal
pl/po~0.4-0.8 and produces a spheroid-shaped residue, witbropertieg of the excited residue. In Fig. 3, we examine the
the major axis perpendicular to the beam axis. time evolution of several relevant average quantities: the in-

To place the differences in the two codes at times greatestantaneous excitation energy per nuclégfi/A); the maxi-
than~ 50 fm/c in perspective, one must realize that the sys-mum density of the system(p ma/po); the entropy per
tem is entering a low-density instability region in the phasenucleon,(S/A), and mass los§AA.9 of the residue. Cal-
diagram, characterized by a negative compressiljii8}. In  culations are shown for 4.8 Ge¥He incident on'%®Ag at an
this instability phase, small fluctuations and small differencesmpact parameter of 1.8 fm, using the model21].
in predictions between the codes, even of numerical origin, Figure 3 demonstrates that during the first 10—20cfm/
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FIG. 2. BUU predictiong20,21] for 5 GeV
p-+1%Au reaction, as in Fig. 1.
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there is a rapid rise in the excitation energy and entropy pedecrease in the energy density of the system. At the same
nucleon, accompanied by some density compression. Massne, the entropy per nucleon approaches a maximum value,
loss, on the other hand, is not significant until a reaction timendicating that the chaotic regime has been reached. By a

of about 20 fm¢ is reached. Between 20 and 40 fm¢, the

reaction time of 40 fn@, the calculation predicts a system

fast cascade produces significant mass loss, causing a rag@ which (E*/A)~9 MeV/nucleon,(pmax/po)=0.65 and
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(S/IA)~1.3, corresponding to the region of spinodal decom-
position in thep-T phase diagram for finite nuclear matter
[25]. At longer times, the residue excitation energy, mass and
entropy continue to decrease gradually. The density gradu-
ally decreases from-40 to 80 fmt, suggesting a slight
degree of expansion, and then begins to evolve toward nor-
mal matter density. It is during this period that density-
diffusive fluctuations would be expected to destabilize such
systems, leading to nuclear disassembly, or multifragmenta-
tion.

Figure 3 illustrates the difficulty in determining the exci-
tation energy of the system. BotE* and E*/A decrease
gradually with time for reaction times greater than 40 fm/
c. Thus, the question of whether breakup occurs early or late
in the evolution of the hot residue is highly relevant to de-
fining its thermal properties.

Ill. RESULTS

The picture that emerges from the model calculations pro-
vides a dynamic mechanism for the destabilization and even-
tual fragmentation of hot targetlike nuclei produced in light-
ion-induced reactions. While little compression is available
to drive these processes, the evolution of the shockwavelike
momentum front induced by the projectile as it passes
through the central region of the nucleus produces several
important effects. First, energy is imparted to the target
nucleus viaN-N scattering and the excitation af and
higher resonances, followed by pion reabsorption. During
this stage, multiple prompt nucleons are ejected over a time
scale that is too short for the nuclear mean field to readjust,
thus forming the residue in a state of depleted density. At this
point, coalescence involving fast cascade nucleons may pro-
duce significant yields of nonequilibrium light fragments.
Subsequently, the nucleus is cooled by particle emission, per-
haps accompanied by some expansion, until negative pres-
sure develops and the system is driven into the region of

FIG. 3. Evolution of average excitation energy per nucleon,diffusive and/or adiabatic instabilify25]. The negative pres-
maximum density, entropy per nucleon and residue mass loss in tHgure limits expansion and causes accumulation of nuclear
3 He+ 1%Ag reaction at 4.8 GeV, according to the BUU calculation matter where the density is the largest at a given instant, i.e.,

of [21].

in the outer shell of the distributiof21].
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The subsequent relaxation of this bubblelike structure,
which must depend sensitively on surface and Coulomb
forces, should result in fragmentation of the system with
high probability. For example, this could occur in a mono-
polelike expansion of the shegR2]. A second scenario is the
condensation of clusters around the cavitation region, consis-
tent with liquid-vapor coexistend®6,27). Another possibil-
ity is that the shell could implode on the core, followed by an
explosion of the system, similar to a blast w428]. In all of
these pictures, the BUU predictions for the geometry of the
system indicate that disintegration occurs from an extended
low-density source. This is consistent with the experimental
observation of anomalously low kinetic energies for frag-
ments produced in the most violent collisions with light ions
[6,7,29, as shown in Fig. 4.

In Fig. 5, we examine the influence of projectile energy
on the cavitation process for bombardments of Ag nuclei
with 0.9, 1.8, 3.6, and 4.8 GeVWHe ions. Here we show the
density distributions along the symmetric axis of the reaction
plane as a function of reaction time and relative distance
along the beam axis. Results of the two calculations are simi-
lar for the first 30—40 fnd, but diverge at longer times.

At 0.9 GeV, where multifragmentation has been observed
experimentally with low probability ¢ 10 mb [6], a weak
central density depletion develops after about 30cfmith
increasing reaction time, the cavity disappears as the nucleus
appears to expand and relax to an average density of
plpo=~0.8 at 60 fm¢é. Thereafter, the system returns to nor-
mal nuclear matter density. As the beam energy increases,

FIG. 4. Kinetic-energy distributions for carbon fragments as athe development of the central cavity at times in the vicinity
function of collision violence, as determined by total observedof 30 fm/c becomes more pronounced. The maximum den-

chargeZ s, for 4.8 GeV3He+ ’Au reaction[7]. The dashed line

sity within the system after that time decreases systemati-

in each spectrum represents the most-probable-fit peak to theally to rather low values and does not return to nor-

IR RIAY TeE R AR T
IANTSRTARTIRINCIAC AR N
A LA A AT AT AT
IV A A A L e
ERSFALNACHLY FARTAVFANFAN .

FIG. 5. Evolution of the density profiles along the symmetry axis intHe+ 1%8Ag reaction at bombarding energies of 0.9, 1.8, 3.6, and
4.8 GeV. Plots at left are from calculations [#0] and those on the right are calculations based2ij. Reaction time for each row is
indicated at the right of the figure.
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FIG. 7. Average excitation enerdjop), residue masgmiddle),
and excitation energy per cascade nucldbottom) in central
] ] o 3 He+1%Ag reactions as a function of beam energy. Open points

FIG. 6. Density contour plots in the plane containing the Sym-(qotgashed linerepresent values obtained using the BUU code of
rsnetrylct'g(ls at a time 30 fro/from the start of reaction for the [21] The solid line has been obtained with the intranuclear cascade

He+""Ag system as a function of bombarding energy. Plots atcaicylation off 19] for the fast rearrangement option in the code and
Iéft]are predictions based d20] and those on right are based on he dashed curve is for the slow rearrangement option.

1].

reached, an@) the rate of decrease of excitation energy per

mal nuclear matter density until times of the order of 100 fm/nucleon becomes nearly constant. These seem to be reason-
c. At 4.8 GeV, the region of depleted nuclear density contin-able criteria for defining the onset of thermal behavior. The
ues to develop as a function of reaction time until it pen-error bars for the BUU points in Fig. 7 illustrate the range of
etrates to the opposite side of the nucleus. Thus, rather thaxcitation energy corresponding to 40 tniipper limit and
bubble formation, a channel of depleted density is createds fm/c (lower limit).
through the center of the nucleus. This effect becomes more |n Fig. 7, the BUU calculations ofE*) are also com-
pronounced with increasing projectile energy and mass. As a
result, one expects the subsequent disintegration of the sys-
tem to become independent of bombarding energy once full '°® ' ' ' ' ' 1475
projectile penetration is achieved. This is the primary expla-
nation for the phenomenon of limiting fragmentation.

This penetration effect is shown more explicitly in Fig. 6
where density patterns at 30 foy/slightly greater than the 100 L
nuclear transit time, are shown for the 1.8, 3.6, and 4.8 GeV
3He+Ag reactions. Once this channel develops, coupleds
with a saturation in transverse momentum foiN collisions %
[30], conversion of dissipated energy into internal excitation
energy remains approximately constant. Hence, the deposi- 10}
tion energy approaches saturation. This is shown for the
3He+ 1%7Ag system in Fig. 7, using the BUU calculation of 1075
[21]. Here the average total excitation enefglyermal plus

1125

<dW|w>

4 1.00

M2

potentia), (E*), for central collisions I§= 1.8 fm) is plotted 1 M3 ‘ ‘ . . . 050
as a function of’He bombarding energy. As alluded to ear- 0.0 10 20 3.0 4.0 5.0 60
lier, the definition of excitation energy in the BUU calcula- Buuan [G6V]

tion is time dependent. For the present study, we have chosen

the average excitation to correspond to the time interval FIG. 8. Average IMF multiplicitieS M) and cross section&))
40-45 fmg. At this time, the calculation&Fig. 3) show that  for IMF multiplicities M=2 andM =3 as a function ofHe energy
(1) the maximum entropy per nucleon of the system is[7,31].
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pared with the INC codesABEL [19] for impact parameter BUU simulations, this comes about in two ways, both of
b= 1.8 fm. The upper INC calculation assumes the fast rearwhich involve significant transverse momentum transfer.
rangement option in the code and the lower curve is for slowFirst, for midcentral collisions, the cavity that forms in the
rearrangement[19]. Maximum excitation energies are wake of the projectile momentum front erodes away one side
achieved with the fast rearrangement option. Within the uneof the target, leaving a highly excited residue with a signifi-
certainties of the calculations, there is good qualitative agreezant transverse momentum component. This is illustrated in
ment between the BUU and INC predictions, especially inFig. 10 for the 4.8 Ge\PHe+ 1%’Au reaction with the code
their approach to excitation energy saturation. The differ-of [20]. Here the impact parameter is=4.6 fm. Clearly,
ences in absolute magnitude are most likely due to the faakesidues formed in such interactions will experience prefer-
that the BUU calculation includes both kinetic and potentialential emission in a direction perpendicular to the beam axis,
energy components of the excitation energy, whereas théus producing the observed sideways peaking.

INC does not include the potential energy. For systems with Second, for more central collisions, conditions for emis-
depleted density, this may be an important difference. Thaion of fragments transverse to the beam direction develop
effect of impact parameter on excitation energy saturatioronce a channel of highly depleted density is formed, as sug-
should also be noted. As discussed 1], the INC model gested by Fig. 6. In this case, not only is there a significant
predicts that as the impact parameter increases, the onsetmbmentum component perpendicular to the beam axis, but
excitation energy saturation occurs at progressively lowethe Coulomb field of the system favors focusing towards
bombarding energies. The reader should also be reminde®D° in the residue system. If fluctuations in the reaction dy-
that the INC predicts broad distributions E* and AA, namics favor the formation of only two fragments early in
whereas the BUU produces only a single average value. Fdhe reaction time, a special situation develops, i.e., a cleaving
all cases, the predicted residue mass is quite similar, as is tl# the nucleus along a plarjé@7]. In this case, the scission
average excitation energy per cascade nucleon lost by theonfiguration is more compact than for the distended shapes
residue. The behavior of the energy converted into depositionharacteristic of normal binary fission events, resulting in
energy per cascade nucleon suggests that beyond about 2
GeV *He energy, this quantity becomes nearly independent

of bombarding energy. The rise at low energy reflects the £ 10 10 fm/c 20 fm/c
increased probability for thermalization of the projectile en- :
ergy. 5

The model calculations are in accord with experimental o |

excitation function data for théHe+"®Ag system, which

indicate a saturation in deposition energy near 4 GeV bom- i
barding energy15]. This is shown in Figs. 8 and 9 for sev- 40 |
eral variables, including the IMF probabilities and multiplic- :
ity distributions[7,31] and the distribution of total observed
thermalized energy per evefthe thermalized energy is the

total kinetic energy in an event after nonequilibrium ejectiles 5

have been removdd5,32). The data at 3.6 and 4.8 GeV are of

nearly identical for all variables in Figs. 8 and 9 as well as §

other observables believed to be strongly correlated with ex- S

citation energy deposition, such as thermal charged particle a0 |

multiplicities and total observed ejectile chald®,32. This [
interpretation is also consistent with the observation of lim- -10 0 10 -10 0 10
iting fragmentatiorj8] and constant IMF charge distributions Z (fm)

for energetic light-ion-induced reactiof¥,6].

Finally, another aspect of the BUU density profiles relates FIG. 10. Two-dimensional BUU profiles for a midcentral impact
to the observed sideways peaking of fragment angular distriparameter ob=4.6 fm for the 4.8 Ge\® He+ *°’Au reaction, us-
butions near~10 GeV in p+A reactions[10,11]. In the  ing the model of20].
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greater Coulomb repulsion and more energetic fragments. laccount for expansionlike behavior of nuclei formed in light-
addition, mass loss during the fast cascade should produden-induced reactions, leading to eventual multifragmenta-
lighter than normal fragments. A similar interpretation wastion and characterized by very low-energy fragmets
proposed by Wilkinset al. [12] to explain observation of a This may resolve the discrepancy between experiment and
binary fissionlike component with anomalously high kinetic previous BUU/QMD calculationg35,36, where purely ther-
energies and lighter than average masses in the 12 GeMal heating of uniform spherical nuclei resulted in little ex-
p+2%U reaction. Similar arguments have been used bypansion. In two-step models of multifragmentation, the de-
Hufner [17] to explain these results. pleted density of the hot residue needs to be considered in
the application of the breakup mechanism.

At °He energies near 4 GeV for Ag targets, the BUU
. . ~_ model predicts that the projectile collision front will pen-

The picture that emerges from these BUU investigationgyrate the target nucleus, leading to a saturation of deposition
of the reaction dynamics suggests a time-dependent model ghergy beyond this bombarding energy. This saturation is
multifragmentation, similar to that proposed by Friedmang|sg predicted by INC calculations. In general, there is agree-
[22] and Naenberg[33]. In the schematic model of Fried- ment between the two models, except that the omission of
man, multifragmentation is viewed as the consequence of ggtential energy in calculating the excitation energy with the
monopole expansion of the excited nucleus driven by theriNc model leads to somewhat lower values for density-
mal pressure. During expansion, nucleons and fragments cgpleted systems. The predicted saturation in energy deposi-
be emitted from the hot system. In general, this process ifon is consistent with numerous observations of energy-
viewed as a volume increase of a system with an approximgependent behavior in the properties of target residues
mately constant number of constituent nucleons. The tim@omed in such reactions. Finally, the simulations can quali-
dependence of the BUU calculations investigated here yieldgtively account for the transition from forward to sideways
an analogous result, except that the dilute phase is at leagpaking in the fragment angular distributions and detection

partially attained by the rapid removal of multiple nucleons/of ynysually energetic fission-like phenomena over the en-
coalesced fragments from an approximately constant volumgrgy regime 1-10 GeV.

(since there is insufficient time for significant collective be-
havior. The success of a hybrid model based on an intra-
nuclear cascadgl9] expanding emitting sourcde22] calcu-
lation in fitting intermediate mass fragment multiplicities,
energy spectra and large-angle velocity correlatiph84] We thank W. A. Friedman, H. Mler, and B. D. Serot for
may have its origin in this correspondence. discussions relevant to this work, as well as David Ginger for

In summary, we have examined results from two separatassistance with preparing the manuscript. This work was
BUU calculations to investigate the dynamics and energysupported by the U.S. Department of Enen@yrant No.
deposition in light-ion-induced reactions. The results indicatedDEFG02-88ER.40404A00@&nd the National Science Foun-
that at bombarding energies of several GeV, central collisiongation (Grant No. PHY-9403666 Partial support from the
produce a depleted region of nuclear density in the center d®residential Faculty Fellowship PrografWw.B.) is also ac-
the target nucleus at reaction times in the interval 20—50 fmknowledged, as is the Nuclear Theory Institute at the Univer-
c. This bubblelike structure may provide a mechanism tosity of Washington.

IV. CONCLUSIONS
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