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Source size and time dependence of multifragmentation induced by GeW¥He beams
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To investigate the source size and time dependence of multifragmentation reactions, small- and large-angle
relative velocity correlations between coincident complex fragments have been measured for the 1.8—4.8 GeV
SHe+"Ag, 1%7Au systems. The results support an evolutionary scenario for the fragment emission process in
which lighter IMFs Z=<6) are emitted from a hot, more dense source prior to breakup of an expanded residue.
For the most highly excited residues, for which there is a significant yield of fragments with very soft energy
spectra E/A<3 MeV), comparisons with ahl-body simulation suggest a breakup timemf50 fm/c for
the expanded residue. Comparison of these data with both the evolutionary expanding emitting source model
and the Copenhagen statistical multifragmentation model shows good agreement for heavier IMF’s formed in
the final breakup stage, but only the evolutionary model is successful in accounting for the lighter IMFs.
[S0556-2818901707-0

PACS numbsgps): 25.70.Pq, 25.55-¢e

I. INTRODUCTION and emission time scale. This information serves as a vital
constraint on the applicability of models proposed to explain
In order to deduce the thermodynamic properties of hotthe multifragmentation of highly excited nuclei, and ulti-
finite nuclear matter produced in energetic nucleus-nucleumately, the possibility of improving our knowledge of the
collisions, it is essential to understand the space-time evoluauclear equation of state at low dendif-15], see als¢16].
tion of the excited residues that produce the spectrum of By selecting pairs of fragments emitted at large angles
experimental observables. A powerful tool in this regard iswith respect to one another, it is possible to probe the source
provided by measurements of the relative velocities betweenize at breakup. Fragment pairs originating from a nucleus at
correlated fragments emitted during the breakup processormal density and/or high temperatures should exhibit
[1-4]. This technique exploits the mutual Coulomb repulsionhigher relative velocities than pairs from an expanded and/or
experienced by pairs of charged fragments as they emergmoler source. A valuable baseline for comparing the sensi-
from the hot source to gain insight into both the source sizeivity of large-angle relative-velocity data to the Coulomb
field of the multifragmenting source is provided by well-
established fission total kinetic energy rele@B€E) system-

*Present address: H.K. Systems, Inc., Milwaukee, WI. atics[17]. Several authors have previously used the relative
TPresent address: Los Alamos National Lab, Los Alamos, NMvelocity technique in the study of both light-ion- and heavy-
87545. ion-induced reactiongl,3,18.

*Present address: Microsoft Corporation, Redmond, WA 98052.  Relative velocity (or momentunh correlations between
80n leave from Institute for Nuclear Research, 117312 Moscowpairs of complex fragments emitted at small angles with re-
Russia. spect to one another are sensitive to the emission time scale
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[19]. Due to the Coulomb interaction, fragment pairs with est for low-energy fragments for this reaction. Estimates of
small relative velocities emitted in close temporal relation tothe time evolution and source size characteristic of these re-
one another and along similar trajectories interact stronglyactions are made. These results are also compared with both
This produces a suppression of yield at small relative anglethe expanding emitting sourc€EES model [5] and the
which appears as a “Coulomb hole” in the correlation func- Copenhagen statistical multifragmentati¢SMM) model

tion. This suppression disappears as the relative velocit{f]- Abbreviated reports of these analyses have been pub-
and/or emission time difference increases. Thus, when conlished previously35,36].

pared with time-dependent simulations of the breakup pro-

cess, the magnitude of the Coulomb suppression serves as a Il. EXPERIMENTAL PROCEDURES

chronometer for the breakup time scale. Small-angle corre-

lations have been employed by several authors to deduce Measurements were performed at the Laboratoire Na-
time scales of order~100 fm/c for the disintegration of tional Saturne, using the Indiana Silicon Sphdi®iS) 4

hot nuclei formed in heavy-ion collisiof20-24, see also detector array28—30. Beams of 1.8, 3.6, and 4.8 GelHe

[16]. ions bombarded high purity targets 8fAg (1.1 mg/cn?)

In previous studies of multifragmentation induced byand **’Au (1.5 mg/cnf). Full details of the experimental
GeV °He ions[25,26], as well as in peripheral AtAu col- ~ apparatus are described[i80,37.
lisions [27] it has been shown that excited residues with The ISIiS array is a spherical structure consisting of 162
deposition energies up B* ~1.5 GeV are formed. For the triple detector telescopes, 90 in the forward hemisphere and
3He beams, events exceeding the multifragmentation thresi¥2 in the backward hemisphere. It covers the polar-angle
old (E*/ A~5 MeV) have a sizablé50—100 mb cross sec- ranges from 14° to 86.5° and 93.5° to 166° and each tele-
tion [25], and there is a significant yield of sub-Coulomb- scope covers 20° in azimuthal angle. Each telescope consists
energy fragment§28—30. These soft events are consistentOof a gas-ionization chamber operated~at7 Torr of GFg,
with a multifragmentation mechanism that is driven by ther-a fully depleted 500um ion-implanted passivated silicon
mal expansion of a highly excited source prior to disassemdetector and a 28-mm thick G3l) scintillator with photo-
bly, a concept that is contained in several theoretical modelgiode readout. The telescope dynamic range permitted mea-
of multifragmentatior{5—8]. Implicit in these models is the surement of light-charged particles (LEP and He) and
assumption of near-simultaneous breakup for the hot resintermediate-mass fragmer(idF: 3<Z=<20) with discrete
dues in the final stages of expansion, as opposed to a chain dfiarge resolution of up t&~20 and energy acceptance
sequential evaporative emissions from a nucleus at norm&l.7<E/A<92 MeV. Of particular relevance to this analysis
density. Thus, establishing the time scale for the multifrag4s the very low energy thresholds for IMFs, which permit for
mentation process in light-ion-induced reactions is vital tothe first time careful examination of the sub-Coulomb com-
the thermal expansion scenario. ponent of the multifragmentation yield. The angular resolu-

Light-ion-induced reactions offer many distinct advan-tion is relatively coarse, and hence the correlations are most
tages relative to heavy-ion reactions for source-size/timesensitive for IMFs, which experience greater Coulomb de-
scale studies via the relative-velocity-correlation technigqueflection angles as they separate. In these experiments a mul-
Most important among these is that the fragments have tiplicity of two in the silicon detector logic was set as the
unique origin; i.e., there is only a targetlike source. Furtherminimum-bias hardware trigger.
the rapidity distributionginvariant cross sectiopsire nearly In the analysis of the large-angle data, IMF pairs were
isotropic in the laboratory systefi28], except at very for- sampled for polar angles greater than 30° and separation
ward angles. Thus, it is possible to examine the full range ofingles in the interva¥ . (1,2)=180°+40°, where
emission angles, with minimal kinematic distortion of the
spectra. Further advantages are suggested by intranuclear- . .
cascade(INC) and Boltzmann-Uehling-UhlenbeciBUU) W o1, =arccofvy-vo/|vylv,l] (1)
calculations of the collision dynamics. These indicate that
energy deposition is rapidr&30 fm/c) [31-34, permit-

. . . iy and
ting an approximate decoupling of the collision and decay
stages of the reaction. The calculations also predict that the
residue exists in a state of depleted density and that angular
momentum plays a small rolé(,,=40#/). Thus in principle,

highly excited heavy residues produced in GeV light-ion-
induced reactions are one of the most transparent experimen- For the purposes of this analysis, IMF energy acceptance
tal cases for the study of multifragmentation driven primarilywas chosen to be 0FE/A<10 MeV/nucleon, correspond-
by thermal forces. ing to velocities in the range 23v,,<8.8 cm/ns. The an-

In this paper we describe both small- and large-anglegular acceptance and IMF upper energy limit were chosen to
relative-velocity correlation analyses for data from theminimize the contribution of nonequilibrium IMFs in this
1.8-4.8 GeW "Ag and '%’Au reactions. Most of the analysig30]. This is particularly important for Li, Be, and B
analysis is focused on the 4.8 Ge¥He+ '%’Au reaction, fragments; inclusion of the full spectrum for these elements
since this system vyields the highest IMF multiplicities andwould increase the average value of the relative velocities,
cross sections, plus our detection energy acceptance is lars ), especially Li.

Ure|:U:|_+U2.
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TABLE |. Average mass values used in calculation of relative 0 _
velocities. Based on Reff38,39. S 15000
_Q' .
7 <A> 7 <A> %10000 i_
3 6.5 9 19.49 % 5000 :_ Correlated
) : — (P S PN RN SPRIUUI NI AR AT S .
4 8.74 10 21.58 % 15000 |-
5 10.93 11 23.72 3 -
6 12.65 12 25.70 500
7 14.96 13 27.96 g 5000 |- Uncorreloted L
8 1700 14 3081 % :0— i i i L . 1 L
e
T 075 E
Since only the energy and charge of each IMF were mea- g o5 |-
sured in these experiments, it was necessary to assume an € 5 £
average fragment mass in the calculation of the relative ve- ) S T VY U P N
¢] 20 40 60 80 100 120 140 160 180

locity. The average fragment masses used for this purpose
are listed in Table | and are based on two sets of experimen- 6,q(deg)
tal data for similar systems. Each mass represents an averageFIG. 1. Top: Number of counts of correlated IMF-IMF pairs in
of those reported in Ref$38] and[39] and the error bars the 4.8 GeV3He+%7Au reaction as a function of relative angle
indicate the upper and lower extremes of those data. We nofeetween them. Middle: Number of counts of uncorrelated IMF-IMF
here that the frequently used assumptids 2Z, which is pairs, as above. Bottom: The ratio of correlated-to-uncorrelated
not consistent with experimental data, leads to higher valueRairs for this reaction.
Of Uye| -

In the small-angle IMF-IMF correlation analysis, gatin
was performed ongselected IMF kinetic energy \Bllvindo?/vs agd R(vred + 1:Ci§’j: Yij(Pi ’pj)/%) Yaix(Pi.P1)- (3)
the angular range for event acceptance was again for polar

angles greater than 30°. The event acceptance was restricted ) ]
to the most violent events, defined by observed thermalEOF Poth the experimental data and model calculati@es.

charged-particle multiplicitiesNy,=11 [30]. This corre- V), all correlated yields X;;) were divided by the same
sponded to about 7% of the measured triggers, or about 5oUMPer of uncorrelated fragment pairg ) in order to
mb for the "¥Ag target and 100 mb fof®’Au. Reconstruc- determine the normalization consta@t This provides a

tion of these eventf25] indicates a range of residue excita- Natural normalization that yieldéR)=0 at large relative
tion energies fromE* ~800—-1500 MeV for'®Au and E* angles or momenta; i.e., the correlation function is unity in
~500-900 MeV for"@Ag. Two levels of cuts were im- IS case. ,

posed on the IMF kinetic energy spectra. For a global analy- " Fig. 1 the behavior ofyj; and Yy, are shown as a
sis, all IMFs with E/A)yr<10 MeV were accepted. In function of relgnve angley,q in the upper and middle
addition, we have examined the behavior of the unexplore§!es, respectively, for the global data set from the 4.8 GeV
sub-Coulomb region of the spectra belowE/A) e He+1%7Au reaction. The expected peaking of these distri-
<3 MeV, which accounts for a major fraction of the spec- butions near 90° due to solid angle effects is apparent. The

tral yield for high deposition-energy events. Because of thdottom frame of Fig. 1 shows the correlation function for

low velocities for these fragments, they are particularly seni€Se data, illustrating the existence of the Coulomb suppres-

sitive to the Coulomb interaction between the separatingion at small relative angles. In order to compare with the
fragments. data, simulations of the correlation function were passed

The correlation functions are calculated for a reduced vethrough the detector filter, which accounted for ISiS geom-
locity of the fragments, etry. The effect of the filter is illustrated in Fig. 2 for a
simulation with theN-body Coulomb trajectory calculation
of Glasmachef40], discussed in more detail in Sec. IV.
Urea=|(P2/My) — (P2 /Mp) [/ VZ1 + Z5, 2
Ill. LARGE-ANGLE CORRELATION RESULTS

wherep;, m;, andz; are the laboratory momentum, average The relative velocity distributions for the 4.8 Ge¥He
mass, and charge of the fragments, respectively. In order t@actions with"*Ag and *°’Au are plotted in Figs. 3 and 4,
obtain maximum statistics and to normalize Coulomb ef-respectively. The data are plotted for IMF pairs with identi-
fects, the factor/Z,+ Z, is introduced to permit comparison cal, or nearly identical charges. The uppermost curves in
of similar IMF Z values[21]. Figs. 3 and 4 account for event pairs for all possible charge

The correlation functiofi21] is defined as the ratio of the combinations Z;,Z,). Due to substantially lower cross sec-
coincidence yieldy;; for fragments with momentump in a  tions for multiple IMF events in the 1.8 GeV bombardments
given event to the product of the uncorrelated yield for frag{28], the statistics were too poor to perform the analysis at
ments in two separate events,,,, as follows: this energy.
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FIG. 4. Relative-velocity distributions for IMF pairs for various
IMF charges, as indicated in the figure. Data are for 4.8 Gkl
Vied [10'3c] +1%7Au reaction.

FIG. 2. Effect of detector filter on simulated events. Calculationare listed in Tables Il and IIl for th8%Ag and *’Au targets,
is for the 4.8 GeV3He+%Au reaction with theN-body code of  respectively. The relative velocities decrease systematically
Ref. [40], assuming a source lifetime of 50 fm/heaviest residue as a function of IMF charge and th€’Au data lie signifi-
charge ofZ=12, and fragments with energies less than 3 MeV/cantly above those for"®Ag, consistent with simple
nucleon. Upper curve is fof=3,4 IMFs and lower curve is for  Coulomb-repulsion-energy expectations. The standard devia-
Z=5 IMFs. tions of thev, distributions are nearly constant for IMFs up
to carbon and then decrease systematically with increasing
In Fig. 5 the centroids and widths of the relative velocity value. Little difference in the widths is noticed in comparing
distributions, as defined in Eql), are plotted for pairs of the two targets, although th#Ag data may be reduced in
similar IMFs (Z,=Z,, or for heavier fragmentZ,=2Z, part due to the fact that low-energy threshold of our detector
*=1) as a function of the average IMF charge. These valuesuts off a fraction of the IMF yield.
The centroids of the IMP ., distributions in this work are

— T T T T T significantly higher than previously reported by Lipsal.
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FIG. 5. Relative-velocity centroidaipped and standard devia-
FIG. 3. Relative-velocity distributions for IMF pairs for various tions (lower) as a function of the charge of the IMF pair for the 4.8
IMF charges, as indicated in the figure. Data are for 4.8 Gl  GeV 3He+"®Ag and '%Au reactions. Higher IMF charges are
+MAg reaction. binned according to Figs. 3 and 4.
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TABLE Il. Measured IMF average relative velocitiés,) [cm/ 7
ns|] and standard deviations at large relative angle for 4.8 GeV "
3He+ Ag for different gates on IMF observed multiplicit e ,
and for total distribution.

6 —

N|MF:213 NlMF:415 NlMF>5 All N”v”:

<Zfrag> Vel 0(Vre) Viet 0(Vre) Vet 0(Vre) Vret 0(Ure)
2.0 54 090 53 098 53 1.05 53 0.97 5

3.0 52 091 51 09 51 100 51 0.9
4.0 48 091 48 09 48 093 48 0.93
5.0 45 088 43 088 43 092 43 0.88
6.5 41 080 41 080 40 080 4.0 0.80 4 L
8.5 36 075 36 060 36 059 36 0.59 r
115 34 051 34 047 34 046 34 048
14.0 32 050 30 030 32 - 3.2 0.32

<v> [cm/ns]

[41] for GeV “He-induced reactions of?’Au, especially for
lighter IMFs. The results of Ref41] have been interpreted
as evidence for a breakup density@po~ 1/7[18]. As will FIG. 6. Average relative-velocity centroids for fragment pairs
be shown below, our data require less extreme breakup denerresponding to Fig. 3 and separation arfjig=180°+40°, for
sities for multifragmentation. The difference between thethe 4.8 GeV *He+'Au reaction, gated on IMF multiplicity.
two experiments may be explained by the active depletionShaded area gives expected average velocity centroids for fission
layer thickness of the silicon detectors in the two experi-TKE systematics, as described in text. Insert indicates distribution
ments, 150um in [41] and 500 wm in ISiS. In the former ©f IMF multiplicities with the gates highlighted.

case this corresponds to maximum fragment energies of = _ . .
E/A<4 MeV/nucleon andv,<6 cm/ns compared with Qor z=8 fragments. This result suggests that a broader dis

. tribution of source conditions may be responsible for produc-
E/A<10 MeV/nucleon and)=8.8 cm/ns with the cuts y P P

imposed on the ISiS data. As can be seen in Fig. 4, a sizablngl the lighter IMFs.

e . . . .

. o In order to provide a baseline for comparing the sensitiv-
fraction of thew, distributions would be affected by the . - -
detector cutoff in the Lip¢He work. ity of the v, data to the Coulomb field of the emitting

) . . source, the centroids are also compared with values based on
In order to examine the effect of collision violence on the

. - 4 fission kinetic- energy-releas€KE) systematic$17] in Fig.
re'f;E'VG veIoc_mes, the cer_ltrou_js from the_ 4.8_Ge\?He 6. The fission estimates assume two successive fission steps
+*°’Au reaction are shown in Fig. 6 and given in Tables Il

d 11l for th diff b d multiplici from the postcascade targetlike residue. Zhand A of the
3.”. Il for o rs.e : ((jer.entho SErve mul_t|$1|C|tNMF)hcon—' fissioning source are estimated from well-tested INC calcu-
itions, as indicated in the inset. For light IMFs, there IS ay4410n5142), which are in agreement with source reconstruc-

slight decrease in e with increasingNy ; for the heaviest i, caiculations for these experimental dE2a). These pre-
IMFs, the centroids for all three multiplicity bins appear to dict a range of residue nuclides for the 4.8 GéVe
converge. The standard deviations of the light IMF distribu- 197y system betweerz=72, A=179, and 2=65 A

tions in Tables Il and Il also appear to_ increase for higher_ 165 for deposition of excitation energies between 5 to 10
Niwe values, whereas they are nearly independenNff: 1oy per residue nucleon, respectively. This range is ac-
counted for by the shaded region in Fig. 6. For nuclei in this
Jnass range, fission TKE systematics yield a radius parameter
ro=1.8 fm for the effective charge-separation distance at

TABLE Ill. Measured IMF average relative velocitig® o)
[cm/ng and standard deviations at large relative angle for 4.8 Ge
3He+ Au for different gates on IMF observed multipliciti e ,

and for total distribution. scission, d=r,(Al*+AL?%. Compared to a value of,
=1.2-1.4 fm for nuclei at normal density, this would cor-
Nye=2,3 Npye=45 Nye>5 All Njye respond to a density ¢f/ pp~0.3-0.5 if the separation were

(Ziag Vel 0(0re) Vit (Vi) Urel O(Vre) sl (vre) radial instead of axial. The effect of the source temperature
on v, has also been included in the fission calculations,
2.0 61 0v7r 60 082 58 093 61 088 assuminga temperature of 5MeV. As shown in Fig. 7, the
3.0 59 079 58 081 57 089 59 087 Jargest effect of source temperature is on the lightest IMFs,
4.0 50 081 54 083 52 094 53 090 which improves the agreement with the slope of the data.
5.0 53 084 52 084 51 089 52 088 However, the Li-B fragments are still underpredicted by a
6.5 49 080 48 082 47 087 48 0.87 large amount. These same results are obtained foPiAg

8.5 45 074 44 077 43 077 43 0.78 target.

115 39 061 39 059 39 061 39 060 The most prominent feature of Figs. 6 and 7 is that even
14.0 35 060 36 049 35 49 3.7 050 forthe most violent events, the experimental centroids for
the lighter IMFs lie well above the simple Coulomb-
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L e e T phase of the reaction. This distribution then served as input
r e Dato ] for the time-dependent expanding evaporating SOUEEES
e L ® --- Coulomb + thermal [5] and simultaneouénultifragmentation SMNI[6] models.

The default conditions of both models, which have been suc-
cessful in fitting heavy-ion multifragmentation dafa6],
have been employed. For comparison with the data, energy
] thresholds were imposed on both calculations to conform to
] the ISIS detector acceptance and software cuts<{(2,3

] <8.8 cm/ns).

The EES and SMM models provide quite different per-

spectives on the time evolution of the disassembly process.

—— Coulomb (TKE fission)

<> [cm/ns]

0 2 4 6 8 1 12 1 The EES model invokes a time-dependent scenario for IMF
emission, assuming isentropic monopole oscillations of a hot
<ZrracMENT source that emits primarily light fragmen{surface emis-

sion) as it expands and cool§]. For sufficiently high tem-
peratures, the amplitude of the initial oscillation exceeds the
cohesive nuclear forces, leading to breakup on a time scale
) o o ) o of order 100 fm¢. At this stage volume emission is as-
repulsion predictions of fission systematics. This picturesymed and heavy fragment production becomes strongly fa-
does not change appreciably if additional centrality cuts arggreq.
imposed on the data, or if the calculated, values are In the INC/EES calculation, the effective compressibility
supplemented by a thermal source with=5 MeV. This  parameter ik =144 MeV, for which p~p,/3 at breakup
suggests that on average, light IMFs have their origin in43). This value ofK is comparable to that estimated for a
more dense and/or hotter sources of higher charge thaghjte-charged nucleus relative to standard nuclear matter
heavier IMFs. This perhaps reflects an expansion boost qQu4]. The model of Ref[43] has been previously shown to
coalescence-like processes associated with secondary scattgézount for the IME multiplicities and energy spectra in the
ings during the latter stages of the cascade but prior to maxiy g Gev 3He+ 1970y, "aAg reactions 28,29,
mum expansion/dilution of the source. . The SMM model[6] assumes instantaneous statistical de-

In contrast, for the heaviest IMFZE8), there is good  cay of a hot expanded residue into many fragments. In the
overall agreement with the fission systematics. The correggersion of the model employed in these comparisons, a
sponding radius parameter is consistent with emission froffeeze-out volume is assumed in which the fragments attain
an expanded/dilute source with<po/2. Thus, these results fy|| statistical equilibrium(maximum entropy The default
are consistent with a time-dependent picture of multifrag~,ajye of the critical radius correspondingdg/3 is employed
mentation in which light IMFs are emitted from a hot, ex- here. No preequilibrium stage is included between the fast
panding source, followed by breakup of a dilute residue incascade and breakup steps in either of these calculations.
which IMFs of all charges are emitted. A similar comparison can be made using the cedeoN

In Fig. 8, the average relative velocity centroids for all [45,46] for which we have put the same angular and energy
Nive bins (Fig. 5 are compared with predictions of two conditions as on the data. Two options were examir#p:
hyb”d models. For both model calculations, identical |NCevaporation, or Sequentia| IMF emission, dﬂm exp|osion,
calculations[42] provided the distribution of residue mass, or simultaneous disassembly. The Coulomb trajectories are
charge, and excitation energy produced in the fast cascaqgyjculated, the thermal motion is taken into account, and the

formed fragments are allowed to decay. For the first option,

FIG. 7. Comparison of data in Fig. 5 for fission sourceTat
=0 (solid curvg andT=5 MeV (dashed curve

lar to the empirical fission calculations. The -calculated
widths are found to decrease only slightly with increasing
charge sumd from 1.0 to 0.8 cm/ns, similar to the results in

.,

ar -4 Dota \‘e\

- INC/EES X

7 a full calculation has been done using INC c$d@] outputs

{ l 4.8 GeV *He + Au 4.8 GeV *He + Ag to feed into the evaporation code, which then computes the
c i decay of a residue at normal density. Comparisons are shown
© by the triangles in Fig. 9, where the data are plotted as a
A 5[ - function of the sum of the IMF charges. The results are simi-
>E.’

\V4

-%- INC/SMM Fig. 5. Another calculation, which assumes an average
3 i source with a giver*/A of 5 MeV and a laboratory veloc-
ity of 0.01c, consistent with the rapidity analysj&8] and
20 5 1'0 o 5 : average mass and charge taken from INC, shows similar re-

<Z::acms~r> sult_s. This last source has also been used for the exp!osi_on
option where three fragments are assumed randomly distrib-
FIG. 8. Comparison of relative-velocity centroids for tfiéAg ~ uted in space inside a sphere of maximum compactness but
and 1°Au targets with predictions of two hybrid calculations, INC/ with a constraint of a minimal distance of 2 fm between the
EES and INC/SMM, as described in the text. fragment surfaces.

014603-6



SOURCE SIZE AND TIME DEPENDENCE OF ... PHYSICAL REVIEW &0 014603
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FIG. 9. Comparison of relative-velocity centroid®) for the
197au target with predictions of the model of Durafi], assum- < Zeracuenr>
ing a source temperature &*/A=5 MeV and two breakup sce-
narios: INC and evaporation’) and explosion Q). Dashed and
solid curves show mean trends of the calculations.

FIG. 10. Upper: Average relative velocity for fragment pairs for
4.8 GeV 3He+ *°"Au reaction. Predictions of the INC/EES calcula-
tion are given by solid line and INC/SMM predictions by dot-
dashed linesd= py/3) and dashed linep(= py/2). Lower: Average

The comparison is shown in Fig. 9 for the 4.8 GéMe . ) ) . i
11977 reaction. The results parallel those of the INC/SMM reduced velocity for centroid fragment pairs. Com_par_lson is with
’ INC/EES model for two conditionK =144 MeV (solid line, cor-

c'alculat'ion af‘d fission systematics. The ”.\IC plus ,e,vaporar'esponding to expansipmndK = (dashed line, corresponding to
tion option fails to reproduce both the relative velocities and

. ) . . _.-emission from a system at normal nuclear matter density
their slope as a function of charge. The explosion option with

E*/A=5 MeV accounts for the higheZ fragments, but lation clearly shows a significant increase in the relative
again fails to describe the slope. Similar trends are observegelocity centroids from the stiffer, more compact source.
for silver. As shown in the upper frame of Fig. 10 an increase in the

In comparing with the data, the most sensitive test of thereeze-out density in the SMM calculation pe= p/2 would
models is their ability to account for both the absolute valuesring the simulation in line with the data for the heavier
and the slope/curvature of the, vs Z dependence. The [MFs. However, this adjustment would not affect the slope/
absolute magnitude of the results can be altered by adjustingurvature and thus would still significantly underpredict the
the radius parameter, but this has minimal effect on the v centroids for the lighter IMFs.
curvature. In Fig. 8, the INC/EES simulation is found to be The larger predicted average relative velocities for the
in general agreement with the,, data for */Au, both in  low-Z fragments for the INC/EES calculation relative to
absolute magnitude and the curvature of thdependence. those for INC/SMM is consistent with the emission of IMFs
For the "Ag target the agreement is somewhat poorer. Theearly in the expansion phase of the highly excited residues.
agreement is less satisfactory for the INC/SMM and Duranduring this period, the source density is higher, as are both
cases, although for the heaviest fragmeiztz8), the con-  the source charge and temperature, thus producing more en-
cordance with the data is reasonable. ergetic fragments. In addition, the earfiight) fragments

In Fig. 10, the model dependence on source density isnay receive an expansion bodsf. This pre-breakup IMF
examined. In the lower frame, the schematic INC/EES modegmission stage, in which ejectiles with<6 are preferen-
is compared with the®’Au data for two casesK tially emitted, bridges the interval between the fast cascade
=144 MeV (expansiopandK=o (no expansion The lat- and multifragment breakup. It is an aspect of the disassembly
ter case corresponds to emission from a static source at namechanism that is present in the EES but not in the SMM
mal nuclear matter density. The similarity in light IMR, ~ and siMON codes used here. While a preequilibrium option
values for both assumed valueskofeflects the similar prob- can be implemented preceding the SMM stage in the code of
ability for fragments to be emitted early in the deexcitation[6], it allows only for H and He emission and hence would
process from a highet-source closer to normal density. In affect the present results only by cooling the source and re-
addition, the Li fragments from thK=144 MeV calcula- ducing the charge of the residue. This argues for the inclu-
tion may exhibit some velocity enhancement due to the exsion of some form of IMF precursor stage in comparing the
pansion boost. As the fragment charge increases, the calcstatistical model calculations with data. Nonetheless, com-
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FIG. 11. Bombarding energy dependence of the reduced- FIG. 12. Target dependence of the reduced-velocity correlation
velocity correlation functions. Top: th8He+ *7Au reaction, and  functions shown in Fig. 10.
bottom: the3He+ "¥Ag reaction. All IMF multiplicities with N;yg

iz and fragment kinetic energies between <DEivr/A  of hombarding energy in each case, suggesting somewhat
=10 MeV are indicated in the data set. shorter time scales for reactions induced by the more ener-

_ ) i i etic projectile. Figure 12 shows the same results, comparing
parisons of the data with all th_ree cglculatlons are consisteff,siead the target mass. At each energy, g target
with a time-dependent model in which the final breakup 0Cyjie|ds the largest supression, consistent with the smaller

curs from a system at low density. breakup volume and lower IMF velocities for this system.
Of more direct concern is the dependence ofdhgcor-
IV. SMALL-ANGLE CORRELATIONS relation function on collision violence. Here we have chosen

the number of thermal charged particles, which is directly
. , ; o : proportional to the deposition ener¢80], as our gauge of
consistent with a time-dependent scenario in which IN”:deposition energy. It is observed in Fig. 13 that as the num-

emission occurs fr_om an expano!lng source, the time-scale fcBrer of thermal charged particles increases, the supression at
the final breakup is critical in differentiating between a se-

guential or instantaneous mechanism. Information relevant to

While the large-angle-correlation analysis in Sec. lll is

this issue can be deduced from comparison of measured /} .Thermglmu;t“ ' ]
small-angle reduced-velocity correlations with time- 15 [ ffo<<TfT*f1;T;'aTﬂn:':n§ 10 .
dependent model simulation49]. This approach has been + ]
followed in numerous heavy-ion studies, yielding a range of — 1 F :jzz;:iﬁ:;w—:ﬂ;;rm:ﬁ
relative emission times between-1000 fmk for evapora- B e ]
tionlike phenomenél] to 7~ 100 fmic for high multiplicity 05 | el a8 ooy Ho s Au ]
events in intermediate energy heavy-ion reactiftts—24. I = ’ -
In this section we present the results of similar investigations 0
for GeV light-ion induced reactions. Of particular interest in e b ]
this analysis is the time scale for that portion of the IMF T L 4 8< Thermal muit ]
kinetic energy spectrum that is characterized by sub- i et ke ]
Coulomb fragment energies. These fragments provided the T F gﬁ:ﬁli_‘:i‘ v ]
earliest suggestion of expansiqa8,49 in GeV proton- os b tj;_""" ]
induced reactions and have subsequently been shown to be T - 4.8 GeVHe + Ag

associated with the most violent collisions in light-ion in- o=
duced reacton§28,29,50. Because of their very low ener- 0 o 20 0 60

gies, these events may constitute one of the best experimen-
tal cases for studying multifragmentation driven primarily by
thermal forces. FIG. 13. Dependence of reduced-velocity correlation function

In Fig. 11 the reduced-velocity correlation functifliq.  on the multiplicity of thermal charged particles for the 4.8 GeV
(3)] is plotted for all multiplicitiesN(;ye=2) for the five  3He+!97Au (upped and "Ag (lower) reactions. Acceptance of
systems studied in this work. The supression of correlate@MF pairs is the same as in Fig. 11. Multiplicity gates are indicated
events at low reduced velocity is seen to grow as a functiomn figure.

Veg [1073¢]
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0 5 10 15 20 25 30 35 40 45 FIG. 15. Upper frame: Relative charge distributions for events

[10_3 1 with  (E/A)ve>3.0 MeV (open squalrgs and _(E/A)JMF
Vred ¢ <3.0 MeV (closed squargsfor 4.8 GeV+ ~°’Au reaction. Lines

are to guide the eye. Lower frame: Energy spectra of Li &hd

FIG. 14. Reduced-ve;ocity %orrelation§ as a_function of reduce(*ragments(open and closed points, respectivelgolid lines are
velocity for the 4.8 GeV3He+ °’Au reaction(points. Data were output fromN-body simulation.

selected for pairs of events in whicNy=<11 and E/A)ue

=0.7-3.0 MeV and are shown f@r= 3,4 fragmentgupper framg _ i .
and Z=5-9 fragments(lower frama. Lines are results of an wherea=0.25 in the former case ara=0.60 in the latter.

N-body simulation withp/p,=0.25 and maximum residue size, With the exponential functiony? values were about a factor
Z.—=12. Time scales are indicated in the figure. of three lower. _ _

In the analysis, we employ source velocity and Coulomb-
low v,eq grows substantially, suggesting a shorter time SCa|et_)arr|e_r parameters derived from moving-source fits to the
To investigate this effect further, we have examined theeXperimental energy spectf80,51], corresponding to the
reduced-velocity correlation function for those low-energy€vent energy and multiplicity gates. In this procedure, the
IMFs associated with the most violent eventsf:/A Coulomb-barrier function in the spectral parametrization is
<3 MeV/nucleon and thermal multiplicityl,>11). The effectively subtracted from the moving-source fits in the in-
experimental correlation functions are plotted in Fig. 14 forPut Step. This raw thermal spectrum in the source frame is

two IMF conditions: light fragmentsZ=3-4) and heavy then boosted back in when performing tébody Coulomb-
fragments Z=5-9). This separation was imposed to isolatetrajectory calculation. The. output qf the simulation is re-
nonequilibrium contributions to the spectra, as discussed ifuired to match the experimental kinetic energy spectra for

the previous section. The significant Coulomb suppression 4f€se thermal-like events, examples of which are shown in
low relative velocity is apparent in the data. the bottom frame of Fig. 15 for a breakup time of 50 ém/

In order to estimate the breakup time scale thel he spectral shape of the simulation is quite sensitive to the
correlation-function results are compared with theoody ~ NPUt parameters; thus, the small deviations for_mtrogen frag-
Coulomb trajectory calculation of Glasmacheral. [40], ~ Ments belowE/Ayp=1 MeV represent good fits. _
which has been run through the ISiS software acceptance Three features of the simulation were important in obtain-
filter. In this code, the relative time interval between frag-iNg & simultaneous fit to both the spectra and the relative
ments is sampled assuming the relator/™, where y is velocity corre_lathns._ First, it was necessary to employ a
the source lifetime. Fragments are randomly selected accor@'€akup density significantly lower than normal; in these cal-
ing to the experimental multiplicity and charge distributions. culations we usg/p,=0.25, consistent with earlier results
The latter are shown in the upper frame of Fig. 15. It is 43] and those presented in Sec. lll, as well as theoretical
observed that the charge distribution for soft events is sigM0dels[5,6,8.. Second, the location of the heaviest residue
nificantly flatter than that for higher energies; the former corn the N-body ensemble had to be randomly placed within
responding to a power-law exponent=1.7 and the latter to  the breakup volumerather than a fixed central positipn
a value of r,=3.1. Both distributions are described better Finally, the fragment with the largest charge in tkebody

with an exponential function of the form ensemble needed to be small to reproduce the shape. The
calculations shown in Fig. 14 used a valueZgf= 12 for the
o(Z)ae charge of the largest residue, although the rangeZ gf
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R R B AR dilute source on a near-instantaneous time scale. The ex-
Ewr £ 3.0 MeV/fucleon tracted time scales are consistent with instantaneous models
of multifragmentation[6—8]. They are also in accord with
the time-dependent model of R¢6], for which 80% of the
fragments with kinetic energids/A<7 MeV are predicted

to be emitted within 70 fnd.

The short mean lifetimes implied by the analysis here are
comparable to the reaction relaxation time for these colli-
sions predicted by Boltzmann-Uehling-Uhlenbeck calcula-
tions [31], 7r~30-40 fmk. This value is also near the
characteristic time for thermodynamic fluctuations for a
source at temperaturd=4-6 MeV [26,27); i.e., Tay
~h/T=30-50 fmk [53,54. This suggests that dynamical

R (vred) + 1

'_: fluctuations — perhaps surviving from the fast collision
-~ stage — may play an important role in the disassembly pro-
S5 cess.

&z For the lighter =3,4) IMFs, the breakup time is more

poorly defined. Because the population of events with sub-
Coulomb energies is significantly reduced for these frag-
ments relative to heavier IMF$Fig. 15, the statistical
sample is much smaller20%). This is also reflected by
the relative velocity distributions for Li and B in Fig. 3.
Extension of the upper energy acceptance EA) e
<4.0 MeV removes most of the fluctuations in tAe- 3,4

FIG. 16. Comparison of experimental reduced-velocity correla-data in Fig. 14, but does not alter the average trend. Taken at
tions for 5<7,,Z,<9 for 4.8 GeV ®*He+'%Au reaction with  face value, the correlation-function data suggest that light
N-body simulation for maximum residue size=12 and 35, as fragments are associated with a convolution of emission
indicated in the figure. Time is 50 fm/in each case. Upper frame times, ranging fromr,=20-200 fmt. This implies that
is for (E/A)me=<3.0 MeV fragments and lower frame for gjgnificant yields of these light IMFs may originate via mul-
(E/A)mr>3.0 MeV. tiple mechanisms, extending from the pre-breakup stage

prior to or during expansion, to the final multifragment dis-

~10-20 is within the error limits. This compares with the assembly. This conclusion is consistent with a time-
average charge dof,.s~25 determined independently from dependent disassembly picture deduced from large-angle
reconstructed events with a similar centrality ¢25]. The  IMF-IMF correlations discussed in Sec. lIl.
requirement of both a short time scale and small size of the The reduced-velocity correlation functions, comparable to
largest residue in order to fit both the correlation functionsFig. 14, for the 4.8 GeVPHe+ "¥Ag system are shown in
and the energy spectra imposes a significant constraint on thiég. 17. Because of the lower average energies for fragments
ambiguities in these parameters. from the "¥Ag target and the fact that a substantial fraction

The residue size effect is important only for the soft com-of events occur below the low-energy detector threshold, no
ponent of the IMF spectra, as illustrated in Fig. 16. Here thefragment kinetic energy condition has been set on the data.
experimental correlation function f#=5-9 fragments is Thus, the fits in this case are much less conclusive, yielding
compared with thé\-body calculation for maximum residue time scales in the range~50-200 fmg. We attribute this
sizes Z,,s—=12 and 35; in each case the breakup time isresult as possible evidence that the smaller size and higher
50 fm/c. For the E/A)vr>3.0 MeV fragments(bottom  average excitation enerd@5] lead to enhanced fragment
frame), there is little sensitivity to the maximum remnant emission prior to final breakup of the hot source.
size. Time scales of,~50-100 fmt£ describe this compo- In Fig. 18 the reduced-velocity correlations for the
nent well, comparable to an earliéHe study[52] and to  thermal-like IMFs withM,=11, including all fragment en-
heavy-ion result421,22,24 for this fragment energy do- ergies up to 10 MeV, are shown along with predictions of the
main. INC/SMM model[7], passed through the detector filter. The

TheN-body Coulomb trajectory simulations are comparedSMM calculation again assumed the default parameters, as
with the %’Au data in Fig. 14 for breakup times ef,=20, discussed in Sec. lll. Two excitation-energy assumptions for
50, 100, and 200 fnw. For theZz=5-9 fragments, a value the SMM calculation are showrE*/A=5.3 and 7.7 MeV
of 79=50 fm/c describes the data well. In this regard it and results are shown for both light and heavy IMFs. For the
should be noted that these time scales are based on the safe 5-9 fragments, good agreement is found for Efé A
simulations that vyield breakup time scales of =7.7 MeV case. On the other hand, tAe-3-4 fragment
=50-100 fm£ in heavy-ion reaction$40]. This analysis pairs are described poorly at low relative velocities. Increas-
supports a picture in which the low-energy debris formed ining the SMM breakup density to normal density improves
the reaction originates in high deposition-energy processes ithe fit somewhat, but still leaves a strong disagreement with
which clusterization of the system occurs from an expandedhe data at low reduced velocities. This effect is due in part
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T T T T T T to the Fermi breakup mechanism employed in the postaccel-

$£2,2,24 , eration stage of the SMM code to account for deexcitation of
the hot primary fragments. This decay mechanism produces
significant yields of secondary Li fragments that can ran-
domly correlate with primary Li ions.

T

15
* Data

R(Veeq) + 1

T
d PR

4.8 GeV *He + Ag |

A

0.5 V. CONCLUSIONS

T T T T

The composite picture that emerges from these IMF-IMF
correlation studies of GeV light-ion-induced reactions is as
follows. The data suggest that for the most highly excited
residues, fragmentation is a time-dependent phenomenon in
which light IMFs are emitted preferentially from a hot, ex-
panding source followed by a near-simultaneous breakup
that is primarily responsible for heavier fragments. Compari-
sons of the large-angle-correlation data with hybrid-model
INC/EES and INC/SMM calculations satisfactorily account
for the heaviest IMFs. However, the time-dependent EES
model describes the relative velocities for light fragments
and the overall slope of the data better. This result points to
the need to complement IMF formation in instantaneous sta-

v [10‘30] tisti_cal_ models with a pre-breakup mechanism to account for
red emission during the late stages of the cascade, prior to

FIG. 17. Reduced-velocity correlation function for the 4.8 Gev bréakup of the dilute residue. o
SHe+"Ag reaction, as in Fig. 12, except that all IMFs with ~ Breakup times of the order af<100 fm/c are indicated
Ewme/A<10 MeV are included in the data set aNg,=8. Histo- Py small-angle reduced-velocity correlations between IMF
grams are forr=50, 100, and 200 fne; solid points are data. pairs. However, this time scale is dependent on collision vio-

lence, shorter times being associated with more violent col-
lisions, as reflected by IMF and thermal charged-particle
- multiplicities. For this reason the soft, sub-Coulomb compo-
UREL AN BN I RN I I I UL LS N . . I
« Data 357,2,54 1 nent of t_he spectrum has been mvestlga_ted for the flrst_ time.
..... SMM E'/A = 5.3 MeV - Comparisons with aiN-body Coulomb-trajectory simulation
---------- SMM E'/A = 7.7 MeV 1 indicate rapid breakup of these highly excited, thermal-like
] residues, with a mean disassembly timerg&50 fm/c for
the heavier clustersZ(=5-9). This time is short relative to
the thermodynamic relaxation time and suggests that quantal/
dynamical fluctuations may play an important role in the
disassembly process. In order to fit the experimental spectra
and relative-velocity correlation functions simultaneously,
the simulation requires a breakup densitypdpy~ 1/4—-1/3,
average heavy remnant size ff~10-20, and the random
placement of the heaviest remnant in the breakup volume.
For lighter IMFs, the time scale is more poorly defined, sug-
gesting an evolutionary process in which multiple sources
produce these fragments. Comparison with SMM calcula-
tions agrees well with the data for heavier IMFs emitted from
a source aE*/A=7.7 MeV.

In summary, the implication of these results is that mul-
tifragmentation studies with GeV light ions may provide one

R TIN FE D WETE BT of our most transparent examples for learning the thermal
0 5 10 15 20 25 30 35 40 45 50 properties of finite nuclear matter at high excitation energies.
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