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Thermal excitation-energy deposition in 5-15 GeVc hadron-induced reactions with *’Au.
I. Reconstruction of thermal source properties
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The event-by-event reconstruction procedure and related uncertainties involved in the derivation of excita-
tion energy and source-size distributions are investigated for GeV hadron-induced reactions. The analysis is
performed for the 5.0—14.6 Ge¥proton-, 7~ and antiproton-induced reactions 6f{Au, measured with the
Indiana silicon sphere charged-particle detector array at the Brookhaven AGS accelerator. The relative contri-
butions of the three major components of the excitation-energy calorimetry: charged-particle kinetic-energy
sums, neutrons, an@ values from reconstructed events, are found to be relatively constant for excitation
energies above about 500 MeV. Effects on the results imposed by various assumptions necessary to account for
experimental factors are examined and a corresponding deconvolution of the excitation-energy distribution is
performed. The major uncertainties in the calorimetry are found t¢lpseparation of nonequilibrium and
thermal-like charged particles, a(?) the unmeasured neutron component. The self-consistency of the proce-
dure is tested via comparisons with thiem and siMmoN codes for the disintegration of hot nuclei.
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[. INTRODUCTION large-acceptance measurement of thermal-like-particle spec-
tra necessary to quantify the heat content.

Studies of hot nuclei formed in the interaction of energetic  One of the major goals of studies of hot nuclei is to search
projectiles with complex nuclei are important for providing for the existence of a liquid-gas phase transition in finite
insight into the thermodynamic properties that govern thenuclear systems. Several statistical calculations have pre-
nuclear equation of stafé,2]. Central to such investigations dicted the expected features of this transition and have ac-
is the determination of the heat content of the excited heavgounted for many experimental observaljlgs6]. Compari-
residue formed in these collisions. Only during the past desons of data and theory require the transformation of
cade have advances in the technology of detector arrays amdeasured quantities into the thermodynamic variables neces-
the corresponding data-acquisition facilities permitted thesary to describe the emitting source: heat content, tempera-

ture, source charge and mass, and density. The heat content,
or excitation energ¥*, and source mas&, and chargeZ
*Present address: Laboratoire de Physique Corpusculaire de Cadrave been derived in several experiments using large detec-

F-14050 Caen Cedex, France. tor arrays[7—12]. Various methods have been employed for
"Present address: ‘pPartement de Physique, Univefsitaval, —measurement of nuclear temperatures: spectral slopes of the
Quebec, Canada G1R 2J6. Maxwellian spectra, populations of excited staf&8], and
*Present address: Los Alamos National Laboratory, Los Alamosglouble-isotope ratiogl4]. Source densities can be estimated
NM 87545. from model simulations[4,5,15, imaging technique§16],
S$present address: Rush Presbyterian, St. Luke Medical Centeand moving-source fits to the kinetic-energy speftia18.
Chicago, IL 60612. However, in all cases, complications arise due to the rapid
IPresent address: Barnes Hospital, Washington University, Stime evolution of these hot nuclear systems and the necessity
Louis, MO 63130. to establish at least quasiequilibrium in order for thermody-
TPresent address: Microcal Software, Inc., One RoundhousBamic concepts to have relevance. Further considerations are
Plaza, Northampton, MA 01060. the separation of thermal and collective features of the mul-
** Present address: Mallinckrodt Institute of Radiology, Washing-tifragmentation process and finite-size effects.
ton University School of Medicine, St. Louis, MO 63110. Ideally, the determination of excitation energies requires
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measurement of the emission angle, charge, mass, and ki the forward hemisphere and 93.5°-166° in four backward-
netic energy of all emitted particles on an event-by-evenhemisphere segments. The azimuthal coverage consists of 18
basis. In practice, none of the existing detector arraydelescopes in an annular ring, each subtendif29° in azi-
achieve this goal and, therefore, assumptions must be maduthal angle. The most forward ring is divided into two

in the event reconstruction to account for the unmeasurefelar-angle segments. Total solid-angle coverage was 72%
r the active telescopes in these experiments.

guantities; e.g., corrections for geometric factors, undetecte The detector tel sted of ionizati
neutral particles and/or kinetic-energy acceptance of the de- € deteclor telescopes consisted ot a gas-ionization

tector array. Hence, it is essential to investigate the uncer(Ehamber operated at 1618 Torr 0fRg gas, a 50Qum

tainties associated with determination of the excitation enpassive}ted silicon deteth.)r’ anda 28 mm Csl scintillator W.ith
ergy, mass, and charge for these thermal-like sources photodiode readout. Additional details of the detector design

In this paper we focus on the event-by-event reconstruc © given in[19]. The energy acceptance for intermediate-

; o .~ mass fragmen{IMF: 3<Z=<16) charge identification was
tion of excitation energy and source charge for the following . e O .
hadron-induced reactions on“¥Au target: 6.2—14.6 Ge\d/ 1.0sE/A=<090 MeV. Isotope identification was possible for

— : light-charged particles(LCP9 with kinetic energy per

protons, 5.0—9.2 GeV¥/w ", and 8.0 GeW¢ antiprotons. We ) . .
. L . ucleonE/A=8 MeV (LCP: H and He isotopegsIn addi-
examine the sensitivity of the deduced source properties tgon, all ejectiles that deposited energieg6 MeV in the Cs|

various assumptions contained in the event reconstructio ; . : ;
procedure. We first present the experimental details, followe etector(but' with Fhe fagt silicon signal too low to trigger the
' gorrespondmg discriminatprwere recorded for each ac-

by a description of the reconstruction protocol and analysi

of the various factors that influence the final results, the mosngtzld _ﬁ\]’.(;nt’roalz';% Y\r/:;tgrrtt:]aet'(;icggd;c:a ?TIIIIUCI(t)inIii:?WOI??:Sr?y
important of which involve corrections for neutron kinetic Ignal. This provi ! ' pleity

energies and separation of thermal and nonthermal compgﬁfcr?derfjecmgz with ?n)i{glisluﬁ”?hsg[ m?‘vr;hlsa?t?g:-es"
nents of the spectra. Finally, we conclude with a summary OE on corresponas approximatetly to gray p

e ; rward-peaked LCPs originally identified in emulsion stud-
:Egs\(/aalduaiz a(?iggaii ;grir? L'thzef(glljlgcvtinpgh)ggzrlnterpretatlons |et£ on the basis of track densities, intermediate between the

evaporative and minimum ionizing particlesEy, .y,
~100-1000 MeV).

In experiment E900 the composition of the positive beam,
as indicated by AGS secondary production tables, ranged

This paper presents results obtained with the Indiana silifrom about 90% proton/10% " at the highest momentum to
con spher€lSiS) 47 charged-particle detector arrfy9] in 60% proton/40%m " at the lowest momentum. The negative
two experimentdE900 and E900aat the Brookhaven Na- beam composition was predicted to be&5% =~, a few
tional Laboratory AGS accelerator. percentK ™ and about 1%p for the momenta studied here.

In E900 untagged secondary positive beams of momerFor the purposes of this investigation, we identify the posi-
tum 6.0, 10.0, 12.8, and 14.6 GeVAand negative beams at tive beam with protons and the negative beam with The
5.0, 8.2, and 9.2 Ge\¢/bombarded &%/Au target. In E900a rationale for this assumption is based on the insensitivity of
a tagged beam of 8.0 Ge¥/=~ and antiprotons was inci- the charged-particle multiplicity distributions to beam mo-
dent on a'®Au target. The event-reconstruction and calo-mentum or hadron type in these experimei@8]. The ISiS
rimetry procedures are described as applied tox1@  trigger was complemented by a 15 &5 cm upstream total
events from the E900/E900a data that met the minimum biaBeam countefTB), an annular ring veto scintillatdRv), a
trigger conditions(as described belowFor consistency we 28 mmx28 mm beam-definition count¢BC), and a seg-
have selected one system for presentation, 8.0 Ge¥/ mented inner/outer scintillator arrawV) upstream from the
+ 197Au, which is representative of all the other reactions. target for halo, veto, and beam alignment. The acceptance

For both E900 and E900a average beam intensities weiigigger logic was TBRV-BC-UV- ISiS.
approximately 2—4 10f particles/spill, with a cycle time of ~ The second experimenE900a was performed with a
4.3 s and flat top of 2.2 s. ThE¥Au target foils used in both tagged secondary beam of 8.0 GeVhegative particles
experiments were prepared from 0 purity metal by (7 ,K~,p). Beam particles were tagged with a time-of-
vacuum evaporation onto a glass slide, using a KCI substratitight (TOF)/Cerenkov-counter identification system. The
that was subsequently removed by repeated washing. Twiime-of-flight system employed a 12-mm-thick Bicron 418
targets, X 1 cn? and 2< 2 cn? in area and 1.8—2.0 mg/ém  plastic scintillator as a start detector and a 5-mm-thick Bi-
in thickness, were used to define the beam-target geometrgron 418 scintillator 64 m downstream as a stop element.
In order to provide a self-supporting target with minimum Timing resolution(o) was=200 ps and provided clean sepa-
extraneous material exposed to the beam halo, each targeition of p and 7~ projectiles(8:1 peak-to-valley ratip as
was supported by two 50m gold-plated tungsten wires at- shown in Fig. 1. This permitted simultaneous measurement
tached to a 5.0 cx5.0 cm target frame. A blank target was of thep and 7~ reactions under identical conditions. Beam
also inserted into the beam periodically to monitor the levelcomposition was=98% 7, 1% K™, and 1%p at the target.
of possible nontarget contributions to the spectra. For antiprotos a 7 m CQ gas @&renkov counter operated at

The ISIS detector array consists of 162 triple-detectoratmospheric pressure was used to identify and veto in soft-
telescopes arranged in a spherical geometry. The telescopgare negative pions that overlapped with fhalistribution
span the polar-angle range from 14°-86.5° in five segment the time-of-flight spectrum, as shown in Fig. 1. A

Il. EXPERIMENTAL DETAILS
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multiplicity is measured with the Berlin neutron bg#2] and

"’6? \ the Berlin silicon ball[23]. Finally, the excitation energy is
" 107 L derived event by event from the relation between the mea-
< 104 [ A sured light-particle multiplicities and those predicted by the
= 103;M".Mfr codes.
8 102; The ISiS collaboration has chosen another method that
| relies on a balance energgalorimetric procedujemade
S S S S B -Jux I event by evenf7—10,24,25% This method exploits one of the
60000~ Cerenkov veto major advantages afforded by hadron projectiles in the study
50000 - of multifragmentation; i.e., the ability to separate the non-
40000 - equilibrium and equilibriumlike components of the reaction.
30000 F 2%, [y o This separation, albeit imperfect, is facilitated by the differ-
o 1% p 1% K ent shapes of the high- and low-energy components of the
10000 E H kinetic-energy spectra of the emitted particlds,18. As
ot e N seen in Fig. 3, for LCPs two components are clearly distin-
2 10 8 6 4 2 0 2 4 guishable in the inclusive spectra, which are schematically
Time of flight (ns) attributed to equilibriumlike and nonequilibrium mecha-

nisms.

The nonequilibrated component originates in the cascade
of pions and nucleons induced by the incident projectile in
the target nucleus and is composed mainly of neutrons, H,
segmented halo-veto scintillator array, described in 21, He, and Li ions. In this paper_these energeti_c lons are sub-
operated in anticoincidence with the TQFISIS coinci- tracted from Fhe target charge in order to obtain thg charge of

the thermal-like sources, but are not used otherwise.

dence signals. The experimental layout is shown in Fig. 2. . .
Also, unidentified(“gray particles”) with energies from 92 In E900 and EQOOa the excnatlon.energy was derived
from the thermal-like decay products via the equation

to 350 MeV were measured. The minimum-bias ISiS hard
ware trigger required fast signals in three or more silicon
detectors, but did not include “gray particles.” Mp
E*=2 KP+Mq(Ky)+Q+Ey. &
Il. CALORIMETRY METHOD :

FIG. 1. Spectrum of tagged 8.0 Ga&V/hegative beam particles,
showing total time-of-flight spectrurttop) and spectrum gated on
Cerenkov countgbottom).

Excitation-energy distributions in GeV hadron-induced
reactions have been measured by two groups, the E900 Cdttere theK{? are the measured kinetic energies of thermal-
laboration and the PS208 Collaboration at CERN. At LEAR,like charged particles in an event of multiplicit ., trans-
the PS208 collaboration have determined excitation energipormed into the source frame. To account for the unmeasured
distributions in 1.2 GeV antiproton-induced reactiqd®|.  neutrons, we use an average multiplidit, as a function of
They employed a method that measured LCPs and lightl, and a corresponding average neutron kinetic enkrgy
IMFs along with the neutron multiplicity for each event. The as described in Sec. I\Q is the mass-energy difference be-
PS208 excitation-energy reconstruction proceeded via twtween the final products and the initial thermal-like source.
steps. First, a relation between the light particle multiplicity Energy released in gamma emission is assumed t& pe
(M_p) and the excitation energye() was established from =M z-3)X1 MeV. Corrections are included to account for
the statistical model codgemMINI [21]. Then the light particle the ISIS geometry.

VACUUM

CNTRL & NIM
GAS HNDLN 2 Hv. [ vacuuM cHamper | NM CAMAC
SYSTEM CAMAC . & HV.
TOF PATH: 64 ISiS
8GeV/c \
BEAM (GAS CERENKOV ( C0; ) SWIC = PLATFORM
S—pHE— e iRy |
P Gvilj DP | & STAND | Gyz SwiC FIG. 2. Schematic layout of
mm) i i
ToF TART aNTR ToF STOP | NNER FIALD CNTR apparatus used in studies of the
Beam Cnir) " 8.0 GeVkw™ + ¥Au reaction.
SEGMENTED | g Hy. &N::'v CAMAC
BEAM HALD | cAMAC o
COUNTERS
ISIS at AGS
om 1m E900: A1 LINE

0 1 ; 3 4ft (plan view)
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F The charge and mass of the excited source are determined
Z=1 on an event-by-event basis by subtracting the nonequili-
brated particles from the target charge and mass

M neq

Z=Ziy— > 2, )

and
10
M neq

R A=Ag— 2 Z]"H (M7, 3
\ I
TR T [ [ BRI

whereZg, A, are the charge and mass of the emitting source,
Ziqt,Aq are those of the initial targeg;*is the charge of
shower/nonequilibrate¢neq particlesi, and (M;*% is the
average multiplicity of nonequilibrium neutrons. Efficiency
corrections, taking into account the forward focusing of non-
equilibrium emission, are included to account for ISiS geom-
etry. More details about the definition of the nonequilibrated
component are given in Secs. IV and V.

For all probability distributions shown in this work the
\ total number of events is normalized to unity. It is estimated
\ that the total cross section for measured events in E900 is
% 1 1 1 | E_E

10

T

10

T IIIIII‘
-

. 0~1300=200 mb relative to a geometric cross section of
10 b Lo T4eo=2100 mb, as discussed in the following pap2g].

B Cpoo Z=3

IV. CHARACTERIZATION OF THE THERMAL-LIKE
SOURCE

|

10 Since the shower/nonequilibrium particles leave the target

nucleus prior to thermalization, they must be removed from
the kinetic energy and chargeas$ sums in performing the
calorimetry. In Fig. 3 the inclusive angle-integrated kinetic-
energy spectra are plotted for H, He, Li, and C nuclei. Be-
cause the kinematic tranformations are sma|l/€=<0.01c),
the laboratory spectra do not show a pronounced angle de-
pendence. The high-energy tails above the Coulomblike
10— — peaks show two exponential slope components for the LCPs;
10 one corresponding to the tail of a thermal-like spectrum and
one to a higher-energy component. We associate the latter
with nonequilibrium emission. The nonequilibrium compo-
nent is less apparent for Li and nearly absent for C. For
fragments withZ=6 only a single component is discernible
in the spectra at the 18 probability level. Here we define
all distributions in terms of a unit probabili®y;P(n;) =1 for
each set of events relative to the total number of everits
In order to perform the separation between the thermal-
like particles and the nonequilibrium ones, two-component
) moving-source fits have been performed as a function of
c b Lo Lo Lol angle[17,18,27. The parametrization, given by E(R0) of
20 4 W 50 100 Ref. [28], has been used for the thermal-like source. This
Kinetic Energy (MeV) model assumes surface emission from a nucleus at normal
density with charg&s, velocityv, temperaturd, fractional
FIG. 3. Angle-integrated kinetic-energy spectra in the laboratoryCoulomb barrierk, and spectral shape parameferThe
for Z=1, 2, 3, and 6 as indicated in each panel. Open points corlonequilibrated source is assumed to be described by a stan-
respond to data. Dashedotted lines represent the thermal-like dard Maxwellian function. Since the main purpose of the
(nonequilibratell component of the moving-source fit. The solid two-component fits is to define a systematic method to iso-
line is the sum of the two fits. Upper cutoff energjeg] are shown late thermal-like emission, we will not discuss the extracted
by vertical arrows. parameters.

do/dE (arb. units)
T TTT III

T

10

IIIII

=
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As an alternative approach, we define a second assump-
tion in order to give a lower estimate of the excitation energy
as well as source charge. Using the moving-source fits, the
probability that a particle is either a thermal or nonequilib-
rium particle is obtained from the respective relative yields
of the two spectral components normalized to the total yield.
At a given kinetic energy, a particle is thus defined by two
probabilities related by the following equation:

Pye(th) + Py (neg =1. (6)

Thermal probabilitied4(th) of each particle are used in
the energy and mass balance sums of @g.in order to
determine the excitation energy and source charge. The
dashed and dotted lines in Fig. 3 represent, respectively, ther-
mal and nonequilibrated fits from which probabilities have
been extracted. Due to the assumption about the function
(Maxwellian) used to fit the preequilibrium emission and the
large number(ten) of parameters of the fitting procedure,
several fits with similar chi-squared values may be found.
For proton spectra, we purposely used a lower estimate of
the thermal-like component in order to minimize the excita-
tion energy.

In Fig. 5 a check of the consistency of both methods is
performed by looking at the angular distributions for
thermal-like particles(shaded argaand for all particles
(white area in the laboratory frame. The anisotropic contri-
bution of fast nonequilibrium particles is removed for 1
and Z=2 when the cutoff energy assumption is applied, as
indicated by the shaded curves in the left panels of Fig. 5.
The remaining forward focusing of the thermal component is

FIG. 4. Angle-integrated kinetic-energy spectra in the laboratory o . o
for Z=1 andZ=2 as indicated in each panel, and for three bins indue to the Ior';],g't#d'nal Veloﬁ'tykcompone_nt of the ?m,'tt'ngf
E*/A calculated with the cutoff assumption of E¢4) and(5) [27]. sou.rce[29]_. This has b.een chec e_d by u§|ng a ,S'mlJ ation o

an isotropically-decaying sourd¢hick plain line in Fig. 5

The symbols correspond t&*/A=2-4 (open circley E*/A X ! =oa) ;
—4-6 (filed triangles, and E*/A=6—-9 MeV (open triangles ~ Moving with Iongltuqhnal source vel_ocnyu extracted from
bins. the thermal source fits. The calculation is passed through the

ISiS filter and is normalized to the data points of B¢,
Based on this procedure, thermal-like particles were de=128°—147° ring of ISiS. Except foZ=3-5, the thermal-
fined by a sharp cutoff approximation for the 1.8—4.8 GeVlike particles are well described by isotropic emission from a
3He+ 197 Au reactiong27] source moving with velocity<0.01c.
In the left middle panel of Fig. 6, the total excitation-

K(Z=1)<30 MeV, (4)  energy distribution with the sharp cutoff assumption is seen
to extend to higherE* values than that which uses the
K(Z=2)<(9Z+40) MeV. (5)  moving-source fits. Arrows indicate the position of the lower

limit of the last one percerit~-13 mb of all measured events
This schematic definition is consistent with the present spedor each distribution, i.e E* =1150 MeV for the sharp cut-
tra and is adopted here. These sharp cutoff energies amdf assumption ancE* =975 MeV for the moving source
shown in Figs. 3 and 4, by vertical arrows. Figure 4 showdit. The relative difference between the two estimates, goes
the angle-integrated spectra =1 and 2 ions as a function up to 17% atE* (cutoff)=1150 MeV as shown in the left
of E*/A. With increasing excitation energy the break in thebottom panel of Fig. 6.
slope becomes less distinct and can be described by a single In contrast to thee* results from the moving-source fits,
source at the highest excitation energies. Thus, the separatiamalysis of the EOS daf&0] has imposed a nonequilibrium
of the two components near the cutoff energies is blurregharp cutoff assumption dE/A<30 MeV. This approach
because of the time evolution of the reaction; i.e., experiyields excitation energies about 20% higher than for the as-
mentally one cannot distinquish between a late nonequilibsumptions of Eqsi4) and(5), as shown in Fig. 7. The origin
rium particle and a short statistical emission time. The sharpf this difference is the inclusion of large contributions to the
cutoff assumption of Eqg4) and (5) leads to an underesti- excitation energy sum oA=2-4 particles in EOS that fall
mate of E* at high excitation energies if a thermal-like well above the cutoffs established by the spectral shapes ob-
source produces these particles. served in ISiS.
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FIG. 5. (Color) Angular distributions in the laboratory f@t=1,Z=2,Z=3-5, andZ=6-16, as indicated in each panel. Yellow areas
correspond to thermal-like components; white ones to global components. The thick plain line represents the angular distribution of an
isotropically decaying moving sour¢see text for more detajlsFor each panel the simulation is normalized to the data points of the eighth
ring of ISIS (0 ,,=128°-147°). The lack of counts at forwar® (,=0°—14°) and backward®,,= 166°—180°) angles correspond to
beam apertures and at middle anglés.(=86.4°—93.6°) to the target ladder.

In the right middle panel of Fig. 6 the more relevant quan- V. CORRECTIONS FOR NEUTRON EMISSION
tity E*/A shows smaller deviations between the sharp-cutoff

and moving-source assumptions. Maximum deviations 0fnajor uncertainty regarding the excitation-energy procedure

~12% occur neaE*/A~6 MeV, as shown in the bottom iq'ihe estimation of1) the neutron multiplicities for thermal-
right panel of Fig. 6. Since a high cutoff energy reduces thgjxe and nonequilibrium/sources arié) the kinetic energy

number of nonequilibrium particles, the correspondingcontribution for neutrons from the thermal-like source. In
source mass is also larger, thus cancelling out the increase {Rjs analysis the nonequilibrium neutron multiplicity is taken
E*. For example, at the level where all but the last oneyg pe M"€%=1.93V"9 where M"®® is the nonequilibrium
percent of the data are accounted for, the moving sourcgroton multiplicity. This assumption is consistent with
assumption yieldsE*/A~7.5 MeV, which is about 8% Boltzmann-Uehling-Uhlenback, calculatiofl], recent ex-
lower than that obtained with Eq4) and Eq.(5). For the  perimental dat432] and is intermediate between previous
uniform E/A<30 MeV cutoff assumption, a value &/A  estimates based on tiN/Z of the target and the experimen-
=9 MeV is obtained, which is about 12% higher. tal systematics of33].

The upper panels of Fig. 6 show the decrease in the av- In order to estimate the thermal-like neutron component,
erage source charge, normalized to the target charge and de#e used the neutron-charged particle correlations reported
termined with both the sharp cutdf27] and moving-source for 1.2 Gevﬁ+ 197aAu reactions by Goldenbauet al. [12].
assumptions, as a function of excitation energy. This deAt low charged-particle multiplicity the neutron multiplicity
crease arises from the fact that as the excitation energy imises sharply and then increases much more gradually be-
creases, nonequilibrated emission increases as well, whigrond (M)~ 15, as shown in Fig. 8. The correlation is rea-
leads to lower source mass as the excitation energy increasesnably well described by two model simulatiossm [4]

At the lower limit of the last 1% of each distribution, the andsiMoN evaporatior{15] for charged particle multiplicity
source size is about 80% of the initial target size using theM .>4. The inputs to both models are the source charge,
thermal-energy acceptance of E¢$. and(5) and 70% with mass and excitation energy, extracted from ISiS data. The
the moving-source fits. The discrepancy between the two esame qualitative behavior has been observed in heavy-ion
timated source charggsnass increases up to 12% d&* reactionq 34], indicating that at low excitation energies neu-
=1150 MeV E*/A=8 MeV). tron emission is the primary emission mode. As the excita-

In our adopted excitation-energy distributions, we use theion energy increases and sourséZ decreases, charged-
sharp cutoff assumption of Rei27] as an intermediate ap- particle emission grows in probability relative to neutron
proach between the two-source fits and the EOS approachemission.

For all 47 charged-particle detector arrays, the second
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L« Absolute (MeV) +‘t 0.6~ * Absolute (MeV) :15 ferences between excitation ener-
—_ L 120 C . gies determined with the two as-
% 200 . L E sumptions regarding the non-
< - ] 04— J10 equilibrated emission. The right
- - . - ] scale on each figure gives the rela-
*_ 100 ] 10 02 B E tive differences, and the left scale
N o . —s . ;
% C - . - ] the absolute differences. Variables
CoLr | | | ] i | | | | 1 are displayed as a function &*
1 1 1 1 1 1 Il 1 1 1 1 1 111 111 | 11| 111 111 H * H
00 500 1000 1500 0 00 2 4 3 3 10 120 in thr][e left Fanels an&*/A in the
right panels.
E* (MeV) E*/A (MeV)

One can also use a mass balance procedure in order hoitial N/Z ratio. The mass balance assumptiopen squares

estimate the multiplicity of free neutroif40,24,30,34 The
number of free neutrons is then determined as follows:

M n=— (Asf Zs) - [(Aemittecr Zemitted) + (Amissingf Zmissing)](v?)

30
I _D__D_++_?_
where A, Z; are derived from EQs.(2) and (3); 25:_ =
(Aemitted: Zemitted @re the total mass and charge of all emitted i o
thermal products, andssingis the total undetected charge. I et
20 AT LT

Anissing IS then determined fronZ issing With respect to the
valley of stability or by assuming the conservation of the

in Fig. 8 does not reproduce the experimental correlation.
Indeed, all considered massg@snitted fragments and miss-

ing mas$ have been estimated using the stability valley and,

Mean neutron multiplicity

LIS S L BN B L B N
0*2%00s [
AM% 10
- I
"-, n, —=— 1.2 GeV pbar+Au
~~ (7
* 10—2_ N %, AAAA | sF o O Mass conservation
E A E/AZIOMeV A*Aﬁ ] [ eesee SMM (3v0)
. St > )
- ® 97 + 40 MeV ., o T k- SIMON—evaporation
g oI|.|I|||I|||I|||I|||I|||I||.I||.I|||I|||
. o, 0 2 4 6 8 10 12 14 16 18 20
_ ‘e A%ﬁ Charged-particle multiplicity (Z=1-16)

10

E* MeV)

NN I L TR I Y 15
0 200 400 600 800 10001200 1400 1600

FIG. 8. Relation between the mean neutron multiplicity and the
charged-particle multiplicity. Solid line corresponds to data points
reported for LEAR data by Ref12]; solid line issmm calculation,
FIG. 7. Excitation-energy distributions for sharp cutoff assump-and sIMON evaporation is given by the dashed line. The open

tions of Egs.(4) and(5) compared with a cutoff value d&, /A e
<30 MeV.

squares give the mean multiplicities estimated with the mass con-
servation assumptiofi0,21,25,2%
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evaporatior 15], have been performedop panel of Fig.
Both models take into account the time-dependent cooling
effect. The neutron emission in both cases is mainly de-

O A3 K2l - K32 ranges froma=A/13 MeV ! to A/8 MeV ! [36]. For the
I~ [T=E/)™ acAg o K=2T + K,=3T72 P Maxwell-gas assumption]T¢=2/3(E*/A). In both cases
éa 20-T=2/3E"/A) + K,=3T/2 +++++++ e E*/A is the total(initial) excitation per nucleon anf is the
< [ T ass . . initial temperature. Consequently, the cooling of the source
T R e iy along the decay chain is neglected, leading to an overestima-
MO g e e tion of th kineti In Fig. 9 th
v [EEETT T smMeve) ion of the average neutron kinetic-energy. In Fig. 9 the neu-
ofoe v 0y, mp ) SIMONgvap tron kinetic energy overestimation is clearly seen when one
'L uses the relatiolK ,= in conjunction wi (D).
1 the relatiof,,= 2T junct th Eq(1)
< In order to compare the predictions of model calculations
el with the variousT g assumptions relative to the mean neutron
&k kinetic energy, two calculationssmm [4,37] and SIMON-
s

S 23_ \M scribed by a sequential surface emission. Indeedpim at

é’ r Fen =2 least 90% of all emitted neutrons come from secondary de-

S J\gﬁ‘ 1 cay of heavy decaying fragment37]. In SIMON evaporation

< 1 ++++ M the level-density parameter is set &o=A/10 MeV 1, in

& [ e ¢ Absolute (MeV) SMM to a=A/9 MeV 1.

T L Relative (%) 1, In the middle panel of Fig. 9, the resulting probability
0 2 4 6 8 1 distributions for the total excitation energy appear in the

E*/A (MeV)

E*/A distribution for the Fermi-gas assumption wit,

FIG. 9. Upper panel: estimates of neutron mean kinetic energy- 2 1s and thesmm model. Locations of the lower limit of
as a function of excitation energy per nucleon, as indicated in panefn€ last 1% of each distribution are*/A=10.25 and
Middle panel: P(E*/A) distributions for three different assump- E*/A=9.25 for the two Fermi-gas assumption, with, respec-
tions regarding neutron kinetic energy; the solid line corresponds téively, a=A/13 MeV ' and a=A/8 MeV~*, and E*/A
the sMm assumption at one-third normal density, the open circles to= 8 MeV when(K,)) is taken fromsmm. The relative differ-
a Fermi-gas assumption with= A/8 MeV ™1, and the filled circles ence is about 20% over the whole range of excitation energy,
toa=A/13 MeV 1. Distributions are normalized to total number of as indicated in the lower panel of Fig. 9.
events. Lower panel: discrepancy between excitation energy per Finally, several groups have used the relatiqyF Cq T
nucleon determined with the SMM assumption and with a Fermiith the Fermi-gas assumptioh,=\/(E*/a) and Cq4=3/2.
gaS assumption W|tb:A/13 Me\/—l Note: the rlght Scale |S for |n that Case, the CoefﬁC'emeﬁ |S |Ower than 2 |n Order to
relative discrepancies, and the left scale for absolute errors. take into account the cooling of the source and has nothing to

) o do with the Maxwell-gas assumption. Using this procedure, a
therefore, do not account for the important emission of neug 54 agreement is found witiMoN-evaporation calculation

trons at low charged-particle multiplicity and the saturation,hen the level-density parameter is seate A/8 MeV~1, as

at high multiplicity. The same effect is observed when oneqicated by the open stars in the top panel of Fig. 9. &or
uses the initiaN/Z ratio to extract the missing mass fromthe _ /13 MeV-1 the mean neutron kinetic energy is overes-

missing charge. o _ timated (black stars Good agreement is also found when
As far as the neutron kinetic energy is concerned, none of o | |sesk =T (Coer=1) with a level-density parameter
n S €

the detector arrays measure this quantity overid coinci- increasing froma=A/10 MeV ! at E*/A=1A MeV to a
dence with charged particles. In order to estimate this impor-_ A/13 MeV ! at E*/A=5A MeV [38].

tant effect, several assumptions can be used, as shown in the In our adopted procedure, we have usedshet predic-
upper panel of Fig. 9. For all of them the mean neutro ;
kinetic energy is taken from the correlation betwedy,)
and E*/A and then Eq.1) is iterated in order to obtain
self-consistency.

In the top panel of Fig. 9, one can already notice the large

discrepancy in the average neutron kinetic energy as a func- Besides the two important factors indicated above, which
tion of E*/A between the Fermi-gas assumpti@pen and  can change th&* values by 10—30 %, some second-order
filled circles and a Maxwell-gas assumptiofopen tri-  corrections have also been investigated.

angleg. Formally, the former can only be used at I&#/A (1) Source velocity—This factor was accounted for by
and the latter at highe*/A. Neither takes into account the using moving-source-fit velocity parameters derived as a
intermediateE* /A range where a first-order phase transitionfunction of total detected multiplicity. The velocity is small
may take place. However, in order to use #ig=2T, (sur- (v)=<0.0Xc) and has a minor impact.

face emissiop or K,=3T¢/2 (volume emissioh relations (2) Source angle—For simplicity we have assumed in our
[35], the temperature of the source must be determined. Faeconstruction procedure that the source is moving along the
the Fermi-gas assumption it is extracted via the relalign beam axis, although intranuclear cascade calculations indi-
=E*/a [8-10,29, where the level-density parametar cate a significant transverse velocity compong2fl]. As

"tion as a conservative estimate of the excitation-energy con-
tribution from neutron kinetic energies.

VI. ADDITIONAL FACTORS
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long as the linear component of the source velocity is not
much bigger than 0.@2 the source angle does not have any 10
significant effect.

(3) Geometrical efficiency corrections do not fold in par-
ticles with energies below the detector thresholds, especially . 8
heavy IMFs(because of small source velogityThis could :
produce a slight underestimation Bf (Sec. VII).

(4) Final residueZ,A—The assumption that all missing
charge and mass is contained in one residue works well a 6
low E*. However, asE*/A increases beyond-5 MeV,
there may be two or more low-energy fragments. In that
case, there is a tradeoff between the calculdedalue of 4
one big residue, which minimize&*, compared to the
value of many smaller particles and some missing kinetic
energies (K¢p)/A MeV per missing particlg which would
increaseE* .

[ ]

VIl. MODEL COMPARISONS

In order to check the consistency of the calorimetry IH
method used for these hadron-induced reactions measure
with ISiS, thesmm andsIMON-evaporation calculations have
been used as test cases. Both model simulations use identic 8
input information, based on the experimental distributions of
source charge, mass, velocity and excitation energy recon
structed from dat®38,39. Then the simulations are filtered :
to take account of the geometry of ISiS, the particle kinetic- 6
energy thresholds and the energy lost in the target.

In Fig. 10 correlations between the initial and recon-
structed excitation energies of the simulations are shown. Fo 4
this purpose simulation particles above the thermal cutoffs of
Figs. 4 and 5 have not been eliminated from the reconstruc
tions. For each simulation the neutron mean kinetic energy is

extracted from the respective model correlation displayed in 2

the top panel of Fig. 9. The average reconstructed excitatior

energy, open circles in Fig. 9, is systematically underesti-

mated with both simulations. Part of this underestimation is 0

due to undetected charged products emitted below thresholc ] 2 4 6 S 10

Most of the undetected charge corresponds to the charge ¢
the largest fragment. Better agreement is found when one
adds the energy lost below thresholds, which is a known
q.uar'ltlty in S|mulat|ons., to the S'tandard rgcpnstructlon of ex- FIG. 10. (Color) Reconstructe@* /A calculated as a function of
citation energy. Inclusion of this effect is indicated by the.

. . A . L initial E*/A for simoN evaporation(upper pangland smm (lower
filled trlqngl_es in Fig. 9. The underestimation is about 5% Ofpane} models. The simulations are filtered with the experimental
the excitation energy and goes up to 50 MeV Et

. .. acceptance of ISiS.
=1100 MeV for both model calculations and is independent

of other assumptions, which can shift the excitation energynean neutron kinetic energy is taken from the corresponding
scale by 10-20%. The remaining difference is due to thenodel. For both model calculations, the standard deviation
estimate of the neutron multiplicity, which differs between s apout 20%4:5%. The detector geometry, 72% ofr4or

the models and the data frofh2]. ISiS, contributes about 8—10% of the total standard devia-

From both simulations it is also possible to extract thetion, The remaining part, 10-12 %, results from the neutron-
standard deviation of calculated excitation energies at @econstruction assumptions.

given initial excitation energy. The dispersion around the av-

erage value is mainly due to two effects: detector geometry,,, rg aTIVE CONTRIBUTIONS TO THE EXCITATION

and neutron assumptiorisnultiplicity and kinetic energy ENERGY

Part of the dispersion from the preequilibrium emission is

also taken into account in model calculations since the The relative share of the total excitation energy contrib-
source charge and mass distributions, E@$.and (3), are  uted by each of the major components in the reconstruction
used as inputs to the codes. Note that for each calculation the shown in Fig. 11 as a function d*/A. These values
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FIG. 11. Relative share of excitation energy for various compo-  2gosF
nents of the reconstruction procedyfeg. (1)] as a function of st
c O’ | P I I | | PR I R BT
o

L%
N

E*/Agc. Top frame: light-charged particle kinetic energgolid 4 6 8 10 1z 1
squares neutron kinetic energyopen circley and IMF kinetic Excitation energy (A MeV)
energy(open triangles Bottom frame: total particle kinetic energy
(open circles and Q values(solid squares

16 18

FIG. 12. Top panel: unconvoluted excitation-energy distribution
and individual Gaussians of convolution, as indicated in the figure.
Middle panel: convolutedlight gray curve, unconvoluted(dark
represent our final adopted protocol for reconstruction, thgyray), and experimentaffilled circles excitation-energy distribu-
principal elements of which ar¢l) the total measured tions. Distributions are normalized to the experimental values at
charged-particle kinetic energie$2) the thermal-cutoff- E*/A=4 MeV. The dotted line denotes* /A, probabilities that
energy definition of Eqg4) and(5); (3) the neutron-charged account for the last 1% of the events. Bottom panel: ratio of the
particle correlations of Ref12], and(4) the average neutron unconvoluted-to-convoluted distribution as a function of excitation
kinetic energies of themm model[37]. The top frames of ~€nerdy per nucleon.

Fig. 11 show that foE*/A=3 MeV, light-charged particles

and neutrons account for over half of the excitation energyergy. The effect of overcorrection is negligible bel@t/A
contributing nearly constant shares: 30% for LCPs and 20—=10 MeV. Reconstructed events with,>Z; (<0.01%)
25% for neutrons. Over the same excitation-energy rangeéiave been removed in the experimental excitation energy
the IMF share increases from about 5 to 15 %; i.e., the IMFdlistribution shown in Fig. 12, where a detailed analysis of
make only a minor contribution to the tot&F . the tail of the distribution is performed.

When the relative contributions of the total-particle  The second source of overestimation is the dispersion in-
kinetic-energy sum an@ value are examinetbottom frame  volved in the excitation-energy calculation due to detector
of Fig. 11), similar systematics are observed as a function ofnefficiency and neutron assumptions. For the bulk of the
E*/A. About 60—65 % is due to the kinetic-energy sum andexcitation-energy distribution the overestimateti coming
35—-40% to theQ values. Whereas the IMF kinetic-energy from lower true E* and underestimate®* coming from
contribution is small, these fragments do play an importantigher trueE* cancel each other. The estimate of excitation
role in defining the fragment charge distribution within an energy is, therefore, correct on average. On the other hand, in
event, necessary for th@-value calculation. In summary, the tail of the distribution there are fewer events at high
Fig. 11 indicates that foE*/A=5 MeV, where the onset of excitation energy than at low excitation energy. The average
multifragmentation is expected to occur, the ratios of theeffect doesn’t hold anymore and one observes a systematic
major contributions remain relatively constant, suggestingverestimate of excitation energy.
the reconstruction procedure is not being dominated by cor- In order to estimate the magnitude of this overestimate,
relations other than the conservation of energy. one can convolute a given true excitation energy distribution

The maximum excitation energy that Gevlhiadrons can assuming Gaussian-like fluctuations. In the top panel of Fig.
deposit in target nuclei is an important issue if one wants tdl2, the average and the width of each Gaussian correspond,
study processes at the highest excitation energies. In order tespectively, to the excitation energy bin value and the stan-
determine this maximum value, one has to take into accourdard deviation extracted from the model comparisons in Fig.
two points. First of all, events with a total charge greater tharl0. The shape of the unconvoluted excitation-energy distri-
the initial source charge are overcorrected due to detectdyution, the thick plain line in Fig. 12, is chosen in order to
efficiency and, therefore, lead to overestimated excitation engive a convoluted distribution similar to the experimental
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one. Here, the unconvoluted excitation distribution is givenexamined. Principal among these are the elimination of non-
by the sum of a Gaussian and an exponential. The cutoff aquilibrium particles from an event and the contribution of
low excitation energy corresponds to the detector trigger rethe unmeasured neutrons. The excellent kinetic-energy deter-
quirement. In the bottom panel of Fig. 12, distributions aremination provided by ISiS permits a schematic separation of
normalized to each other &*/A=4 MeV, where the exci- equilibriumlike and nonequilibrium events, based on the sys-
tation energy reconstruction should be most reliable. tematic slope changes in the spectral tails. We have adopted
Overestimates due to the convolution effect are at aboutis protocol as a compromise between a two-component
1-2A MeV in the extreme tail of the distribution and moving-source fitting approach, which yields lowet val-
0.5-1A MeV at E*/A=8 MeV. AboveE*/A=7-8 MeV, ues, and a uniform thermal cutoff energy for particles with
more than half of events have an overestimated excitatiokinetic energyE/A<30 MeV, which results in higheE* .
energy value as shown in the bottom panel of Fig. 12. On the For the unmeasured neutrons our use of the neutron-
other hand, our criteria for event reconstruction have atcharged particle multiplicities of12] has a much greater
tempted to minimize the resultaBt values; for example, by effect on the fluctuations in our data than on the averages.
using a modelsmm) for neutron kinetic energies primarily The magnitude oE* is influenced significantly by assump-
based on secondary decay from the fragments rather than thiens concerning the average neutron kinetic energy. Here we
source, setting a low cutoff energy between thermal and noremploy an assumption based smm simulations, which is
equilibrium charged particles, and assuming all of the misssignificantly lower than values of 2 which have been em-
ing mass is contained in a single fragment rather than itployed in some calorimetry efforts. Other parameters are a
constituent nucleons. A somewhat more relaxed set of accegmall fraction of the uncertainties with respect to the non-
tance criteria could easily shift tHe* scale upward by 10— equilibrium particles and neutrons; i.e., source velocity and
20 %, while the difference between the convoluted and unemission angle, IMF thresholds, the single-fragment assump-
convoluted distributions would be about the same. tion for missing mass, and the nonequilibrium neutron mul-
Under any circumstances, events with excitation energiesplicity.
well above the total binding energy of Au-like residues at Overall, no component d&&* aboveE* ~500 MeV varies
normal density are observed in the unconvoluted distribustrongly with increasing excitation energy. The philosophy in
tion. Part of the extra excitation energy, i.e., above the bindselecting the final parameters faf* and the source size has
ing energy of the nucleus, may be used in expansion of thbeen intermediate between the possible extremes. By impos-
nucleus, leading to larger reconstructed energy deposition. ing all assumptions that minimiZe*, it is possible to lower
our adopted values by 10-15 %; maximizing the acceptance
IX. SUMMARY procedure leads to a 20—-25 % increase. The intermediate as-

sumptions adpoted in this work yield maximum excitation

In this study we have described the event-by-event reColsnergies up t&E*/A~8 MeV at the 1% probability level for
struction procedure employed in determining the excitationne 2 4< 106 events analyzed for the 8.0 GaM#~ + 197Au

energy of thgrmal—lil;;a residues formed in GeV hadron-gystem. This same prescription has been subsequently used
induced reactions of®’Au. The prescription is based on the for E* and source&Z, and A, determination for all the E900

standard calorimetry assumptions of energy and mass bak,q E9o0a hadron-induced reaction dezal.
ance. The ISIiS array provides nearly complete coverage of

all LCP and IMF spectra, with high statistics and 72% geo-
metric coverage. The measured charged-particle kinetic-
energy sum accounts for 35—-40 % of the total excitation en- The authors thank R. N. Yoder, W. Lozowski, J. Vander-
ergy at moderate to highE*. The charged-particle werp, and T. Hall of Indiana University; and P. Pile, H.
identification also permits a reliable calculation of the Brown, J. Scaduto, L. Toler, J. Bunce, J. Gould, R. Hacken-
Q-value component (35—-40%). Thus, the measured spectigerg, C. Woody, W. McGahern, F. Kobasiuk, and T. Mrucz-
and Q values account for a total of 60—70% of the total kowski from AGS for their assistance with the experiments.
excitation energy. I1SiS does not measure charged particléd/e are also grateful to A. Botvina and D. Durand for the use
below E/A<1 MeV or neutrons(20-25% of E* above of their model calculations. This work was supported by the
~500 MeV), which are accounted for on the basis of theU.S. Department of Energy, the U.S. National Science Foun-
measurements of Goldenbawnal.[12]. We assume that all dation, the National and Engineering Research Council of
missing mass is contained in a single heavy fragment, agai@anada, Grant No. PO3B 048 15 of the Polish State Commit-
minimizing E*. tee for Scientific Research, Indiana University Office of Re-

The uncertainties generated by experimental factors ansearch, the University Graduate School, Simon Fraser Uni-
the assumptions involved in the reconstruction procedure argersity, and the Robert A. Welch Foundation.
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