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The Indiana Silicon Spherer detector has been used to measure light-charged particles and intermediate-
mass fragmentdMFs) emitted in the 18—4.8 GeVHe+ "¥Ag, °’Au reactions. Ejectile multiplicity and total
event kinetic energy distributions scale systematically with projectile energy and target mass, except for the
naiAg target at 3.6 and 4.8 GeV. For this system, a saturation in deposition energy is indicated by the data,
suggesting the upper projectile energy for stopping has been reached. Maximum deposition energies of
~950 MeV for the"Ag target and~ 1600 MeV for the!®’Au target are inferred from the data. The results
also demonstrate the importance of accounting for fast cascade processes in defining the excitation energy of
the targetlike residue. Correlations between various observables and the average IMF multiplicity indicate that
the total thermal energy and total observed charge provide useful gauges of the excitation energy of the
fragmenting system. Comparison of the experimental distributions with intranuclear cascade predictions shows
qualitative agreemenfS0556-281®6)06108-0

PACS numbdp): 21.65+f, 25.55—~¢, 25.70.Lm

[. INTRODUCTION properties and subsequent decay modes of hot residues
formed in energetic central collisions. For light-ion-induced
In order to investigate the behavior of nuclear matter un+eactions this is especially important due to the broad distri-
der extreme conditions of temperature, target-projectile interbution of deposition energies and residue masses formed
actions that deposit excitation energies up to and beyond théuring the fast cascade in the early stages of the collision
total nuclear binding energy are required. For light-ion-[2-7]. Thus, it is essential to identify experimental observ-
induced reactions, this situation can be achieved via hardbles that aid our understanding of the reaction dynamics and
nucleon-nucleon scatterings and the excitationAofand  can be subsequently related to the energy deposition process.
higher resonances in central collisions, followed by rescatThis is also necessary to test the predictions of various trans-
tering and/or reabsorption of the decay pions in mediunport modelqd2,3,7—10—which serve as input for hybrid cal-
[1-7]. Nuclei excited in this way are unique in that a high culations designed to describe the decay dynamics of hot
energy-density region can be created in the nuclear interianuclear systemésee, for example, Ref§4,13)).
on a time scale that is shors(30 fmic) with respect to the Experimental attempts to test transport-model predictions
time for evolution of the nuclear mean fidl#,5,8—1Q. Sub-  for light-ion-induced reactions in the bombarding energy re-
sequent destabilization of the system occurs primarily bygime up to~10 GeV/nucleon have focused for the most part
thermal processes—in contrast to heavy-ion-induced rea®n hadron spectrf2,3,7]. While such studies have demon-
tions, where compressional and rotational effects influencetrated the relative success of the current codes, these spectra
the breakup dynamics strongly. Thus, light-ion and heavyrelate more directly to the dissipation of energy by the pro-
ion studies complement one another in attempts to undefectile in the nuclear medium, rather than the question of
stand the nuclear equation of state, each following distinctlyleposition energy in the hot residue. Due to the rapid time
different paths toward disassembly as they evolve in thevolution of collisions above several hundred MeV/per
nuclear temperature-density phase diagfam12. nucleon, definition of these quantities is not straightforward.
A critical aspect of efforts to study the nuclear equation ofThis is especially true for central collisions, which demand
state involves experimental determination of the thermahn understanding of energy evolution in the interaction zone,
including hadronization, dissipation time scales, and in-
medium rescattering and reabsorption effects. The problem
"Sabbagh Associates, Bloomington, IN 47402. of pion reabsorption is a central issue, since this process
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plays an important role in the rapid conversion of relative
projectile energy into internal excitation energy of the resi-
due[2,4].

Early studies of energy deposition in energetic light-ion- PHOTO DIODE
induced reactions demonstrated a significant probability for vt cuoe
the formation of highly excited residual nuclgi4—-16. In
addition, linear momentum transfer stud[d§—19 showed
that the deposition energy is a broad continuum. However, in
order to evaluate the deposition energy more qualitatively, it
is essential to perform more exclusive studies of the residue
breakup dynamics. Recently, Pienkowskial. [20] have
measured neutron multiplicities in 2.0 GeV proton- and
3He-induced reactions on several targets. Their results are in
approximate accord with intranuclear cascade predictions |3
and indicate residue excitation energies up Bb/A~5 Y
MeV/residue nucleon. Further, emulsion studies have sug-
gested a saturation in the deposition energy at somewhat L,
higher values oE*/A [7].

This paper and that which followg21] present results _ ) )
from the first measurements of GeV light-ion-induced reac- FIG. 1. Configuration for one arc of detector telescopes in for-

tions in which both light-charged particlésCP=H and He ward hemisphere for Indiana Silicon Sphg2d]. Four annular seg-
isotopes and  intermediate-mass  fragments(IMF: ments containing eighteen such arcs fit together to cover one hemi-

3<7=20) are fully Z identified with very low energy sphere from 14° to 86.5° in polar angle. At the smallest angles,

. . each detector module is divided into two halves to increase granu-
thresholds and large solid-angle coverage. The reactions ?frit Thex axis coincides with the beam direction
1.8, 3.6, and 4.8 GeV*He ions with "¥Ag and 1.8 and 4.8 Y- '

HeV 3He with °’Au were studied using the Saturne Il ac-
celerator at the Laboratoire National Satuf@228. Detec-
tion of LCP’s and IMF’'s was performed with the Indiana
Silicon Sphere 4 detector arraylSiS). The intent of these
first two papers is to survey the results as they pertain que
tions of (1) reaction dynamics and deposition enef@2]
and (2) multifragmentation and the nuclear equation of stat

[23]. Subsequent investigations will examine specific aSpeCtaIuminum cagelike structure, matched to the geometry of the

of these results. telescope housings and the passivated detector edges. The
The goal of this paper is to investigate several eXperimen\_/vindowpalso servge]zd as a cathpode for the ion chambegrs .The
tal variables that reflect the collision violence, and more spe- '

cifically, the question of deposition energy in the hot resi—teIzs’l(l“\;l){:)fa dyntanzwfzrgng_?hpde_rmlttted hmeasuremtlen: of LCP's
dues. We first describe the experimental measurements at q S up toc~ OéVI'E/Afgge '\e/l cVar_g[]_ﬁ relso ution over
then examine the experimental distributions of several varis '¢_9ynamic range s = ev. he low energy

ables commonly associated with collision violence and depo'ghreshold forZ identification includes the effects of target

sition energy, as well as the correlations among these. Conﬁ’jlnd window thicknesses, as well as the pressure in the gas-

parisons are also made with the predictions of an intranucle _nization chamber and the silicon_ surfac_e de_ad Ia_lyer. _The
cascade(INC) calculation[3], followed by a summary of i(IP)/Csl(TI) telescopes also provide particle identification
' (Z and A) for energetic H, He, Li, and Be isotopes

Ny

28mm CsiTD

S00um SiP) -—]
IC ANODE —

r10 cm

depleted 50Qum ion-implanted passivated silicon detector,
Si(IP), and(3) a 28 mm thick CH]Tl) crystal with light guide

and photodiode readout. The Csl elements were also used as
Q_it detectors that provided multiplicity information on mini-
mum ionizing particles. Detectors are operated in a common
Jgas volume; vacuum isolation is provided by a graphite-
goated, 25Qug/cm? polypropylene window supported by an

conclusions. (E/A=8 MeV). The S(IP) detectors constitute a critical
component of the array, providing both excellent energy
Il. EXPERIMENTAL MEASUREMENT resolution and facilitating reliable energy calibrations for the
A. The Indiana silicon sphere 4r detector array GIC and Cs(Tl) elements.

The ISiS array, described in detail elsewhggd], is
based on a spherical geometry and is designed primarily for
the study of light-ion-induced reactions. It consists of 162 Two types of targets were utilized in the experiments:
triple detector telescopes—90 in the forward hemisphere and5x 35 mm? foil targets mounted directly on 5 mfrtarget
72 in the backward hemisphere—covering the polar angulairames and &6 mm? foil targets supported at the sides by
ranges from 14° to 86.5° and 93.5° to 166°. The desigriwo 10 um-diameter carbon fibers stretched vertically across
consists of eight rings, each composed of 18 truncatedthe frame[25]. The experiments on'/Au used a 6<6
pyramid telescope housings. To increase granularity amm? target thickness 1.53 mg/cm The experiments on
angles near 0°, the forwardmost ring is segmented into twd®Ag utilized both a &6 mm? target of thickness 1.08
components. A sketch of the detector configuration in theng/cn? and a 35 35 mn? foil of the same thickness. For
forward hemisphere is shown in Fig. 1. most of the data acquisition, the smaller-area targets were

Each telescope is composed(&f a gas-ionization cham- used to ensure that detected events originated from interac-
ber (GIC) operated at 16—18 Torr of &g gas;(2) a fully  tions near the center of the detector array. The larger-area

B. Experimental details
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ing beam tuning. In addition, an active-collimator system
E228 AT SATURNE | consisting of eight fast-plastic scintillator segments was lo-

SACLAY %Y BEAM PROFILER cated directly downstream of the lead collimator at the en-
trance of ISiS. An inner active collimator was located inside
< VACUUM PUMPS the beam pipe and consisted of four, 2 cm thick paddles
— shaped to form four quadrants of a disk with an inner diam-
BEAM HALO S0cm LEAD .
COUNTERS COLLIMATOR eter of 3 cm and an outer diameter of 16 cm. Four outer
active collimators were arranged to surround the outside of
1o0cn the beam pipe and consisted 0P8R0 cn? paddles of thick-
- CAMAC CAMAC ness approximately 0.6 cm. This combined system shadowed
Soen o the entire active cross sectional area of ISiS relative to the
NIM NiM H
& HY. g HY. beam axis. o '
fem o For the data presented here, a multiplicity of two in the
11 - . L. . .
DETECTOR T 1 sis silicon fast logic was set as a minimum-bias trigger. The
VACUUM SHELL — ]

) A signal conditioning, trigger logic, and data acquisition for
ISiS are described in more detail in RE24]. A recoil array

RECOIL ARRAY,

wj y attached to the downstream end of ISiS was designed to de-
N N tect heavy recoil nuclei and a fast-plastic WeARCOLE)
& Hv. & Hv. was locatd 5 m downstream to detect fast leading particles.
Results from these components of the experiment will be
o Camac CAMAC discussed in subsequent publications. In addition, analog-to-

L digital converterfADC) hit registers for all C<ITl) detectors

were checked whenever an ISiS event occurred. If &TOs|

detector registered an event above a fixed threshold energy

(~20 MeV), but with no corresponding silicon detector sig-

- nal, then the C¢Tl) ADC channel was read and included in

the event buffer. These signals are referred to as minimum-

ionizing particles(MIPs) and correspond to energetic par-
ticles (primary hydrogen isotopgsvith energy loss too low

L %Y Bi’:: PROFILER in the silicon detector to produce a trigger signal that ex-

SECONDARY EMISSION ceeded the fast-timing threshold.

MONITOR

“ARCOLE* PLASTIC  WALL

C. Data analysis
FIG. 2. Experimental layout at the Saturne Il accelerator for
experiment E228. Detector elements include the ISiS array, the r
coil array, and the forward plastic walARCOLE). Equipment re-
lated to the beam quality includes twey position-sensitive profil-
ers, a 50 cm long lead collimator, beam halo counterstive
collimatorg, and a secondary emission monitor.

One of the major features of the ISiS array is the excellent
%nergy resolution provided by the silicon elements in each
telescope. Linearity of the silicon detectors was calibrated
with a CAMAC computer-controlled pulser systei®6]; a
linear equation was fit to the pulser centroids for each chan-
nel. Absolute calibrations were obtained using a charge-
targets were used to estimate the percentage of beam tHgrminated ORTEC 448 precision pulse generator, calibrated
missed the smaller targets, providing a basis for calculatingvith a ?**Am source. The calibrations were found to be con-
absolute cross sections. A blank target was regularly placesistent to about 1.5% with LCP punch-through energies.
in the target position to evaluate any contributions fromlonization-chamber calibrations were made relative to a
beam halo striking the target frame; these were found to bé*Am source, with and without gFg gas in the ISiS array.
negligible in all cases. In addition, points of differenfHe energy in the calibrated
Beam intensities ranged from 0.5—%.1C® particles/spill.  silicon detector were employed along with energy-loss tables
The beam spill length was approximately 500 ms and thdor “He in C5Fg [27] in the calibration procedure. The ab-
repetition cycle was 1.20, 2.56, and 4.01 s at beam energiemlute errors in the ionization-chamber calibrations are about
of 1.8, 3.6, and 4.8 GeV, respectively. The relative beamt5%. All ionization chamber and silicon calibrations in-
intensity was monitored throughout the experiments by aluded energy-loss corrections for target thickness, window
secondary-emission monitor placed in front of the beanthickness, and silicon dead layers.
dump. The Cs(TIl) crystals were calibrated in a similar manner
The experimental layout is illustrated in Fig. 2. Twey  to the ionization chambers. Each calibrated-silicon energy
position-sensitive beam profilers, one upstream and onsignal was plotted versus its corresponding uncalibrated pho-
downstream of ISiS, provided information for beam tuning.todiode signal. An energy loss progra@8] was used to
The secondary emission monitor was located just downebtain the Csl energy from the known energy loss in the
stream of the second profiler. A 50 cm long lead collimatorsilicon detector and a linear equation was fit to the @$)/
(inner diametex9 cm, outer diameter18 cm), located 1.3 energy versus channel number. Because the calibrations for
m upstream of the target, was inserted to protect those silicoall isotopes of a given element were similar, the calibration
detectors nearest the beam axis from radiation damage duralues for a given telescope and charge were averaged to-
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TABLE I. The number of valid trigger event@multiplicity

i ] T T T

o

=2) after data have been filtered through the gating conditions. 10° Eeveerny =

?_l— «wweee 1.8 GV *He +'%Au ;

Events with at least 10" 2 — — 48GeV *He +'Au 2

System Total events one IMF . F 3

1.8 GeV 3He+ "iag 5 405 691 822993 10

3.6 GeV *He+ "iAg 6 301 388 1606 407 = 10%F -

4.8 GeV *He+ "iAg 4636 509 1276 631 <

1.8 GeV 3He+%Ag 1178124 267 543 10 E e

4.8 GeV 3He+ ¥"Ag 3928244 1639 313 : 3

10°F -7

E L b

gether to facilitate the data replay. Individual LCPR,d,t, 10°F  (a E

3He, *He, and L) gates were set for each silicon/photodiode 8 P ]
1 | I

pair.

Events which fired in coincidence with high energy light-
charged particles in the active collimatgedbout 10% of the
events were eliminated from the analysis in replay. A gate
was also set to eliminate data corresponding to the first
40-70 ms of the beam spill. The number of valid trigger
events(charged-particle multiplicity=2) for each system
and the number of valid trigger events in which at least one =
IMF was detected are tabulated in Table I.

1.8 GeV *He + "'Ag E
3.6 GeV He + "'Ag
4.8 GeV *He + “'Ag

/IN,

[ll. EXPERIMENTAL RESULTS

PERTET NE T ETITY T

The distribution of excitation energies deposited in the
residual nuclei during the initial cascade has been examined
via several experimental variables believed to be related to o7 Attt L LIl 1

S ; 1 2 3 4 5 6 7 8 9 10 1

deposition energysee, for example, Ref29]). These in- Observed IMF Multplicity
clude observed multiplicity distributions for LCP’§(cp) ,
IMF's (N,ye). and total charged particledN(,); total ob- o
served chargeZ ), and total observed transverse and ther- FIG. 3. Miasur?gYIMF multnlpllcny distributions fdtop) the 1.8
mal energy E, andEy,, defined latex. Results are presented gnci/i.ﬁ Gen;/tAHE‘i‘ Au reZCt'onS andbottom 1.'8’|3'6|’ arI'DC.i 4'.?)
n tems’ of relaive probabity distibutons, wih S%°He: TR eactons. Eror bars e statstea ony. isi
3,;N;/N=1. Self-consistent comparison among the five data g v
sets was assured by removing from the analysis any tele-
scope that was not continuously functional throughout théhese two systems by intranuclear cascade calculat®ins
experiment. This resulted in an identical detector acceptande~ 1500 MeV for **’Au and ~1000 MeV for "®Ag). How-
of 67% of 47 obtained in the®He+ "¥Ag reaction and 69% ever, the larger mass of th€’Au target also influences this
for the 4He+ °7Au reaction. result. Finally, the 1.8 Ge\PHe+ "3'Ag system, which is
predicted to have the lowest average excitation energy, ex-
hibits the lowest average multiplicity, although tH&’Au
system at 1.8 GeV is not significantly higher, due in part to

One important gauge of deposition energy is the numbethe proximity of this system to the multifragmentation
of IMF’s emitted in a given event. IMF multiplicity is pre- threshold[30-32. We note here that the IMF multiplicity
dicted to be strongly correlated with excitation enef89—  distribution measured in this work for 4.8 GeVHe+
32], at least until the internal energy of the system ap-1°7Au differs distinctly from that reported in R€f33] for the
proaches the vaporization limit. In Fig. 3, the observed IMFsimilar 4.0 GeV *He+ '%Au system. This is discussed in
multiplicity distributions for the 1.8-4.8 GeVHe+"¥Ag,  more detail in Ref[21].
197Au systems are shown. As a general trend, the maximum The IMF multiplicities provide a rather coarse gauge of
observed IMF multiplicity scales with projectile energy. the excitation energy distributions due to the relatively small
However, the IMF multiplicity distributions for the 3.6 and number of fragments. As an alternative, we examine two
4.8 GeV He+ "Ag reactions are nearly identical, suggest- observables commonly used in heavy-ion reaction studies
ing that deposition energy may be similar for these two pro{16,29,34,3% the multiplicities of light-charged particles
jectile energies. (N_cp) and total charged particleSNg= N cpt Nive)-

Comparison of the results for the two targets at 4.8 GeVThese are shown in Fig. 4 and are similar in character to
bombarding energy shows a distinctly higher maximum multhose for IMF’s. One distinct difference between the LCP/
tiplicity for %7Au (M1~ 10) relative to"Ag(Mi¥~7)  total charged particle distributions and those for IMF’s is
at the 10°° relative probability level. This is roughly in pro- found in the 3.6 and 4.8 Ge¥He+ "¥Ag systems, where the
portion to the upper limits of excitation energy predicted forhigher projectile energy leads to higher maximum multiplici-

o

A. Multiplicity and energy distributions



ties. However, the LCP distribution includes a significant
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: T 35 E FIG. 4. Measured LCP and total charged-
107 pHH I:;::}:::T::}::':':'::'::::':-':}:-:4{4‘:::}1 4 particle multiplicity distributions for the 1.8 and
o b  18GevHo s iAg ] 4.8 GeV3He+ %7Au reactiong(top) and 1.8, 3.6,
; “—fgg"z::“::fi 1 and 4.8 GeVHe+"Ag reactions(bottom). Er-
o N S X + E ..
102 crrer fe 4 ror bars are statistical only.
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" o10° e
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To investigate the effect of nonequilibrium emission, we

contribution from ejectiles emitted during the fast cascadehave schematically separated all ejectile spectra into thermal
nonequilibrium stages of the reaction. These latter contribuand fast components. The division takes advantage of the
tions are illustrated in Fig. 5, which shows relative differen-excellent energy definition provided by the silicon elements
tial cross sections for the fragment kinetic energyin the ISiS array, combined with minimal source kinematic
distributions gated oM ;=2 for He, Li, and C fragments effects in these reactions—which provide nearly complete,
emitted at 14°—22° in the 4.8 Ge¥He+ "¥Ag reaction. The  high quality spectra for all fragments over the full angular
significant yields of energetic ejectiles are apparent and demrange. The separation procedure is based on analysis of the
onstrate that even for the more violent events, nonequilibsystematic behavior of the Maxwellian-like spectra and the
rium processes compose an important fraction of the yielddistinct slope change in the exponential tails of the LCP and
These observations suggest that the LCP distributions of FigMF inclusive spectrgespecially prominent foZ=2 frag-

4 may serve as a better gauge of the energy dissipated by tineents in Fig. $. For eactZ value, thermal charged particles
projectile than the actual deposition energy in the hot re{Ny) are defined to be those ejectiles with energiel) (
sidual nucleus. Also shown in Fig. 5 are two-componentbelow a cutoff energy

moving-source fit§21,36,37 to the Li and C datasolid
lines). The dashed lines give the equilibriumlike fit compo-
nent and the difference represents nonequilibrium processes.

This cutoff energy corresponds approximately to the region

max__
€th —

Cozf+ €p- (1)

—
MULT,y = 2

o = helium
+ = lithium
© = carbon

100
Eimr (MeV)

FIG. 5. Spectra of He, Li, and C fragments fdr,-=2 events

at 14°—22°. Data are from 4.8 GelHe+ "¥Ag system. Solid lines

where the slope of the spectral tail changes, most evident for
He ions in Fig. 5. In Eq(1), Z; is the fragment charg€, is

a spectral peak parameter determined from fits to the most
probable peak energies, aag=31 MeV is a constant based
upon the two-component moving-source fits illustrated in

.:g . 585z Fig. 5. The paramete€, is weakly dependent on both target
s " i mass and beam energy. Values efare evaluated in the
g §78885 721 ) |
8 ¢ source reference frame, as determined from both rapidity and
g moving-source fits to the specta1,36,37. Fragments with
£ 10 = energies above thig™® cutoff energy are labeled fast
o f (N a9, @nd are important primarily foZz=1-4 ejectiles.
[ The extracted observables show little sensitivity to the divi-
1079 | T amm— sion point over a+10 MeV interval ine,.

The results of this analysis are shown in Fig. 6, where
distributions forNy, and N¢,¢; are plotted. For the Ag target,
the multiplicity distributions for thermal events are nearly
the same at 3.6 and 4.8 GeV. However, the fast particles are

are two-component moving-source fits to the Li and C spectraclearly enhanced at the higher bombarding energy, suggest-
dashed lines represent the corresponding slow component.

ing less stopping and more intense spray of fast ejectiles.
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T
e 1.8 GeV *He +
---48GeV He +

—TT
a4

Way

N,/ =N,

3 FIG. 6. Comparison of thermdleft) and fast

L L (righty multiplicity distributions for the 3He+

......... 8GeV 3 He + ™ 3 t 197 i i

_;ggezg:e“a‘:g E naiag and *?'Au systems, as described in text.
Systems are defined on figure.

~--4.8GeV He + "Ag

N,/ IN;

15 20

This analysis emphasizes the need to eliminate fast cascaditis definition does not necessarily imply full statistical

nonequilibrium events whenever particle multiplicity or frag- equilibrium, but rather is an indicator of the internal energy

ment charge/isotope distributions are used as an indicator @fvailable to drive the disassembly process.

excitation energy. The Ey, distributions shown in Fig. 8 scale systematically
Another observable that provides a continuous diStribUWith project"e energy and target mass, ana|ogous to the be-

tion is the total energy of all fragments emitted in an eventpayior of the IMF and thermal ejectile multiplicity distribu-

E tor, Which, in principle, should be related to the excitationjons. The 3.6 and 4.8 GeR,, distributions are also nearly

energy of the emitting source. In Fig. 7, we show the distri5gengical for the3He+Ag system. The similarity of the IMF,

butions for the systems studied here. At the 3@robability Ny, andE , distributions suggest that the deposition energy

level, event energies are observed ufElg~900 MeV for (.o near 4 GeV for the A e ;
— 197 ; - g target. Similar saturation
Ag andE 1200 MeV for “*Au at the highest bombarding effects have previously been proposed from interpretation of

energy. However, as is evident from the spectra in Fig. 5, —5 GeV proton interactions with emulsiofi#]. Many ef-

S'gn'f'c"’.".‘t _fractlon OfEy may originate in fa;t cascade/ fects contribute to the saturation of deposition energy in this
nonequilibrium events that are not representative of the ex-

citation energy of the fragmentating source. energy range, includingl) the leveling of the totaN-N

In order to define an observable that is more directly re-CT0SS Section(2) increasingly forward-peakel-N elastic

lated to the excitation energy of the multifragmenting systenfNd inelastic angular distributions3) the increase in the
and minimizes preequilibrium contributions, we have con-Sécondary pion momenta above #8&3) resonance, which
structed a sum of the kinetic energies for all thermal ejectileslecreases the probability af excitations, and4) as pointed
in an event. This quantity is defined as the total thermalize®ut in Refs[5] and[7], the depletion of the nucleon density

energy in the central collision region. The net result is a saturation
, and/or decrease in the transvefdeN momentum transfer
En=2 €. (2)  [38], which produces an increasingly forward-focused flow
¥ T T T T v T T T T T T T T T T T T T T
10" 18 GeV *He + "7 Au ——= 1.8 GeV *He + "“Ag 7
N 3 nat .
---------- 4.8 GeV °He + 'Au —— 360CeV He+ Ag 3
---------- 4.8 GeV "He + Ag 1
10-2 3 i N E
4 ﬂ’l, * .
A . FIG. 7. Total emitted energy
-3 —]
E_ 10 E 4 3 per event for3He+ 1%7Au system
: i % (left frame and 3He+ "3Ag (right
I 1 * frame.
10t b i
E & : )
L !1| i h L
F . ; W p
8 P S S hﬂ. L l;":n L 15 0

0 200 400 600 800 1000 1200 1} 200 400 600 800 1000 1200 1400

E.. (MeV)

tot
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600 Frrrr T L B AL AL R B B LR
E — 0 — 1.8GeV *He+'*Au — O — 1.8 GeV He + "Ag
500 —a— 4.8Gev Ho+'TAu --tr-- 3.6 GeV *He + "'Ag b
[ —&— 4.8 GoV "Ho + "'Ag ]
400f ]
A ]
w300 h
4 : ]
200F ]
¥ FIG. 8. Lower frames: distributions of ob-
100f 3 served total thermalized energy per event for
A ] SHe+ 1%7Au (left) and 3He+"¥Ag (right); upper
OF E frames: correlation between total thermalized en-
E 3 nat 3 . .
et -+ = 18.GoV Ho s Va ::j_‘_;‘§§2¥=:::n.::: ] ergy and transverse energy. Error bars indicate
10k : 40 GovTHo v Ay 48GoVHa +"ag ] standard deviations of distribution widths:
- 1-‘ .
of and are representative of data. Systems are de-
10k fined on figure.
A
~ 10°F E
z E
10% F E
10° F 3
10~6-... | BRI RNV BRE T W SRS ; PRI BT 1

200 300 400 500 0 100 200 300 400
E, (MeV) E,y (MeV)

0 100

of energy with increasing projectile energy beyond a few At the 10 ® probability level, the maximum observed val-
GeV. ues ofEy~350 MeV for the"Ag residue and~550 MeV
Also shown in Fig. 8 is the correlation betwegp, and  for %’Au indicate the attainment of significant deposition
the total observed transverse energy per eveBl, energies in these reactions. These values translate into maxi-
=3,E;sirf. The error bars represent the full width at half mum deposition energies of the order of 950 MeV for the
maximum of the distributions. In calculatirigy , no distinc-  "Ag residue and 1600 MeV for thé*’Au residue, after
tion is made between thermal and fast ejectiles, consistetfirst-order corrections are applied for solid angle losses, neu-
with the use of this variable in heavy-ion studies. There istron emissior{20] and separation energiésased on charge
good scaling betweeR,, andE, at the highest thermal en- distributions corresponding to these evéenitdere we empha-
ergies. However, this agreement is in part due to the cumusize the distinction between deposition energy, which char-
lative sum of small nonequilibrium components in the calcu-acterizes the chaotic nucleon momentum distribution after
lation of E, , which exert a nonnegligible influence on its the fast cascade, and excitation energy, which implies full
magnitude. AsEy, decreasesk, systematically deviates statistical equilibrium. The former is more appropriate for
aboveE,,, presumably due to the more peripheral origin of comparison with transport models; the latter, for the disinte-
these events. For théHe+ "¥Ag system,E, is systemati- gration of an equilibrated system. The temporal connection
cally ~10% higher at 4.8 GeV than at 3.6 GeV, consistentbetween these two is a complex issue, both for experiment
with the results for the total energy shown in Fig. 7. Thisand theory[5].
suggests thaE, may serve as a better gauge of the energy Allowing for mass loss during the fast cascade, as pre-
dissipated by the projectile, whereg relates more directly dicted by INC calculation§3], these deposition energies cor-
to the energy deposited in the heavy residual nucleus. respond to maxima of~12 MeV/nucleon and~10

e 1.8 GV *He + A
— 36GeVHe + ™Ag 3
---------- 4.8 GeV *He + "'Ag

——= 1.8 GeV *He + "¥Au
---------- 4.8GeV °He + Au

zZ a L Il""-.‘___
ﬂ_ " o FIG. 9. Total observed charge for the 1.8 and
=z B 4.8 GeV3He+ 9"Au reactiongleft) and 1.8, 3.6,
107 F “a_%'} and 4.8 GeVePHe+ "¥Ag reactions(right).
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FIG. 10. The average number of observed IMEy:) as a FIG. 11.(Nyye) as a function of;otal oltg)7served chargeft) and
function of LCP(left) and total charged-particlgight) multiplicity t30ta| tpa(?rmallzed energyright) for “He+ “'Au system(top) and
for 3He+ 197Au system(top) and 3He+ "®Ag system(bottom). He+"*Ag system(right).

MeV/nucleon for the Ag and Au residues, respectively. Thud€ast up to very high excitation energies, beyond which the
the E,, distributions indicate that we are observing events in2verage IMF multiplicity begins to decrease with a corre-
which deposition energies in excess of the total nuclear bingsPonding increase in LCP multiplicities. The decrease at
ing energy are achieved. In addition, considerable thermalitigher energy is confirmed by experimental data from heavy-
zation must have occurred, as indicated by rapidity analysé@n-induced reactionf41,42. The high excitation energies
of these systemi21,39. However, the widths of the excita- that lead to a decline in average IMF multiplicity, if acces-
tion energy distributions for a given observaliee Sec. S|ble_ in Ilght—lon—lnduced reactions, should_ be found in cor-
Il B) are quite broad and thus influence our estimates of thElations with other observables. Under this assumption, the
maximum deposition energies. average IMF mqltlphcny,(!\lw_), has been plotted against
Another observable that provides a useful gauge of théight-charge-particle multiplicity N cg), total charged-
deposition energy is the total detected chaig.. Since Particle multiplicity (N (), total observed chargeZf,J, and
ISiS does not measure low energy recoil nuCRjy is di- total thermal energyE(th)., as shown_ in Figs. 10 and 11. At
rectly related to the number of target plus projectile protondo®W Nicp (the most peripheral collisionsthe average ob-
that participate in the reaction and subsequently appear &§rved IMF multiplicity increases monotonically. A% cp
LCP’s and IMF’s. ThereforeZ ., should be correlated with increases, the average number of IMF's emitted from the 4.8
deposition energy. Th&,,¢ distributions are shown in Fig. 9.
(The quantityZ,,s is the complement 0%,,,,q frequently
used in inverse kinematics reactiof85]; i.e., for our sys-
tem, Z o5~ Z1— Zpoung-) FOr the Ag system, the 3.6 and 4.8
GeV 3He+ "Ag results forZ,,s are nearly identical, further
reinforcing the conclusion that deposition energy saturates
near a bombarding energy of 4 GeV for thide+ "¥Ag sys-
tem. Otherwise, the&Z,, distributions scale systematically
with bombarding energy and target mass. For each target, the§
distributions in observed charge decrease monotonically up©
to a value consistent with the total charge available in the
reaction, corrected for detector geometric acceptance to first
order (Z=~33 for Ag andZ~56 for Au). Thereafter, the dis-
tributions decrease more rapidly, although some events are
detected that contain up to 90% of the total charge.

L
35

B. Gauges of excitation energy

All models of multifragmentatiof29—32,4Q predict that FIG. 12. LCP distributions for IMF multiplicitie#/ =17 in
the IMF multiplicity is correlated with excitation energy, at the 4.8 GeV3He+ *’Au reaction.
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GeV 3He+ 19Au systems increases above those of the othesion [5,7], thermal consequences of nucleon-nucleon colli-
systems. For all the system{$\,y=) becomes nearly constant sions and pion reabsorption in the center of the nucleus
for large values of N cp, reaching maxima near should account for any radial expansion. This is discussed
[(Njme)~0.4 for the 1.8 GeV3He+"¥Ag, 1%Au systems, more fully in Ref.[21].
(N \me)=0.75 for the 3.6 and 4.8 Ge¥He+ "¥Ag systems, Based on these correlations, for light-ion-induced reac-
and({N,ye)=~1.5 for the 4.8 Ge\PHe+ %Au system. tions the total observed charge and thermalized energy ap-
These results are consistent with INC calculations, whictpear to be useful gauges of the energy dissipated by the
predict only a weak positive correlation between the fasprojectile into the internal energy of the system. However, it
LCP multiplicity and large deposition energies due to theshould be stressed that in all cases, the width of the distribu-
very large fluctuations associated with the cascBll8].  tons is quite broad, as illustrated by Fig. 12. Thus the use of

This is illustrated in Fig. 12, where we show the LCP distri- 5 erage quantities must be interpreted with some caution.
butions as a function of IMF multiplicity for the’He+

197aAu reaction at 4.8 GeV. Thus, the LCP muiltiplicity in
central collisions appears to be a poor gauge of the deposi-
tion energy. This result contrasts with the conclusions of Ref. In order to make meaningful comparisons between multi-
[16]; however, particle thresholds were an order of magnifragmentation models and the data, it is necessary to account
tude higher in that experiment. for the underlying collision dynamics. To achieve this, mod-
A stronger correlation is obtained when total chargedels that treat the disassembly of excited residues must be
particle multiplicity are compared wittN,yr); however, this  appended to some appropriate transport model to predict the
may be in large part due to autocorrelation effects. All sysmass and excitation energy distributions of the excited resi-
tems yield similar results for peripheral reactions, with thedues. Since there is little time for evolution of the mean field
correlation for the 4.8 GeVPHe+ *°Au system extending to in light-ion-induced reactions, intranuclear cascade models
the highest IMF multiplicities. For the most dissipative col-[2,3,7] can be used to estimate energy dissipation. In con-
lisions, the maximum{Nyr) reaches values approximately trast, for heavy-ion projectiles, the evolution of the mean
twice as large as for LCP’s aloriee., maxima of~1.2 for  field of the colliding nuclear system is significantly influ-
the 1.8 GeV systems; 1.5 for the 3.6 and 4.8 GeVHe+ enced by the reaction dynamics, and Boltzmann-Uehling-
197ag systems, and-3.0 for the 4.8 GeVPHe+ 1°’Au sys-  Uhlenbeck(BUU) approaches are requir¢g—10,46,4T.
tem). These results are very similar to data from comparable In this section, energy deposition in thiéHe+ °7Ag,
systems in heavy-ion-induced reactioj#3—49, although  °7Au reactions is investigated using the Weizmann Institute
heavy ions tend to yield somewhat larger maximum valuesersion of the intranuclear cascade ceglBEL [3]. The pre-
of (N\ye) andNy than are observed here. dictions of this code agree well with Ref®] and[7]. The
The strongest correlations with IMF multiplicities are intranuclear cascade results reported here were performed
found for total detected chargg,,s, and the total thermali- using the fast rearrangement options and sequential-collision
zed energyEy,. ForZ,,s, we find that with the exception of exclusion within a 1.1 fm distance. These options emphasize
1.8 GeV *He+ '9Au, all systems have nearly identical be- the formation of highly excited residual nuclei—a condition
havior over the entire observed rangeZif,, with a slope of necessary to enhance the probability for multifragmentation
approximately 12 charge units/IMF emitted, on averé§jg.  [4]. The cascade-cascade interaction serves to increase pion
11). However, there is a large degree of autocorrelation beabsorption by allowing particles that have already undergone
tween({N =) andZs, since higher IMF multiplicities tend collisions to interact further. In calculations with fast rear-
to result in a higher total IMF charge and therefore higherrangements, the volume in which an interaction takes place
Zoss- The deviation observed in the 1.8 GelHe+1%Au s instantly filled (overall density is loweredso that addi-
system is most likely due to contributions from fission, tional collisions can occur in the region. This assumption has
which are most significant for this system. been shown to reproduce experimental data for central colli-
The correlations for total thermalized energy are verysions in heavy-ion-induced reactions at similar projectile
similar to those ofZ,,s. Total energy and total transverse E/A values, and at the same time account for fast nucleon
energy were also investigated. However, these yieldegpectra and multiplicitie§3].
weaker correlations thaBy,, most likely due to the inclu- ISABEL calculations were carried out for théHe+
sion of a larger number of nonequilibrium particlgsima-  1°7Ag, °’Au systems for bombarding energies between 0.27
rily H and He isotopeksin the calculations of the total energy and 5.8 GeV. The calculation for each interaction was halted
and total transverse energy. Because nonequilibrium pawhen the energy of the nucleons from each cascade fell be-
ticles are emitted in the early-to-intermediate stages of théow the energy needed to escape the nuclear well. At this
reaction, they are less valid indicators of the residue excitapoint, the mass, charge, momentum vector, and excitation
tion energy. energy of the residual nucleus were calculated. The subse-
One point that should be made is thgt, total energy, quent decay of these excited residues can then be treated in a
and total transverse energy all include contributions from theseparate calculatiof#,13).
Coulomb repulsion energy of the emitted fragments and the In Fig. 13, the average excitation energy of the residual
thermal energy of the source, as well as any possible colleaiuclei predicted by thesABeL code for the 3He+ "¥Ag,
tive expansion of the system. The last of these may arisé®’Au systems is shown for incident energies below 6 GeV.
from either decompression of a system with po, or from  The curves show the average excitation energy for three im-
thermal expansion. Since the projectile-target interaction ippact parameter regimes: central collisions, intermediate im-
light-ion-induced reactions results in little density compres-pact parameters, and peripheral interactions. Assuming a ra-

IV. INTRANUCLEAR CASCADE SIMULATIONS
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FIG. 13. Predictions of thesaBeL code(with fast rearrangement dISU‘Ib.UtIOI’] for *¥"Au eé(7tends to S|gn|flcantly higher resujue
option) for average excitation energy as a function of bombardingEN€rgies than for the Ag target. One simple explanation
energy for the®He+ 17Ag, 197Au systems. Results are shown for for this is the difference in size of the twp sygtems. The
three impact-parameter regimes, as indicated in the figure. average thickness,(t), of a nucleus is given by
(t)~4/3r A3, ()=9.3 fm for ®'Au, and (t)~7.6 for
dius parameter of =1.4 fm, these values correspond to %’Ag. For a totalN-N cross section of 40 mb, the average
approximately 10%, 20%, and 70% of the total reaction crosshickness for *’Au is about 4.4 times greater than the
section, respectively. It is observed that for events with thewucleon mean free path, as compared to 3.7"fi#g.
largest impact parameters, i.e., most of the cross section, the The qualitative correspondence between the data in Figs.
average excitation energyf=* ), remains relatively low and 6-8 and thesABEL calculations is good. Most significant,
insensitive to bombarding energfyean With decreasing the INC calculations for théHe+ "¥Ag system also indicate
impact parameter, however, the average excitation energyat approximate saturation in the residue deposition energy
increases much more rapidly with bombarding energy. Fois reached at a bombarding energy near 4 GeV. This is ap-
the 3He+ "¥Ag system, the code predicts a saturation in av-parent both in the excitation function of Fig. 13 and in the
erage excitation above about 4 GeV for central collisionsnearly identical probability distributions for the 3.6 and 4.8
This behavior arises from the nucleon-nucleon scatterin@seV cases in Fig. 15. it should also be noted that both INC
properties in this energy regime, as discussed in Sec. Il[.7] and BUU[5] calculations indicate that the post-cascade
Also, because of the large mass loss during the initial casresidue exists in a state of depleted densitg., p<<p).
cade(Fig. 14, the effective density of nucleons is noticeably Hence the reaction dynamics may play an important role in
reduced in the later stages of the cascil@|. the breakup geometry of the post-cascade resilagsdl].

Figure 15 shows the excitation energy distributions pred{deally, this depletion effect should be incorporated in the
dicted byisABEL for the 1.8 and 4.8 GeVPHe+ '°’Au and initial stages of theoretical treatments of the decay dynamics.
1.8, 3.6, and 4.8 Ge\PHe+ 19/Ag systems for collisions As a gauge for comparison with the INC calculations, the
which deposit excitation energies greater th#r=50 MeV. total thermalized energy appears to be a particularly useful
As expected, the distributions extend to higher excitatiorparameter in that it is a continuous variable, includes mini-
energies for the 4.8 GeV projectiles than for 1.8 GeV. Whermal preequilibrium contributions, and in principle, can be
comparing the 1.8 and 4.8 GeV results, the excitation energglirectly related to the residue excitation energy. However,
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, V. CONCLUSIONS
ISABEL INC: 1.8 — 4.8.GeV °He + '"Ag ) ) o )

100 e T In summary, we have investigated the collision dynamics

: ] in GeV light-ion-induced reactions by measuring LCP’s and
IMF’s with a low-threshold 4r charged-particle detector ar-
ray. Several experimental observables related to the projec-
- tile energy dissipation and excitation deposited in the target-
3 like residue have been examined. In addition, on the basis of
the systematics of the fragment LCP and IMF spectra, we
have separated the distributions into thermal and fast com-

Fraction of Events with Ey> 50 MeV

-2 _ ponents.

: ] In terms of deposition energy—most relevant to defining
the thermal properties of the residues—it is argued that the
most valid experimental signatures are found in the IMF and

O I B I I I I total-thermal-LCP multiplicities, the total observed charge,

0 250 500 750 1000 1250 1500 and the total thermalized energy. Correlations of these ob-
Excitation Energy [MeV] servables with the average IMF multiplicity reinforce this
conclusion. We also show that the total thermal energy dis-
tribution scales with that for total transverse energy; how-
ISABEL INC: 1.8 ~ 4.8 GeV °He + *"Au ever, the total transverse energy is also sensitive to nonequi-
e T B B librium events. The LCP and total-charged-particle
multiplicities, as well as the total observed energy per event,
are shown to contain significant fast-cascade/nonequilibrium
components. Thus they relate more to the energy dissipation
by the projectile than to the excitation energy deposited in
the residue. The presence of significant nonequilibrium emis-
sion in these data emphasizes the importance of eliminating
such events in any attempt to evaluate the residue excitation
energy.
For all distributions, the maximum value of a given ob-
| ] servable increases as a function of increasing projectile en-
N N B T A ergy for each target and as a fraction of projectile mass for a
0 500 1000 1500 2000 fixed bombarding energy. The exception is thide+ "¥'Ag
Excilation Energy [Mev) system, where the results show a saturation in deposition
FIG. 15. DiStI’ipUtiOﬂ of excitation energies for residues with energy near 4 GeV. This is consistent with the observation of
E*>50 MeV predicted by thesageL code for the 1.8 and 4.8 GeV' jimiting fragmentation and constant charge distributions for
_He+""Au reactions(bottom) and 1.8, 3.6, and 4.8 GeVHe+ |ight-ion-induced reactions in this energy regid]. From
_‘Ag reactions(top). Calculations are averaged over 100 MeV ihq thermal energy distributions and the associated fragment
bins. Symbols refer to projectile energy as follows: 1.8 GeV cparge distributions, we estimate the most violent events pro-
(circles, 3.6 GeV(diamond$, and 4.8 GeMsquares duce deposition energies up 5 ~950 MeV for "Ag and

197 .
the direct connection between the excitation energy predicE” ~1600 MeV ior Au. The values correspond to maxi-
tions of transport models and experimental observables i§'Y™M values ofE*A~12 MeV for the Ag-like residue and
nontrivial and in this paper we only attempt to investigate theE” /A~ 10 MeV for the Au-like residue—indicating that the
qualitative relationship. total LCP vaporization regime should be accessible in GeV

Analysis of the INC results also sheds light on two otherlight-ion-induced reactions. . _
aspects of the data. First, the larger charged particle multi- Finally, comparison of the experimental results with the
plicities for the 3He+ "Ag system at 4.8 GeV relative to 3.6 intranuclear cascade codsABEL shows good qualitative
GeV (Figs. 4 and § were ascribed to fast particle emission. correspond_ence. In _parUcuIar, the code predngt:ts the observed
The INC calculations support this interpretation, predictingSaturation in deposition energy for thitle+ "Ag system
more fast cascade particles at 4.8 GeV than at 3.6 Ge\€ar 4 GeV bombarding energy. Also, the predicted relative
despite nearly identical excitation energy distributions. Sec€r0SS section for excitation energies that exceed the multi-
ond, the maximum excitation energies predicted by the INdragmentation threshold~<500 MeV) appear to be consis-
code at 4.8 GeV are of the order of 1.0 GeV for théag  tent with the cross section values determined in R2t].
target and 1.5 GeV fof%Au. These values roughly corre- Thus, the INC model appears to provide a reasonable basis

spond to those inferred from the maximum measugd for describing the collision dynamics in GeV light-ion reac-
results in Fig. 8. Although the fraction of events with tions. However, a quantitative relationship between the ex-

E* =500 MeV is much higher for thé’Au target(Fig. 15, perimgr_nal observables _and transport code predicf[ion.s of the
the excitation energy per residual nucle¢g? /A), extends deposition energy remains an important future objective.

to larger values for'®’Ag, as shown in Fig. 14. The maxi-
mum values correspond t&*/A~13 MeV per residue
nucleon for the Ag target anE*/A~9 MeV/residue We thank the technical staff of DAPNIA/CE Saclay, as
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