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Multifragment breakup ofAg and 1%7Au nuclei bombarded by 1.8—4.8 Gele ions has been studied
with the Indiana Silicon Spheremdetector array. To investigate the properties of the emitting source as a
function of excitation energy, a two-component moving-source analysis has been performed on the
intermediate-mass-fragment spectra, gating on excitation energy. The results provide evidence for nuclear
expansion/dilution to a value @/ pg=<1/3 prior to breakup. For the most violent events, relatively low source
velocities ofv/c~0.01 and slope temperatures Bf-15 MeV are obtained for the dominant thermal-like
source. The dependence of isotope ratios on deposition energy and ejectile kinetic energy is examined for H
and He isotopes, and the caloric curves for the 4.8 GeV data are presented.
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I. INTRODUCTION measurements using electronic detection techniques were
o . ) . conducted by Warwiclet al. [11], which indicated the exis-
In_light-ion-induced reactions at bombarding energiesience of multiple IMF production in an event. Subsequent
above a few GeV, central collisions produce highly excitedinclusive studies of th@+Kr, Xe [12], and3He+"@Ag [13]
residues that emit multiple intermediate-mass fragmentspectra suggested that a mechanism change occurs when the
(IMFs: 3<Z=15) [1-3. Multifragmentation is of interest |ight-ion bombarding energy exceeds about 2 GeV. As a fol-
because it appears to be associated with large excitation efmwup to the studies of Ref13], a limited coincidence mea-
ergies per residue nucled& /A, approaching or exceeding surement of the 3.6 Ge¥He+"¥Ag reaction was performed
the total nuclear binding energy/nucleon of the residue. Fothat emphasized detection of very low-energy fragments
light-ion-induced reactions there is only a single heavy resi{14]. This work provided evidence for significant multiplici-
due, and compression and angular momentum effects aties of IMFs in light-ion-induced reactions and further dem-
predicted to be small4]. Thus, by studying the decay of onstrated that the most violent events produced a high yield
these systems, one hopes to gain a more complete undéf sub-Coulomb-energy ejectiles, suggestive of nuclear
standing of the thermal properties of finite nuclei under ex-expansion/dilution prior to breakup of the hot residue
treme conditions of heat content. [14, ) o ) i
Many of the early studies of IMF emission in light-ion- The scenario for light-ion-induced multifragmentation
induced reactions employed radiochemical and emulsiof@t has emerged is the following. For central collisions the
techniques{5-7]. These studies, reviewed in Ref8—10, initial projectile-target interaction produces a shower of fast

show a strong increase in IMF emission probability up to ahadrons and coalescence light charged partidlésp: Z

bombarding energy of about 5 GeV, after which the crossg 2), leaving a highly excited residue in a state of depleted

sections become largely independent of projectile energdenSIty[4’16]' Within a time framer=50 fm/c, the system

s ; . . %volves toward an equilibriumlike final state, cooling by
(limiting fragmentation up to 50 GeV. The first exclusive emitting preequilibrium LCPs and IMA47]. Finally the hot

residue disintegrates statistica[l§/8] into multiple neutrons,
LCPs, and IMFs on a time scale of order20-50 fmkt
*Present address: Los Alamos National Laboratory, Los Alamos[19,20.

NM 87545. Recently, Natowitzet al. have addressed the important
"Present address: Microsoft Corp., Redmond, WA. question of the breakup temperature and density of hot nuclei
*Deceased. as a function of excitation energy and residue mass, of cen-
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FIG. 1. Correlation ofE"/A with total observed charg&,ps
(left) and total thermal energgright) for the 4.8 GeVeHe+197Au

reaction.
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urne with beams of 1.8, 3.6, and 4.8 GéMe ions incident

on targets of?Ag and*%’Au [24,25. No data were taken at
3.6 GeV with the gold target. Target thicknesses were 1.1
and 1.5 mg/crfy respectively. Beam intensities were
(5—-10 X 10’ particles/spill, with a spill time of 500 ms.

The ISIS array[26] was used to obtain fullZ-identified
ejectile spectra up t@=<20, with low-energy thresholds and
large solid-angle coverage. The array is designed in a spheri-
cal geometry and consists of 162 triple detector
telescopes—90 covering the angular range 14°-86.5° and
72 covering 93.5°-166°. Each telescope is composed)of
a gas-ionization chamber operated at 16—18 Torr ¢fgC
gas,(2) a fully depleted 50Qum ion-implanted silicon detec-
tor, and(3) a 28 mm thick CsI(T¢) crystal with light guide
and photodiode readout. The telescope dynamic range per-
mitted measurement of LCPs and IMFs with discrete charge
resolution over the dynamic range &&/A=<96 MeV. The
silicon/Csl elements also provided isotope identification for
ejectiles with kinetic energieE/A>8 MeV. More specific
details of the ISiS detection system and experimental condi-

tral concern in discussions of limiting temperatures and theions are given in Refd25,24.

nuclear equation of staf@1]. In this paper, we deal with this

The calorimetry procedure for determinifig/A follows

question, as well as the properties of the hot residues formeghe same prescription as described in RE#3,28. In Fig. 1

in the collision stage. We employ a two-component, moving-we show the correlation between experimental observables
source analysis to examine the IMF kinetic-energy spectra agnd the reconstructed excitation energy. These include total
a function of collision violence. In addition, light-charged- observed charg&,,, and total thermal kinetic energy, as

particle isotope yieldsLCP=H and He¢ are examined.

defined in Ref[25], both of which describe the average ex-

These are then interpreted in the context of the mechanismitation energy up to abou /A=7-8 MeV.

for light-ion-induced multifragmentation and implications

for caloric curve analysed7,22,23.

II. EXPERIMENTAL MEASUREMENTS AND
DATA ANALYSIS

Examination of the IMF spectra obtained in these studies
(Fig. 2 provides evidence for two components, a dominant
evaporativelike peak at low energies and a hard exponential
tail at fragment energies 20—30 MeV above the classical
Coulomb barrie29]. The former resembles equilibriumlike

Measurements were performed with the Indiana Siliconemission from a thermal source. The latter, which is prima-
Spherg(ISiS) detector array at the Laboratoire National Sat-rily important for the lightest IMFs at forward angles, is
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FIG. 2. Energy spectra at 43° and 137° for carbon fragments emitted from the 4.& &d&/+1%7Au reaction, as a function of excitation
energy. Symbols aréE*/ A)=3.4 MeV (¢); 4.6 MeV (0); 5.7 MeV (A); 6.8 MeV (<¢); and 7.9 MeV (V).
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associated with fast nonequilibrium/coalescence processetion, Ze. While this is an extreme assumption, it reduces
In order to quantify the average properties of these twahe source charge and serves to minimize the Coulomb re-
mechanisms, we have performed a two-component movingpulsion energy between the source and IMF,
source analysis of the spectra as a function of excitation en-, 13, A13
ergy. EC = 1-4‘2|MF(Zsource_ ZIMF)/do[(Asource_ AIMF) + A|MF )

The moving-source analysis has been performed o8 (4)
and 5-9 fragments measured at nine angles. Two sources
were assumed: a thermal-like source that should be represeﬁrJd
tative of the later stages of the reaction, and a nonequilibrium ke = Eo(exph/Eg, (5)
source that accounts for IMF emission at intermediate times.
For Z=7 a single thermal-like source provides an adequatévhere Ec(expd is the experimentally observed Coulomb

fit to the data. barrier fit parameter.
Each source was schematically parametrized according to Thus, one obtains ampper limitfor the equilibrium Cou-
the general relatiofi29,3q lomb parameter valuek: obtained in the fits. This has an
important consequence relevant to the question of the
d’o o £(Z,8,T.p.Ko) (1) breakup density in that it yields minimumvalue of the
dOQdEdZye BT Pk, breakup separation distance, and henoeaaimumvalue of
the radial breakup density relative to normal dengity,.
whereZ is the charge of the sourcg;is the source velocity Representative spectra for carbon fragments observed at

(v/c); T is a slope-temperature parametpris a spectral  43° and 137° are shown in Fig. 2 for the 4.8-GéMe
shape parameter, aikg is the fractional Coulomb repulsion +197Ay reaction for several excitation-energy bins. Fit pa-
energy. A value okc=1 represents the Coulomb energy of rameters for these spectra as a functioEofA are tabulated
two nuclei with charge centers separated by a distahce in Ref.[35].
=do(AT3+A}®), whered, is derived from fission-fragment  In the following section we examine the implications of
kinetic-energy systematicf31]. For the residue nuclei of the moving-source parameters relevant to fragmentation phe-
concern in this work, a value afy=1.80+0.05 fm isused, nomena. The results of the 4.8 GéMe +1°7Au reaction will
depending on residue mass. This value also gives a godse stressed for this purpose, since the quality of the spectra
fit to IMF spectra observed in the 200 Me¥He+'’Au  as a function of angl¢especially the Coulomb-peak region
[32] and 280 MeV**N+1%7Au [33] reactions. The param- yields the most reliable fits. Typical?/degree of freedom
eterp accounts for fluctuations in the Coulomb barrier duevalues of 1-3 were obtained for the exclusive spectra. De-
to shape distortions of the emitting residue. spite the low ISiS thresholds, the spectra from ‘&g tar-

The spectral function was based on the scission-point staget lead to greater ambiguities in the fit parameters due to the
tistical emission model of Morettf80]. The emission prob- lower energy of the Coulomb peak and the large yield of

ability is given by very low-energy IMFs for high multiplicity events. This
- leads to increased uncertainties in the Coulomb parameters
PE) =Nl (2B’ = p)e & Terf D—_ _that makes the f|ts_ imprecise. E(rors were computed assum-

® [( pye=er 2\pT ing a 5% systematic uncertainty kg, added in quadrature to

5 . the statistical deviations between differenf,Z values. For
+2 ,Eexp<_ p°+4E ) ) the 1.8-GeVeHe+'%Au reaction, inadequate statistics were
T 4pT ' obtained to perform an analysis for individual IMFs gated on

excitation energy.
whereE’ is the IMF kinetic energy minus the Coulomb bar-

rier energy, corrected for recoil energy, in the source refer-
ence frame.

For the nonequilibrium source a valuef0.1 was used, A. Thermal-like source
which effectively yields a Maxwellian spectrum. For this
source Eq(2) is multiplied by an empirical functioe™? to
account for the forward peaking of the angular distribution
for energetic nonequilibrium IMFR9,33,34. The parameter
b is only relevant to separation of the equilibrium and non-
equilibrium yields, and is not utilized otherwise in this analy-
Sis.

An important aspect of the fitting procedure is that the
charge of the emitting source is taken as

Ill. MOVING-SOURCE PARAMETERS

The most striking feature of IMF emission in these reac-
tions is found in the low-energy region of the IMF spectra,
Swhere the Coulomb peaks are systematically shifted to ener-
gies below those found at low excitation energies, as appar-
ent in Fig. 2. Such behavior is suggestive of emission from
the reduced Coulomb field of an expanded/dilute source.
This was first pointed out for inclusive spectra by Poskanzer
et al. [36] and later shown to increase systematically as a
function of deposition energy by Yennelé al. [14]. In the
(3) top frame of Fig. 3, the average fit values of the Coulomb

parameterks) for Z=3,5-9 areplotted as a function of

whereZ, is the total charge observed in the reaction, cor-E'/A bins.
rected for solid-angle effects. That is, it is assumed that all For the lowestE /A bin, which should represent IMF
charge in an event is emitted prior to the fragment in quesemission at relatively low excitation energies, a value of

Zsource: Ztarget+ Zbeam+ ZIMF - Zobs:
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FIG. 4. Average longitudinal source velocitg)) (top) and av-
erage thermal source slope temperatlig) (bottom) as a function

FIG. 3. Average Coulomb parametét.) for Z=3, 5-9 frag-  of E'/A for the 4.8 GeV®He+'9"Au reaction.
ments(top) and derived source breakup densipy/ pg) (bottom) as
a function ofE"/A for the 4.8 GeV3He+'97Au reaction. ical models of multifragmentatiofi37—39. It also corre-

sponds to conclusions about the breakup volume obtained

(ke)=0.95+0.05 is found. This is nearly identical to the av- from large-angle IMF-IMF correlation studigd9,4Q. Of
erage Coulomb parameters relative to fission obtained frorhroader significance, it is important to note that the rapid
the analysis of th&&/A=20 and 30 MeV reactionf33], as  decrease ip/p, in the regionE /A=2-5 MeVoccurs in the
well as the 200 MeV*He+*7Au data[32], where it is ex- same excitation-energy range where numerous experimental
pected that IMF emission occurs from a source near normalbservables—e.g., the IMF multiplicity, charge and isotopic
nuclear matter density, i.ekc=1.00 andp/p,=1. AsE'/A  distributions—are changing rapidlj18]; in particular, the
increaseskc decreases with excitation energy up EBA  time scale becomes very shot9].
~5 MeV and then is constant at higher excitation energies. Another important result of the moving-source analysis is
The observed decrease(k) with increasings” /A serves to  found in the low average longitudinal source velocities, as
reinforce the notion that multifragmentation occurs from anshown in the top frame of Fig. 4. From an experimental point
expanded/dilute source. Since we have employed a minimur@f view, these low source velocities permit observation of the
source charge in the fission systematics, the plotted values @fsassembly process with minimum kinematic distortion of
(ke) should represent upper limits. the fragment kinetic-energy spectra. Low source velocities

Consistent with the results of Reff32,33, we assume are particularly important for backward-angle measurements
that for the lowest-energy bil’ /A=1.8 MeV, the source is Of the low-energy portion of the IMF spectra, which appear
at normal density. This bin is normalized pép,=1 and the 0 carry the clearest signature of expansion/dilution. The val-
corresponding average densities at higtA values are  Ues o)) in Fig. 4 are in good agreement with multiplicity-
calculated under the assumption that the breakup voMme dependent rapidity analysis of these dg2d] and are rela-
«d® anddoc 1/kc [see Eqgs(3) and(4)]. This establishes the tively insensitive to the Coulomb parameties. Values of
density scale in the bottom frame of Fig. 3. The resulting(8)) are plotted versu& /A in Fig. 4 for the 4.8-Ge\PHe
dependence qf/ p, on E*/A shows a systematic decrease in +°’Au system. Similar results are observed for fliag
density top/ py=1/3 in the vicinity ofE'/A=5-6MeV, fol-  target at all three energies.
lowed by a relatively constant value for highEf/A bins. For both targets an initial increase is observedgy up
Thus, the density versus /A profile obtained in this analy- to E'/A=~5-6.0 MeV, after which the average source veloc-
sis is consistent with breakup densities predicted by theoreity begins to decrease. The turnover coincides with approxi-

E'/A (MeV)

034612-4



MOVING-SOURCE AND CALORIC-CURVE ANALYSES OF.. PHYSICAL REVIEW C 69, 034612(2004)

mately the same region where the onset of significantMF spectrum. These fragments are presumably emitted dur-
expansion/dilution appears in Fig. 3. The decreasggjn ing the early stages of the reaction dynamics and are ob-
above E'/A=6 MeV may be due to the backward recoil served in all nuclear reaction studies well above the Cou-
effect associated with prompt, forward-peaked emissiondomb barrier[10]. Various mechanisms have been proposed
combined with the averaging effect of multifragmentationto account for formation of these complex ejectiles, for ex-
events. Further, event reconstruction of the d&7 indi-  ample coalescence and preequilibrium emission, but the pro-
cates that excitation energies upEo~1.5 GeV forl%Ay  Cess remains poorly understood. As mentioned in Sec. Il in
andE" ~1.0 GeV for"Ag are reached for the highest depo- th_e absence of a better knowled_ge of the emission mecha-
sition energy collisions. The low values f suggest thatwe ~N'SM, We have employed Eq2) with p=0.1 (which is es-

are forming very highly excited, slowly moving residues thatsentlally a Maxwellian kinetic-energy distributiprio de-

: : ibe these fragments, consistent with earlier analyses
subsequently undergo multifragmentation breakup. The co 3l ' L
version of projectile kinetic energy into internal excitation 27,33,44. To account for the forward emission of the frag-

. . . ~'ments, an angular distribution functia@®’ is included in
energy must occur via multipld-N scattering and the exci- Eq. (2)

ta‘;ion Of.A and .hig.h.er resonancgss,41], producing second- The fast source is primarily important f&t=3-6 frag-
aries with a significant transverse momentum COMPONeNnents and excitation energi® /A<5 MeV. Li fragments
For the highest excitation-energy events, this energy dissipgjominate the fast-source yield, comprising about 15% of to-
tion process imparts a velocity component to the heavy resigg| | j production for the Ag target and 25% for Au. For
due that is directed perpendicular to the beam axis, with @arbon fragments the fast source contributes only about 5%
corresponding reduction in the longitudinal component, aso the total yield from Ag and<10% for Au. For fragments
shown by intranuclear cascade calculations for similar resultseavier than carbon, the fits require only the slow source.
for GeV proton-induced reactiorg?2]. The fast-source fitting parameters @y kc, andT, do not
The average spectral slope-temperature paramélggs  exhibit any significant trends as a function of beam energy,
for the thermal-like source are plotted in the bottom panel otarget, IMF charge, or excitation energy. Thus, this compo-
Fig. 4 as a function oE" /A for the 1%’Au target. The average nent appears somewhat universal in its behavior. The two
slope temperature increases linearly as a function of excitanost relevant parameters in the fitting procedure are the fast-
tion energy, as is also the case for tR\g target. Similar  source longitudinal velocitys,, and the slope-temperature
behavior has been shown for the 8.0 GeVif +1%Au reac-  parameter,T,. The fast-source velocities are about three
tions [17]. The results for the lowest excitation-energy binstimes greater than those for the slow source, with values
are in agreement with slope-temperature parameters obtaineanging from 8,~0.025-0.035 for the Ag target angé,
in “N+"3Ag and °’Au reactions[33]. For the!“N data at ~0.020—0.030 for Au. For Li fragments the fast-source ve-
E'/A=100 MeV bombarding energy, similar moving-source locities are typically 50% larger than those for heavier frag-
fits yield values for the thermal-like component ¢T) ments. The slope-temperature parameter is nearly identical
~7 MeV for "@Ag and(T)=~5.5 MeV for 1°’Au. This result  for all systems; values dfT;)=19+2 MeV for Li satisfy the
is consistent with evaporative emission and corresponds we$ipectra and for heavier fragments this value (iE)
with other results obtained at similar lo& /A values =18+2 MeV. These fast/nonequilibrium-source tempera-
[43,44. tures are nearly identical to those found in a similar analysis
For the most violent collisions, slope temperatures of upof IMF spectra from theE/A=20-100 MeV N +Ag, Au
to (T)~15-16 MeV are obtained, in agreement with reactions33], suggesting a commonality in their origin.
moving-source fits to the spectra of central collisions for the The fast-source fits are not strongly dependent on the
4.0 GeV 36Ar+197Au [45] and 8.0 GeVé 7 +1%7Au reac-  Coulomb parameter. For the gold target, where the spectral
tions[17]. However, uncertainties about the degree of equili-peaks are relatively well defined as a function of excitation
bration complicate attempts to associate the slope tempergnergy, values okc~0.2—0.3 are obtained. For Ag, ttkg
tures with the actual thermal properties of the fragmentingvalues are closer to unity, but are difficult to constrain due to
source. Further, if the emission is time dependent, as prghe lack of definition for the Coulomb-like peak in the data.
dicted by the expanding emitting sour¢EES model of  Finally, the angular distribution parametdr, which is re-
Friedman[38], then fragments emitted early in the cooling quired to fit heavy-ion data due the strongly forward-peaked
stage will be more energetic than those emitted in the latepature of the fast sourci83], is less pronounced for GeV
stages. Thus the slope of the composite spectrum would ndHe-induced reactions. This indicates that the nonequilib-
represent a true thermodynamic temperature. rium mechanism for producing the fast IMF component in-
In these fits the amplification parameteris introduced Vvolves significant randomization of the source recoil axis
primarily as a fitting parameter to account for the broadeningprior to emission.
of the Coulomb-like spectral peaks. As has been shown pre- Thus, the fast source in these reactions appears to be a
viously [33], this parameter increases with IMF charge and issomewhat universal feature of the collision dynamics for
slightly larger for the'®’Au target than fo"¥Ag. nuclear reactions induced on complex nuclei with
intermediate-to-high-energy projectiles. The analysis per-
formed here and in Ref.l7] suggests that nonequilibrium
emission occurs at a late stage of the fast cascade, but prior
The fast/nonequilibrium source employed in the fitting to complete randomization of thé-N scattering process that
procedure is necessary to account for the energetic tail of thleads to equilibrium.

B. Nonequilibrium source

034612-5



D. S. BRACKENZet al. PHYSICAL REVIEW C 69, 034612(2004)

TABLE |. Elemental cross sections of IMFs for thermal, nonequilibrium, and total source contributions
for each system studied in this work.

awr (Mb)

Li B C N @] F Total
1.8 GeV Ag
Thermal 98 27 25 15 9.9 6.5 182
Nonequilibrium 15 3 18
Total 113 30 25 15 9.9 6.5 200
3.6 GeV Ag
Thermal 159 48 45 30 22 14 318
Nonequilibrium 31 7 4 42
Total 190 55 49 30 22 14 360
4.8 GeV Ag
Thermal 154 55 49 32 22 15 341
Nonequilibrium 30 6 3 39
Total 194 61 52 32 22 15 380
1.8 GeV Au
Thermal 142 31 29 18 14 14 252
Nonequilibrium 109 32 15 12 168
Total 251 63 44 30 14 14 420
4.8 GeV Au
Thermal 368 116 161 109 81 60 893
Nonequilibrium 296 86 5 387
Total 664 202 166 109 81 60 1280

C. Cross sections sources. These are listed as a function of IMF charge in Table

The moving-source fits have been integrated over all and as a function o' /A in Table Il for each reaction
angles and fragment energies to obtain total IMF productiorstudied. The combined effects of statistical and systematic
cross sections, as well as values for the fast and slowrrors are estimated to be +20%; relative errors are signifi-

TABLE IlI. Integrated cross sections for thermal, nonequilibrium, and total sources as a function of
excitation energy. No data are listed for the 1.8 G#¥e+1%7Au system due to inadequate statistics.

E'/A (MeV)
1.0-25 2.5-3.9 4.0-5.1 5.2-6.2 6.3-7.4 =75 Total

1.8 GeV Ag

Thermal 13 67 73 22 7.0 2.5 180
Nonequilibrium 1.7 10 55 1.3 0.6 0.3 19
Total 15 77 79 24 7.6 2.8 200
3.6 GeV Ag

Thermal 9.0 82 112 72 33 13 320
Nonequilibrium 1.6 12 13 7.1 4.8 3.6 42
Total 11 94 125 79 38 17 360
4.8 GeV Ag

Thermal 8.4 75 118 86 42 12 340
Nonequilibrium 1.4 11 13 8.4 6.5 3.3 44
Total 10 86 131 94 49 15 385
4.8 GeV Au

Thermal 37 214 290 249 98 29 920
Nonequilibrium 31 151 147 13 8.3 5.8 360
Total 68 355 427 262 106 35 1280
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cantly smaller. These cross sections are consistent with val 98 prrrrrrrrprerrrrprrrer
ues derived in an earlier analysis based on integration of the L 4.8GeV *He +'¥Au—>X

experimental data, which included extrapolated yields due tc @%
i |
mmﬁgﬁ

missing-angle and detector energy threshRi§.
%

4.8 GeV 3He +'°Au-> X + IMF

ui

0.6

In Table | the elemental cross sections are listed for the
slow, fast, and total IMF yields. Between 1.8 and 4.8 GeVi'\ 0.4
there is a significant increase in the cross sections for bott>®
reactions. The similar yields for the 3.6 and 4.8 GeV bom-

!%:,_é,,*lllllll

T
H

~ENEN AN B A A A B A A A A R

bardments of*®Ag have been attributed to a saturation of °'25§
excitation-energy deposition that sets in near 3.6 G2%. C - datactor angle 43°
Consistent with other studigd0-15, the elemental cross o ° detactoTangle137l° | | | |

sections are dominated by Li fragments for both the fast anc 907 2 B 8

slow sources, with the yields decreasing approximately as ¢ E/A (MeV)

power law,a(Z) «Z"". Relative to the fast source, the yield

distributions decrease much more slowly for the slow source, FIG. 5. Plot of deuteron-to-proton ratios as a functiofofA at

i.e., low values ofr, or a preference for larger fragment size. laboratory angles of 43° and 137° for the reaction of 4.8 GeV

For the slow source values ofrange in~1.5-2.0, with a  °He+'’Au. The right panel has the added condition of at least one

minimum nearE /A~6—7MeV, as observed in hadron- identified IMF, while the left panel has no IMF gating condition.

induced reactions of?’Au [18]. The fast source is important ) ) _

primarily for the lightest fragment&Z<6), with 7 values in Figure 5 presents total deuteron-proton yield ratios as a

the r~2.5-3.5 range. function of E"/A for the 4.8 GeVPHe+Au reaction at a for-
Table Il lists the slow, fast, and total IMF cross sections agvard and backward angle. ThiHe+Ag system behaves

a function of excitation energy. Statistics precluded arsimilarly. The left panel has no IMF gating requirement

E'/A-dependent analysis of the 1.8 Ge¥e+97Au reac- whereas the right panel presents the ratios with the gating

tion. Effects of geometric corrections to the data to accounfondition of at least one IMF being detected. For both gating
for the ISiS acceptance are discussed in R2g]. In the conditions and angles, the deuteron-to-proton ratios increase

interpretation of Table Il it must be kept in mind that the With up to E'/A~4 MeV and then become relatively con-
probability for excitation-energy deposition decreasesStant beyond this excitation energy. When correlated with the
strongly with increasing="/A [25]. For example, less than &rguments concerning density, this result suggests that the
5% of the reaction cross section leads to residues witf§l/P ratio is frozen-in forp/py=0.3. The ratios determined
E"/A>5.0 MeV, so that when weighted by the fraction of by backward-angle detectors are consistently lower than
the reaction cross section for ea€h A bin, the relative IMF ~ those at forward angles, most likely due to the difficulty in
cross sections increase significantly as the excitation enerd§olating thermal and nonthermal particles. For both forward
increases. The bombarding-energy dependence is reflecteddid backward angles the ratios converge to a nearly constant
the "Ag data. ForE'/A<5.0 MeV, there is only a slight value of about 0.5-0.6 at high excitation energy; the ratios do
increase in the IMF cross section, from 153 mb at 1.8 Ge\'0t appear to be significantly affected when the IMF gating
to about 200 mb for the 3.6 and 4.8 Gé¥le beams. In condition is imposed.

contrast, between 1.8 and 4.8 GeV the IMF cross section for Figure 6 presents the total deuteron-to-proton and the
the slow source WItlE* /A>5.1 MeV increases from 32 to triton-to-proton yield ratios at 137° as a functiontf/ A for

140 mb. The target effect is also strong. At 4.8 GeV bom-2.8 GeV3He reactions with gold and silver targets. The side-
barding energy the thermal cross section Br=5 MeV by-side comparison of the two targets shows the qualitative
events is 140 mb for the Ag target compared with 376 mb

for Au. When corrected for multiplicity effects, it is esti- i L_;'G'elvlgf:e:n'a:‘\'gl N 48 GeV"l"He ;1'9'7,\'1,' R
mated that about 5% of the total reaction cross section result %6~ 7] : ! } ]
from multifragmentation. Overall, the slow-source IMF yield | } - M%Mﬁ‘ﬂ .
dominates that for the fast source for Bll/ A bins. The fast e md,w“‘mﬂ } ] A $ ]
source is most important for low values of excitation energy, G 04 of 1 &@ﬁ# 3 7
which presumably are associated with more peripheral im-3 - $ 1]+ M@ % .
pact parameters. 3 [s s ] & ]
§ o2 Qfﬁ i é ]
IV. ISOTOPE-YIELD RATIOS i 1. S vate T
Isotope-yield ratios for H and He ejectiles have also been 0.0 H' Ty =
investigated for the 4.8 Ge¥He bombardments of Ag and EYA (MeV)
Au. We examine the H and He isotope ratios as a function of
target, beam energy, emission angle, BhtA. Double ratios FIG. 6. Plot of deuteron-to-proton and triton-to-proton yield ra-

of these data are then used to calculate the nuclear tempets as a function oE"/A at a laboratory angle of 137°. The left
ture for the 4.8 Ge\PHe +"3Ag, 197Au systems, based on the panel is for the reaction of 4.8-Ge%He+"3Ag while the right
approach of Albergg49]. panel is for the same projectile energy but with®8Au target.
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similarity in the ratios as a function of increasing excitation 1.0 AN AR L A
energy. Also readily apparent are the larger ratios achieved ir 4.8 Gev *He +"iag > X | 4.8 GeV “He + " Au—> X
the gold system. The triton-to-proton ratios flatten out at val-
ues of about 0.28 and 0.45 for the silver and gold systems
respectively. A comparison of maximum values between sil- & 06| b4
ver and gold shows the difference is greater for the triton-to-~5.  R#s?? t H
proton ratios than that for the deuteron-to-proton ratios. ThisyZ 0.4 i . %
result most likely reflects the difference v Z ratios of the 3 w&unhi’{ {’

i ai<I>"mm i

e R LY ‘i 'i%%‘
o detector angle 43° £
o detector angle 137°
se vl eala by ben e saloranaalorsgaligy

6 10 2 4 6 8

o
Y
TTTT 57

IQ:@@*

silver and gold targets, which are 1.3 and 1.5, respectively. 02
As with thed/p ratios, thet/p ratios show a distinct slope
change neakE’/A~=~4 MeV.
The ®He-toHe total yield ratios are presented in Fig. 7 as
a function of the excitation energy for 4.8 Gée on gold E*/A (MeV)
and silver targets at two angles, 43° and 137°. The forward-
angle ratios for both targets show an initial sharp decrease in FIG. 7. Plot of®He to “He yield ratios as a function d /A at
the 3He/*He values with increasing excitation energy, which laboratory angles of 43° and 137°. The left panel is for the reaction
can be attributed to the strong nontherrftdé component of  of 4.8 GeV3He +"@Ag while the right panel is for the same projec-
the spectrum at low energies. With increasing excitation entile energy but with a®7Au target.
ergy, the yields decrease more gradually, more so for the
197Au than for the"Ag target. At backward angles, where librium ejectiles cannot be uniquely separated from energetic
the yield of nonthermaPHe ions is much lower, the ratios equilibrium emissions.
appear to be relatively constafte/*He=0.5 for "¥Ag and In evaluation of source temperatures from isotope-yield
0.3 for Au, perhaps reflecting to some extent that the moreatios[22,49, detector energy and angle acceptance are im-
neutron-excess composition of tA&Au target favors®He  portant variables, since the isotope ratios for a given element
over 3He and that the formation ofHe is more favored are sensitive to the fragment energy spectidifj. For the
energetically. analyses here we have chosen only H and He ejectiles that
More instructive is the dependence of helium isotope rafall in the “thermal” part of the kinetic-energy spectrum as
tios on particle kinetic energy, which has been reported predefined in Ref[25]. The experimental constraint of isotope-
viously [34,47,48. The strong, nearly linear change in the dependent particle-identification thresholds limited the ac-
3He-*He ratios as a function of fragment kinetic energy isceptance to kinetic energies wilfy A>8 MeV. In order to
shown in Fig. 8 for both silver and gold targets at a bom-be self-consistent, for hydrogen isotopes the acceptance
barding energy of 4.8 GeV. The slope for both targets is theange was 15—-25 MeV and for He ions acceptance was
same but differs slightly with detector angle. At low kinetic 38—52 MeV, which adjusts the H and He vyields for Cou-
energies, where th® value is an important constraint on the lomb barrier differences.
emission probability,*He dominates the yields. At higher Using the average thermal-like excitation energies and
energiesQ values diminish in importance, arféie becomes  residue masses from the reconstructed {2ifs28,49,50 we
dominant. This change in théHe/*He ratio illustrates the have determined th& /A versusT heating curve for the
transition from  equilibrium-dominated emission to 1%7Au reaction in Fig. 9. Here the temperatufiesorrespond-
preequilibrium-dominated emission. From Fig. 8 it is clearing to a given excitation energy per nucleon have been de-
that isotope ratios are sensitive to the kinetic-energy accepived from the double-isotope-ratio methdd9] using the
tance of the detection system, and that low-energy nonequisield ratio Y=(?H/3H)/(®*He/*He) isotope ratios described

0.0

[Ny

2.5_“..|||||l|||.]||||||-|

||||||||||||||||||||||r

4.8GeV PHe + Ag 4.8GeV °He + Au

2.0

|A|||

il !

° r }V:
& 1[0 Oup=43° - = _ .
> T 7 0 7 FIG. 8. Plot of*He-to*He ratios as a function
%\ r 3 % i} ] E $ ull of He kinetic energy at laboratory angles of 43°
E ol ezt m and 137°. The left panel is for the reaction of
= T $ L, 0 - s m . 4.8 GeV3He+"Ag while the right panel is for
r . *z = = ° ] the same projectile energy with'8’Au target.
E=3
i - = ® | * s _
0.5 _— 2 - & i
L - = i
= - L= -
O O L 111 | 11 1 1 | 1t 1.1 | 11 1.3 | 11l I- | I I (11 | 11 11 | I ] | Lt 1 1
) 50 75 100 126 25 50 Y5 100 125  15C
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10
9 _Tssscur ,/'/ T |77 Toewwo //
8l .
5 I FIG. 9. (d/t)/(®Hel*He) isotope-ratio tem-
i perature vs reconstructdgl /A for 4.8 GeV3He
" i +197Au reaction. Left frame compares data with
| the INC/EES mode]38,54 and right frame com-
% 5L pares with the INC/SMM mode]55,56. Solid
= ! curves are model predictions with experimental
: 4 cuts imposed on H and He energy spectra.
L Dashed curves show the effect of removing the
3+ experimental cuts. Dotted curves show Fermi gas
behavior witha=11 MeV 1. For the SMM case
2 - T the dot-dashed curve gives the thermodynamic
. temperature of the source.
0 | s | s | | s | L | 1

2 4 6 8

E*/A [MeV]

2 4 6
E*/A [MeV]

above, measured at backward andtE37°) to minimize pre-
equilibrium effects. Only thermal-like H and He isotopes angular distributions, and cross sections as a function of
were considered in the calculation fand the correction E’
factor for contributions due to sequential de¢&g] are neg-
ligible for this isotope sefAT=<0.3 MeV).

The heating curve increases at I&W A, exhibits a slope

proach provides a systematic description of fragment spectra,

E /A

The major fraction of the IMF yield can be accounted for
by emission from an equilibriumlike source. The most strik-
ing result of the fits is found in the dependence of the Cou-

change near 2—3 MeV/nucleon, and then shows a gradufymb barrier parameters on excitation energy for the 4.8 GeV
increase up toE'/A~8 MeV. Our results for these very “He+'%’Au system. For the lowesE /A bin, this parameter
asymmetric systems are generally consistent with those ofiS consistent with similar values obtained in lower-energy
served in other studiell7,22,52-51 However, both"™®Ag light- and heavy-ion reactions arid fission kinetic-energy sys-
and 197Au residues yield essentially identical results, whichtematics[32,33. With increasinge /A, the barrier parameter
varies somewhat from the recent analysis of caloric curves adecreases monotonically and then becomes constant for
a function of residue mass, indicating that the Ag data should& /A=5 MeV. When translated into nuclear breakup radii,
be somewhat higher than that for 462]. This may be in these parameters imply a nuclear radius that is about 50%
part due to threshold effects in the analysis of the preserirger than normal nuclear matter, or a breakup density of
data. Also shown in Fig. 9 is the behavior expected for ap/po~1/3, consistent with theoretical models of multifrag-
simple Fermi gas with level-density parametea mentation. The average slope-temperature parameters in-
=A/11 MeV%, and predictions based on the EES model ofcrease fromT~6 MeV for low deposition energies td
Friedman[38] and the statistical multifragmentatig6MM) =16 MeV for the most highly excited systems. Finally, the
model of Botvina[55]. Initial residue excitation-energy, average source-velocity parameters initially increase to a
mass, and charge distributions were taken from intranucleghaximum of 5~0.016 forE'/A<5 MeV and then decrease
cascaINC) calculationg56]. In each calculation the dashed to 8~0.010 for the highest deposition energy events. This
line gives the full model prediction and the solid line showsimplies significant transverse momentum transfer in the col-
the effect when energy cuts are imposed on the H and HESion stage in order to achieve deposition energies up to
spectra that correspond to the ISiS detector threshold for isd= ~1.0—1.5 GeV[57].

tope identification(~30 MeV). The ~1-MeV temperature The _nonequilibrium source is most important for light
difference above the full model curve and other resultdMFs with Z<6. It comprises about 15% of the total IMF
[22,52,54 is a consequence of the strong dependence of thield for reactions on the Ag target and 25% for the Au
3HefHe ratio on the He kinetic energy and the energytarget. There is little sensitivity of the fast-source fit param-

thresholds for ISiS, discussed in greater detail in REf).  €ters to beam energy or deposition energy. The fast-source
velocities are about three times greater than those for the

slow source. Rather uniform slope temperatures are ob-

served,T~18-20 MeV. These values are nearly identical to
Data from reactions between 1.8 and 4.8 G#¥& ions  fast-source fits to heavy-ion data.

with "¥Ag and *°’Au target nuclei have been analyzed in the =~ Examination of the?H:'H,°H:'H, and ®He:*He isotope

framework of a two-component, moving-source model, astatios shows an increasing probability for the emission of

suming thermal-like and nonequilibrium sources. This ap-neutron-excess isotopes as the excitation energy increases up

V. SUMMARY
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to E'/A~5MeV and is nearly constant thereafter. TheE'/A=5 MeV and above. It is in this sani& /A range that
strong dependence of thele/*He ratio on He kinetic energy the isotope-ratio temperatures as a functiofEofA (caloric

is pointed out, emphasizing the importance of detector aceurve) deviate significantly below Fermi gas predictions for
ceptance in calculating isotope-ratio temperatures and theuclei at normal density. This correlation between breakup
need to minimize preequilibrium particles from such analy-density and caloric-curve behavior is consistent with a recent
ses. The caloric-curve results are in approximate agreemeanalysis by Natowitzt al. [21] in which densities were de-
with other data[58], as well as with both EES and SMM rived from isotope-ratio temperatures, employing a density-
models, both of which assume a phase transition. The dat@ependent Fermi gas model.

are about 1 MeV higher than the model predictions due to

the strong sensitivity of He isotope ratiggence tempera- ACKNOWLEDGMENTS
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