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Thermal excitation and decay of nuclei from antiproton-nucleus interactions at 1.22 GeV
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The formation and subsequent decay of nuclei excited via the annihilation of 1.22-GeV antiprotons have
been investigated at the low energy antiproton (Id§AR). Both neutrons and charged products, from protons
up to fission fragments and heavy residues, were detected over a solid angtehyf sheans of the Berlin
neutron ballBNB) and the Berlin silicon bal(BSiB), respectively. All events associated with an inelasticity
greater than 10 MeV were recorded, a condition fulfilled for 100% of the annihilation events. The distributions
of excitation energy £*) of the transient hot nuclei have been investigated for a large range of target nuclei,
E* being determined event by event from the total multiplicity of light particles. The average excitation
energies are about twice as large as for annihilations at rest, and range from 2.5 MeV/nucleon for the Cu target
to 1.5 MeV/nucleon for the U target, in good agreement with the predictions of an intranuclear-cascade model.
The distributions extend tB* >8 MeV/nucleon for Cu and* >5 MeV/nucleon for Au, with cross sections
exceeding 1% ofr.,.. Thanks to the capability of determinirigf® for all events, largely irrespective of their
mass partitions, the probabilities of the different decay channels at play could be estimated as a fulction of
The data show the prevalence of fission and evaporation g te4—5 MeV/nucleon for Au and U. The
fission probabilityPys was measured for the first time over the full rangeedf The reproduction of the data
by statistical models is reasonable, provided that the m@&ti@, is adjusted for the different targets and a
transient time shorter thanx110~?* s is considered. The experiment has allowed the fission probability to be
investigated as functions of the associated neutron and light-charged particle multiplicities. The intermediate-
mass fragment multiplicities rise smoothly wi¥ up to about 1 unit aE* =1 GeV for Au and U, with no
indication of significant contribution from another process than evaporation. Heavy residues have been mea-
sured quite abundantly at the high&st, with most of their kinetic energy arising from the recoil effects in the
evaporation stage. Overall, the data allow a coherent picture to be established, consistent with the hot nucleus
retaining conventional decay properties.
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[. INTRODUCTION nucleus-nucleus collisions, the nuclei also experience collec-
tive excitations strongly favored by their large masses. Nu-
The behavior of strongly heated nuclei and the prospect oflei are compressed, deformed, and subject to transfers of
reaching the maximal or “limiting” temperature that nuclei orbital angular momentum into intrinsic spin, with the im-
can sustairi1,2] have been a subject of great interest for theportance of all three collective effects being strongly depen-
last decade. The advent of medium-energy heavy-ion beantent on the masses of the nuclei, the bombarding energy, and
(several tens of MeV/nuclegrand relativistic-energy beams the impact parameter. Investigating the effects of nuclear
(hundreds or thousands of MeV/nuclégdras raised expecta- temperature from such nuclei becomes a challenge when sev-
tions that nuclei could easily be led to thermal energies aperal collective degrees of freedom are simultaneously at play.
proaching or even exceeding their binding energies and thahdeed, the latter can strongly influence the decay pattern of
a new field of investigation could thus open up. However, itthe nucleus and ultimately mask the sought-after thermal ef-
quickly became evident that in medium- or high-energyfects. Moreover, the presence of several heated nuclei in a
single event—a projectilelike and a targetlike nucleus with
sometimes additional intermediate-velocity fragments built
*Corresponding author. Present address: CENBG, B.P. 2drom parts of them—makes the experimental characteriza-
F-33175 Gradignan Cedex, France. Email addresstion of the different products extremely tedious, if at all pos-
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Italy. hadron. As shown in several model calculatip®s7] a light
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projectile, in particular a shower of pions from antiprotonthe decay properties of the hot, heavy nuclei will be re-
annihilation, generates neither much compression, nor muctiewed as a function of the thermal energy deposited and
spin, nor strong deformation, although a substantial amourtheir fissility. The whole paper will then be summarized and
of thermal energyabout 1 GeV can be generated on a very SOme prospects given.
short time-scalg30 fm/c) in the impinged nucleus. More- Partial accounts of the present results concerning the ex-
over, the problem of dealing with multiple hot nuclei in a Citation energy distributions have already been published in
single event simply vanishes, making the data analysis morBef. [18], concerning the total fission cross sections in Ref.
straightforward. [19] and the de.cay .modes of heavy nuclei, fission, e}nd heavy
The entire heating process in antiproton-annihilation reacf€sidue formation in Refl20]. The resuilts concerning the
tions can be modelefb,7] by considering an intranuclear decay properties of light nucleiCu,Ag where multifrag-
cascadéINC), with all elementary processes associated witH€ntation and even vaporization have been obsef2é
probabilities derived from free meson and baryon interacdue to the attainment of high excitation energy per nucleon
tions. At high bombarding energy, due to the boost impartedVill not be detailed here.
to the freed pions arising from momentum conservation, a
Iarge fraction of the qreated pions interact simu!tgneously Il. BASIC FEATURES OF ANTIPROTONIC HEATING
with the nucleus, leading to higher energy depositions than OF NUCLEI
when following annihilation at rest. The present investiga-
tion has been limited to the highest antiproton energy of 1.22 The most interesting features of the heating of nuclei us-
GeV availlable at the low energy antiproton rifigfAR) at  ing low-energy antiprotons are the following.
CERN. It must be stressed that, when the present experiment (i) Their “softness” and short associated time scale: The
was performed, there were rather few investigations involvthermalization process is mediated through several pions that
ing energetic antiproton nucleus reactidi®s-13] as com- are emitted after annihilation of the antiproton. These pions
pared to those involving antiproton-nucleus at rest. Sincare the main mediators of the energy deposition through their
then, another experimeht4] has been performed. absorption and the excitation of the delta resonance. As the
The aim of the study was twofold: to investigate both thepion momenta are comparable with the intrinsic nucleon mo-
ability of energetic antiprotons to heat up nuclei and to studymenta, the expression “radiationlike heatin¢22] appears
their decay properties over a broad range of excitation enemappropriate. In order to maintain the “softness” of the heat-
gies in great detail, with some emphasis on fission. To ouing process, it is desirable to keep the momentum of the
knowledge, this is the first time that a fission study has beeincident particle as low as possible while the focusing of the
made over such a large range of excitation ener@ligsto  pion cloud into the nucleus calls for high velocities. The
about 1 GeV and with different target materialgdu, U) present antiproton energy 1.22 GeV might represent an opti-
under very exclusive experimental conditions. Indeed, notnal compromise.
only the excitation energy is inferred on an event-by-event According to some calculationd], it does not take more
basis, but the numbers of accompanying light charged pathan 30 fm£ for the thermal equilibrium to be reached. If
ticles (LCP9, neutrons, and intermediate mass fragmentsuch a short time is also essentially involved in GeV proton-
(IMFs) are also measured. As it will be shown for the U or pion-induced collisionf23], it takes much longer to reach
target in particular, for a given excitation energy there existgshermal equilibrium in a heavy nucleus-nucleus collision at
a strong correlation between the fission probability and theseveral tens of MeV per incident nuclep24]. It must be
ratio of the numbers of emitted neutrons and LCPs. remembered that the characteristic evaporation time of a
The observed decay properties have been confronted withucleus of mass 200 &* =500 MeV is about 30 fn@ and
the predictions of the statistical model, the characteristics ofhat achieving thermal relaxation very promptly is a decisive
the transient primary nuclei being modeled with an INCadvantage. Only little cooling is expected to take place dur-
model. The fission probability gives direct access to thang the thermalization stage.
saddle time when most of the other experimental approaches (ii) The minimization of collective excitations as shown
are only sensitive to the scission tiffie5,16]. Also, because by INC simulationg7,25]. As already pointed out, this is a
of the broad range of excitation energies involved and thuslistinctive aspect of light projectiles and of antiprotons in
the broad range of emission times, the investigation of thearticular, provided that the initial momentum is not too
so-called transient time for fission is made possible in darge. The struck nucleus is not imparted any appreciable
much broader domain than befdr&7]. compression, deformation, or rotation in contrast to what is
The paper is organized as follows. In a first section, theachieved in heavy nucleus-nucleus collisions.
characteristics of the annihilation process will be reviewed (iii) The relatively low loss of mass and charge of the
and the comparison with other approach@soton- and target nucleus during the heating stage. This is a difficult
heavy ion-induced reactionsvill be examined. After a de- requirement to be fulfilled in heavy-io(HI) induced reac-
scription of the experimental setup, the obtained data will beions as exemplified if26]. In order to explore broad ranges
presented. The method used for inferring the excitation enef excitation energy and temperature, the authors had to deal
ergy of the struck nucleus after energy relaxation on arwith an extended variety of nuclei with masses ranging from
event-by-event basis will then be discussed. The heating cak=200 down toA=50. This drawback is strongly mini-
pability of the 1.22-GeV antiprotons on different nuclei will mized in antiproton-induced reactions as shown from INC
be reviewed and compared with model predictions. Finallycalculations giving the average mass and charge of the
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FIG. 1. Average multiplicities of different light particles evapo- ~ FIG. 2. Relative resolutioME*/E* of the excitation energy

rated from Au and Cu as calculated [BeMINI. The error bars determination using the multiplicities of evaporated neutrons

correspond to the full width at half maximutEWHM). light charged particledCP) or all light particles (LR=LCP+n) as
calculated withceEmINI. AE* was deduced from the FWHM of the

nucleus as a function of the excitation energy, which iscorresponding particle multiplicity distributions. The calculation
reached at thermal equilibriufiY]. When “preparing” nu- ~ was performed without including the effect of the detection effi-
clei with E* =1 GeV from a U target, seven charge units andciency-
23 mass units are lost on average during the INC stage. It can
also be shown that the spin generated in such reactions réi€ present neutron detector cannot provide. Neglecting the
mains feeble(about 20% units for a U targetand is very  IMFs in the described procedure has no significant impact on
weakly dependent on the excitation energy abB¥e=100 the grossE* distribution in so far as their measured multi-
MeV. This is not the case in heavy-ion induced reactiongdlicity is on average very low. Itis only for rather rare events
when the available angular momentum in the entrance charimostly for light- or medium-mass targgthat the presence
nels often exceeds thousandshofinits[27]. Even if a small ~ of several IMFs in the same event justifies to take them into
fraction of this huge amount is to be found as intrinsic spinconsideration in the energy balan&l]. However the lack
of the excited nuclei, this represents nevertheless muchf kinetic energy measurement of the neutrons as well as the
larger spins than the ones involved in antiproton-induced retather crude identification of the IMF&@nd thus of their
actions. binding energy make it difficult to asses&* in a more

As stressed in a previous papjé8], the excitation energy ~accurate approach anyway. For this reason, in the present
distribution as obtained from the INC model calculation ispaper, we rather prefer disregarding the IMFs in the excita-
rather broad and extends to values up to 1 GeV for massivion energy balance in such a way that the data for all target
targets. One of the aims of the present experiment was tBuclei are presented in a homogeneous way.
check these predictions and this task has been done for a
series of targe}gguc'ei?anabui zZY *Mo, **Mo, "*Ag, Ill. EXPERIMENTAL ARRANGEMENT

.tSn, *Ho, °"Au, 2°Bi, and 8U.. For this purpose a AND DATA EVALUATION

simple procedure has been adopted in order to infer event by
event the thermal energy. It is based on the fact— The experiment PS208 was performed at LEAR at the
substantiated by an evaporation c§@8]—that the energy is maximum available energy of 1.22 GeV and with a beam
essentially removed by neutron and light charged particléntensity of about 19 particles per second delivered in a
emission as exemplified in Fig. 1 for two different target continuous way. The beam was tagged 16 m upstream by
nuclei. The final fate of the nucleusplitting into two frag- means of a 2-mm-thick, 6 cnx2 cm plastic scintillator
ments, as in binary fission, or more fragments, or no splittingreferred to as START in the following Off-axis particles
at all when an evaporation residue remaimas only a minor  were vetoed by an annular plastic scintillator detector, placed
impact on the number of emitted light particles. When ob-close to START, and a set of detectors positioned in front of
serving both, the evaporation of neutrons and of LCPs, théhe neutron ball, inside and outside the beam pipe. The anti-
total number of these particles is the most relevant quantitprotons were focused onto targets of 1-2 md/@real den-
to be considered as shown in Fig. 2, leading to a resolution isity, deposited on a 0.2-mm-thick Al frant20 mm in diam-
the E* determination of about=7% (which, however etep. The noncorrelated background was measured in runs
doubles to approximately- 15% when the actual detection with an empty frame in place of the target. The beam was
efficiencies for neutrons and LCPs are taken into acgountstopped in a shielded beam dump, 10 m downstream of the
Considering the number of either only neutrons or only LCPgarget.
would lead to poorer resolutions. There is thus a definite A shorter run was also performed with antiprotons at rest:
improvement in usingooth neutrons and charged particles the initial momentum of 200 Me\¢/ was degraded by means
measured with high efficiencies>80% for both. In order  of a movable, tapered moderator whose position was set so
to ameliorate further this determination, one would need &s to maximize the annihilation rate in the target foil. The
kinetic energy measurement for each emitted particle, whiclparticle-tagging detector, 6 mm in diameter, was positioned
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FIG. 4. Experimental yield plotted as functions of the prompt-
L light amplitude and the neutron multiplicity, as measured with a
liquid 2-mm-thick Pb target for 1.22-GeV antiprotaifeft) or proton
scintillator | .
target (right) beams.

(40%, 25%, and 15% for 30-MeV, 50-MeV, and 100-MeV
neutrons, respectivelyas simulated in a Monte Carlo ap-
FIG. 3. Schematical view of the experimental setup. proach[31]. It is worth stressing that these detection charac-
teristics favor considerably the counting of evaporationlike
inside the silicon ball described in the following, at a dis- neutrons whose energy is essentially lower than 10 MeV and
tance of 2 cm from the target. that the neutrons from the fast INC step are registered with
Figure 3 displays a schematic view of the experimentaimuch less efficiency. This feature is central to the method
setup. The reaction products were detected by means of twased for estimatinde* .
concentric 4r sr detectors: the Berlin neutron bdBNB) Figure 4 displays the event yield plotted as function of the
containing in its central part the Berlin silicon b&aBSiB) amplitude of the associated prompt signal and the neutron
[29]. The target, standing at their common center, wasnultiplicity, measured with a 2-mm-thick Pb target bom-
mounted on a movable, very thin aluminum target ladder irbarded by the 1.22-GeV antiproton be&eft) or by a 1.22-
order to minimize the shadowing for charged particles. GeV proton beangright). The calibration of the light signal
The BNB is a spherical tank with an outer diameter ofhas been obtained from the light generated by the charged
140 cm, housing a 40-cm-in-diameter scattering chambemuons arising from the nuclear reactions induced by the cos-
and filled with 1.5 m of liquid scintillator NE343, loaded mic rays in the atmosphere, the trajectories of the muons
with gadolinium, 0.5% in weight. The light signals are readbeing defined along a diameter by two plastic scintillator
out through 24 fast 4-in. phototubes mounted at the surfacdetectors located on both sides of the BNB.
of the tank. This detector generates two types of signals with In Fig. 4 (left), the annihilation events form a broad group
different time scale$30]. First, a so-called prompt signal is associated with large light amplitudes and multiplicities. The
emitted within tens of nanoseconds, whenever a nuclear resorresponding figure for proton-induced reactions at the
action takes place and emitted particles of any kind—same bombarding enerd¥ig. 4 (right)] is quite different,
charged particles or neutrons, prrays—propagate through the event yield being concentrated along a continuous ridge
the scintillator tank. This prompt signal is fed into the trigger projecting out of the origin, and the most probable light
and allows the whole inelastic reaction cross section to bamount is lower by about a factor of 3 compared to the
measured. Due to the large annihilation cross section and thetiproton case. The apparent lack of correlation between the
associated production of pions, the latter are the main coright amplitude and the neutron multiplicity observed in Fig.
tributors to this prompt light flash. 4 (left) can be explained as follows: &, or equivalently
The delayed light flashes occur after the thermalization oMn, increases the number of pions escaping the nucleus de-
the neutrons, their diffusion within the scintillator and their creases(only slightly actually, by 30% betweeEk* =200
final capture by the Gd and H nuclei. The time spread oMMeV andE* =1 GeV for U but their kinetic energy is also
these captures over several tens of microseconds allows theduced. Since the BNB measures only the energy loss of the
counting of neutrong30]. The so-called correlated back- pions passing througtwhich represents only roughly 30%
ground measured on-line in a second, 4glwide gate arbi- of their kinetic energy on an averggend since the energy
trarily issued 40Qus after the first counting gate, amounted loss increases with lower kinetic energy, the overall variation
to 0.7 count in the neutron gate. It was subtracted from thef the prompt-signal amplitude witB* is weak.
multiplicity distribution via a standard deconvolution proce- LCPs(H and He isotopes IMFs, fission fragment§FF9
dure. The detection efficienchB0], checked with theE) and heavy evaporation residu@sRs) were detected by the
=2.1 MeV neutrons of a Cf source, amounts to 85% at thiBSiB composed of 162 independent silicon detect@$
energy and decreases steadily for higher neutron energiesm thick, pentagonal and hexagonal in shaf@ming a
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FIG. 6. Top: Experimentalcircles and simulatedhistogram$
angular distributions fop, « particles, and IMFs. The isotropic
distributions depicted by the dotted curves were used as inputs for
the Monte-Carlo simulations, which took into account the energy
loss in the target foil. Bottom: Corresponding detection efficiency
curves for the different particles, as deduced form the simulations.

discrimination(PSD signals were generatédne of each per
charged particle and processed by 20 eightfold time-to-
digital converters (TDCs), analog-to-digital converters
(ADCs), and charge-to-digital converter@QDC9 from
SILENA. The electronic threshold was lower than 2 MeV for
all detectors. The pulse shape information was obtained from
the amplitude of the differentiated current pulse of the pre-
amplifier. The time-of-fligh TOF) information was relative

to the START detector with an overall time resolution of

o . about 1 ns.
sphere, 20 cm in diametéFig. 5. These detectors cover an Different levels of identification are considered. As shown

active solid angle of 90% of # sr. Due to the absorption of in Fig. 7, the TOF Vv<E information allows three groups of

chargeq particles in the target foil itsglf when the partiCIesdata points to be distinguished, corresponding to the heaviest
are emitted at a small relative angle with respect to the latternuclei(FFs and HR to IMFs a{nd to LCPs. The distinction
Monte Carlo simulations had to be performed in order to i ’

infer the actual BSiB efficiency for all types of particldsg. betweenz=1, 2=2, and IMF makes use of thé vs PSD

signals as shown in Fig. 7. Protons and alpha particles of
6). Th? latter amounts to 84%'. 81%, and 79% for pmto.nsler?ergy larger than 8.2 g']omd 32.2 MeV respgctiveﬁy are not
a-pa_lrtlcles, and IMFs, respectively. For FFs, the qete.cnonstopped in the 0.5-mm-thick Si detectors luparticles with
efficiency depends strongly upon the mass and kinetic enénergies up to about 55 MeV can nevertheless be identified.
ergy of the fragments, which in turn are related to the deple;

tion in A andZ of the nucleus with increasing* in the INC Isotopic separation aZ=1, 2 particles has not been consid-

i : . ered since it is only possible in a restricted energy domain.
step. Monte Carlo simulations have been performed in ordefy o ygtinstion between IMFs and particles is unambigu-
to first infer the characteristics of the fragments issued fro

the two-step formation process, including the INC step an us above 25 MeV from th& vs PSD matrix, and still

FIG. 5. Photograph of the BSIB in its supporting frame.

the deexcitation/fission(using the evaporation computer s P el

codeGEMINI [28]) and then to take into account the energy & = e

loss and straggling in the target foil as a function of the g"“’ i :ix 3 IMF+FE
emission angle relative to the target pld28]. For U, the = &4 [ & w0 b

probability to detect both FFs in coincidence amounts to 0.60 A 2

at low E* and falls to 0.45 aE* = 1000 MeV. The estimated 2 | =

uncertainty in these figures is10% as could be checked by e

measuring under the very same conditions the FFs from a C

source deposited on a very thin Ni backing. As for the Au o ’ e
. . . . . . 0 20 40 60 40 60
target, the fission detection efficiency is further reduged Ep(MeV) Ep(MeV)
0.50 and 0.30 £20%), respectivelydue to the lower ki-
netic energy imparted to the fragments resulting from a FIG. 7. Identification matrices for the BSiB detectors: energy vs
lower Coulomb repulsion from a less charged nucleus. time of flight (left) and energy vs pulse-shape discrimination pa-
Time-of-flight signals, energy signals, and pulse-shaperameter.
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possible below this energy from the TOF Ednformation. 2 i
For heavier fragments a mass calibration has been per=_2400 -
formed from TOF v<E information, considering usual instru- ]
mental effects such as pulse-height def¢8® and plasma- 2200 |-
delay effectd33,34 in Si detectors. Use has been made of L
rather cold-fission evenigssociated with low neutron mul- 2000 - @ 1.22GeVp
tiplicities) for the U target in order to further adjust the cali- i
bration parameters. It has been checked for different classe
of events(at different excitation energigshat the summed
mass of all light- and intermediate-mass particledter
proper detection efficiency correctiorend both fission frag-
ments led on the average to a mass fairly close to the targe
mass. As a matter of fact some deficit was generally ob- 1400 |
served, as due to the mass of high-energy partighesh i
LCPs and neutrondrom the INC step that are not detected. 1200
The mass resolution of the FF is estimated to be of the orde I
of 10—20 %, arising from the limited flight path of 10 cmand 4499 L
TOF resolution. Fission events were selected as binary %
events with two fragments heavier than a certain imposec

1800 - * 1.22GeVp

1600

1 | T ST N 1 |

800"""“ I

mass threshold30 and 35 mass units for the Au and U 60 80 100 120 140 160 180 200 220 240
targets, respectively to be distinguished from IMFs, with A
:ggt:gdltlonal condition that 70% of the initial mass is de FIG. 8. Total reaction cross sections measured in this work plot-

. ted as a function of the target ma@hotsy. The solid curve corre-
The HRs suffer more than any other reaction product;sloonds to a fit with the FUNCIOR eauior= 7T 2AZ3, To=1.38 fm.

from the slo_vving dovv_n in the target. Due _to the IO\_N recoil The dashed curve corresponds to the systematics of[B&f.for
momentum imparted in the INC stage, their extraction fromy, jnqyced reactions and the star to the experimental result of Ref.

the target is greatly facilitated by the subsequent recoils aqzg), optained with the same technique as the present work.
companying the evaporations of light particlpsor n and

more efficient, the emissions af particles and IMFs, as function of the excitation energy that is deposited in the
demonstrated in Sec. V C. They are thus detected with gtruck nucleus by the incideﬁ

larger probability at higher excitation energyyg is esti-

mated at only 0.06{30%) atE* =200 MeV, but increases A. Reaction cross sections

to 0.35 (£20%) atE”* =200 MeV. Alternatively, the HRs The high sensitivity of the scintillator detector to any kind

have also been experimentally selected in the events fQfs omitted particle makes it particularly suited to register all
which the total measured mass represents more than 70% of

the target mass with only one detected fragment with a maggelashc reaction chann_els. Tpgnucleus reaction cross sec-
ons (for events associated with a prompt response greater

larger than the minimum one attributed to a FF, as defineg_‘ ) : !
above, for the considered target. The conditions of the H an 10 Mey are §hown in Fig. 8 together with the
np—nucleus cross sections systemafi8s| (dashed curve as

detection being rather difficult to control, one relies also o a function of target masa. Both distributions can be well
the high detection probability of at least one of the two FF_ . . ' )
9 P y fitted with a function of the formrr3A%3, with r,=1.38 fm

fragments in order to infer their emission probability. Indeed | X o
in events for which the greatest detected mass is an IMF, thi9" the antiprotongsolid curve in Fig. §and 1.26 fm for the

probability of missing both fission fragments can be com-protons. The larger, radius of the disk needed to fit the
puted, with the complementary part attributed to HRs. nucleus relative to thp-nucleus cross sections can be inter-
The master trigger of the acquisition system was a coinpreted as the consequence of larger elemenitéXy cross
cidence between the signal of the START scintillator, non-sections in the former case. Also, the strong dependency on
vetoed by the annular detector, and the prompt light signal 0nergy of theNN cross sections can be stressed when com-

th.e BNB, with_a threshold of about 10 MeVee, as calibratecbaring the present data with those obtained at a lower bom-
with the cosmic muons. barding energy37].

B. Correlated neutron and charged-particle multiplicities
IV. DATA RELATED TO EXCITATION ENERGY for a series of targets: 12C, "Cu, 89y, %Mo, 1Mo,

DEPOSITION natAg’ natsn, lGSHO, 197Au, ZOQBi’ and 238U

The present investigation considers all decay channels The correlated neutron and light charged particle multi-
with a “genuine” minimum-bias trigger in so far as the total plicities are presented in Fig. 9. They have been measured
reaction cross section is probed. It does not focus on selectddr a series of targets from C to U and for an empty target
and rare exit channels. Instead, one has tried to get a conframe. This spurious contribution is easily removed from all
prehensive picture o&ll phenomena that are at work as a measurements and does not impair the quality of the data.
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FIG. 10. Galilei-invariant velocity distributions measured for

Z=1 and Z=2 particles, plotted as a function of the velocities
parallel and perpendicular to the beam. The circles, displayed for
orientation, are centered on the origin.

associated total light-particle multiplicity.

The measured neutron multiplicityM,) distributions,
corrected for the correlated and noncorrelated backgrounds,
are shown in Fig. 11. In the tails of the distributions and for
the lighter target4C and to a lesser extent Athe neutron
number is found to exceed the number of neutrons contained
in the target nucleus. Such an effect is not related to pile-up
effects but to secondary reactions induced by the escaped
pions either in the liquid scintillator or in the BNB walls,
thus generating extra neutrons. The average multiplicity of
these neutrons has been estimated to 1.9 for the Au target
from Monte Carlo simulations with the high-energy com-
i puter codeGEANT [39].

0 40 20 4 w0 40 Coming back to Fig. 11, it can be noted that the multi-
Neutron multiplicity plicities of about 30—35 neutrons observed for the Au and Pb
target nuclei represent about one-half of the neutron multi-

FIG. 9. Experimenal yield of 1.22-Ge-induced reactions plicity observed[40] with a similar probability when a 29-
plotted as a function of the measured neutron and charged-particle
multiplicities for different targets and an empty frame. No back-

= 0 leleloleo}

ground was subtracted. E,: 10 _O°°0c>oooaooo°°°oooow OO%"%O 122GeV

Similar patterns have already been obsery&8] in é 10° T e, O°°o
heavy-ion induced reactions. When starting from the origin g g
of the distribution(very weakly excited nuclei with neither a 107 Fo et o e e
single neutron nor a single light particle detected but never- S0
theless a trigger provided by rays or charged piopsne 10
observes a continuous evolution, with a pattern strongly de- 6 % e 5

. . 10° E, W % U

pending upon the nature of the targets. For light targets there e, %t
is no offset for charged-particle emission in contrast to what 105 Lo essesee, " FD
is observed for heavy targets. This reflects Coulomb barrier % . 7 Au
effects: at low excitation energy a heavy nucleus evaporates 104 Lo ooooo, 000
neutrons much more easily than charged particles whereas at : % " Ta
high excitation energy this Coulomb hindrance becomes less 103 ., ° ., %
effective. This Coulomb effect is much weaker for light tar- % A °
get nuclei, as evidenced by the observation of a more bal- 102 |-, * Ho
anced sharing between neutron emission and charged- O%o ‘. %
particle emission at all excitation energies. The excess of 10 ¢ o, Ag
neutrons observed for th€%Mo target as compared Mo o °
target can be ascribed to the difference in the neutron- 1 ¥ " cu
separation energies. All these plots indicate that the mea- 10-1 i C% e Al
sured particles are mostly evaporated ones as expected from 8 e * ' ‘
the energy-dependent efficiencies of the detectors. This is 0 10 e it
confirmed in Fig. 10 displaying contour plots of the invariant casth Pre
velocity distributions of LCPs, detected for the Au target—  FIG. 11. Experimental inclusive neutron multiplicity distribu-

their angular isotropy manifests the dominant evaporativeions for different targets, corrected for correlated and uncorrelated
character. It has been checked that this isotropic character dbhckgrounds. The distributions are multiplied by successive factors
the angular distributions is maintained independent of thef 10 for clarity, fromC onward.
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TABLE I. Average measured neutron multiplicitié®! ,), aver-

§ 138 E age neutron multiplicities corrected for the BNB efficiency and the
2” g electronic dead timeM ,)°°"" for different target nuclei using 1.22-
% GeV p or p at rest. For 1.22-Ge\p, the efficiency-corrected, av-
= erage multiplicities measurdd1] with a time-of-flight spectrom-
; eter are given for comparison.
2 (Mp) (M) (M) TOF
INC+GEMINI J—
— filtered 122_Gevp
Lo Tonfitered ¢ 1.6x0.2 1.9:0.5
N 26203 5.1:0.5
e N nacy 5.0+0.6 8.8:1.5 8.9
49 0 10 20 30 40 nata g 8.0+1.0 13.1-2.0 12.9
Neutron multiplicity 1680 12.8+15 19.6-3.0 20.8
FIG. 12. Comparison between the measuctles and theo- %Ta 14720 22.2£3.5 22.4
retical (curves neutron-multiplicity distributions for different tar- ¥Au 15.4x2.0 23.2:4.0 234
gets. The dashed curves depict the true distributions calculated with "*Pb 16.3:2.0 24.4:4.0 22.9
the combined models INEGemiNI, while the solid curves corre- By 18.2£2.0 26.5:4.5 27.5
spond to the distributions filtered with the BNB efficiency. p at rest
nacy 1.7+0.2 1.9t04
MeV/nucleon Pb projectile collides with a Au target. This  '**Ho 6.8-1.4 8.2:1.6
readily demonstrates that heating a nucleus with an antipro- **’Au 7.4x0.9 8.9-1.8
ton can be roughly as effective as in a nucleus-nucleus col- %% 9.6-1.1 11.72.3

lision induced at intermediate bombarding energy with simi
lar available energy3 GeV). However the decay patterns of
nuclei heated to similar energies are comparable at low exnostly from the correction uncertainties and very little from
citation energies only, where fission and evaporation leadingtatistics. It is noticeable that the observed multiplicities ex-
to residues dominate in both cases. At high excitation enceed considerably the ones measured from annihilation of
ergy, the PB-Au system disintegratggQ] into a large num-  antiprotons at rest measured in the same experiment, also
ber of nucleons and small fragments, whereas binary fissiogiven in Table I. This increase results from the larger avail-
and evaporation remain by far the dominant exit channels ofible energy and is linked to the Lorentz boost imparted to the
the Au nucleus initially heated by antiprotons. As alreadypions, providing them with larger average kinetic energy
stressed, the fates of nuclei at high excitation energy can b&50 MeV instead of 250 Meland forcing them to interact
strongly influenced by the collective excitations and themore intimately with the target nucleus.
strong dynamical effects experienced in nucleus-nucleus col- Charged-particle multiplicity data are shown globally and
lisions. for different Z numbers in Fig. 13 and Table Il. The IMFs
The neutron distribution has first been corrected for backeontribute rather weakly in comparison Zo=1, 2 particles
ground and for the spurious neutron production in the scinto the total charged-particle multiplicity. This is the first hint
tillator. With the neutron detection efficiency depending onthat multifragmentation must be weak in such reactions, if
the neutron energy, it is easier to fold the results of the caleontributing at all for heavy targets.
culation with the detector efficiency and compare them with The excitation energf* has been reconstructed on an
the raw experimental data. This is done in Fig. 12 where th@vent-by-event basis. The methptB] used for this recon-
dashed lines represent the true neutron multiplicity distribustruction makes use of the total measured light-particl®
tion as generated in both the INC and evaporation stages afiultiplicity, which minimizes the fluctuations arising from
the simulation. Because of the very rapid loss of efficiencythe stochastic nature of the decay and associates wih.it
for neutrons exceeding 20 MeV, the efficiency-folded, simu-From the experiment it is not possible to distinguish on an
lated data(solid lines in Fig. 12 mostly retain the low- event-by-event basis the number of evaporationlike neutrons,
energy, evaporated neutrons. A good agreement with the exe., the ones that account for the cooling of the thermalized
perimental data, both in shape of the distributions anchucleus from those emitted before thermal equilibration is
absolute cross sections is found for the heaviest taftigis  achieved, thereafter referred to as cascade neutrons. Monte
Au, U). For Cu and the lightest target nuclei in general, theCarlo simulations have shown that the detected cascade neu-
agreement is poorer. This effect is attributed to the relativérons compensate to a large extent for the nondetected evapo-
weight of spurious neutrons created in the scintillator liquid,rated ones, on average. To reconstitt it has thus been
which increases as the target mass decreases. This expassumed18] that the measured neutron multiplicity can be
mental problem is specific to neutrons and does not blur th&lentified with the multiplicity of evaporated neutrons. The
charged-particle data. The average experimental neutrotorrectness of this method has been tested on an average,
multiplicity data corrected for background and spurious pionthanks to a separate experim@t] measuring the inclusive
production are listed in Table |. The given error bars stermeutron kinetic-energy distributions for the same reactions.
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- » *
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=4 r ° . . . .
1ot gDt . s, . f ° FIG. 14. Contour diagrams of experimental yield as a function
i . ] .
§ 10° 5: o0 e te. U : » * L0 of E* andM, (upper panglor M cp (lower pane), compared with
| * * T .
S 07 Ee Siteltogr R « ot . B calculated average multiplicitieglots connected by a lineThe
. ,f 000y . te, Au " : . f ° Bi intensity change between two contour lines is a factor of 3.
10 Ee®%e °0 * o Ho ° ® Au
Eoxw, e o $n ° * Ho -
10° Fooontate’ A L, At E* =1 GeV, once corrected for efficiency, the present
E® © * MK . L e .
0 b e °5 g ° : . average experimental LCP multiplicity amounts to about 12
0" r ‘e ° cu cocu¥ units. This value is in good agreement with those extracted in
Lt P bt Lt N . . . .
(‘) ; 10 * s 4 p previous workg42,43 on heavy-ion induced reactions for a
. .
Z=2 multiplicity IMF multiplicity similar E*.

The experimentaE* distribution can be compared with
FIG. 13. Experimental distributionsymbols of multiplicites  the one generated by the INC model. The result, shown in
of total light particlesZ=1, Z=2 and IMFs, for different targets Fig. 15, is satisfactory over a broad range of excitation en-
(multiplied by successive factors of 10 for clajity ergies for target nuclei of different masses. For target nuclei
) o with masses close to 20@rom Ho to U), excitation energies
Once folded with the BNB efficiency, these spectra haveys up to 1 GeV are reached, i.e., roughly 5 MeV/nucleon.

enabled the equivalent neutron multiplicity as measured bythey nevertheless represent rather rare events and thus small
the BNB to be computed, and it has been checked that the

latter reflects closely that of the evaporative component iden-
tified in these spectra. The relatidt, (E*) was calculated
with GEMINI (see Fig. 1 In Fig. 14, the experimental yield
for Au is plotted in a contour diagram as a function of the
so-obtainecE* andM,, (a) or M ¢p (b). The model predic-
tions for the average multiplicities folded with the detection
responsedots connected by a linéit closely the ridge of the s
distributions, showing that the sharing betweeand LCP is 1072
well accounted for by the model on average. This good re-
production gives support to the validity of th& -assessment
method. 10

essevene,, 2P x1000

- -
- 000"..

dc/dE*(Lnb/MeV)
(—)
ll(‘a

TABLE I1l. Average inclusive multiplicities of light-charged
particles, corrected for the BSiB efficiency, for the different target

nuclei. 1 =
oX (Mcp) (Mz-yp) (Mz-2) (Mmg) E
12c 1.5+0.2 1.0:0.1 0.5+0.1 0.04+0.10 10!

nacu 3.8:0.5 2.4-0.3 1.2£0.2 0.33:0.10

8oy 4.0+05 2403  1.2:0.2  0.310.10 1.22GeV p

“Mo  4.1+05  2.4:03  1.2:0.2  0.30:0.10 Wi e B e

naiag 4.2+0.5 2.6:0.3 1.3-0.2 0.27:0.10 0 200 400 600 800 1000

”a‘Sn 4.5-0.6 2.7+0.4 1.4+0.2 0.30-0.10 E*(MCV)

160 4.8+-0.6 2.8-0.4 1.6-0.3 0.31-0.10

197Au 4.9+0.6 2.8:0.4 1.6-0.3 0.29+0.10 FIG. 15. Experimentalcircles and theoreticaflines) excitation

209B; 4.8+0.6 2.9-0.4 1.7£0.3 0.28-0.10 energy distributions for 1.22-Gey reactions induced on different
238y 4.8+0.6 2.8-0.4 1.6-0.3 0.26-0.10 target nuclei. For Cu, the stars show & distribution constructed
from the measured LCPs only.
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TABLE lIl. Average excitation energie&E*) deduced with the  thus no obvious motivation for using composite particles as

method described in the text, estimated average excitation energiggojectiles, since they already bring in part of the drawbacks
per nucleon using the masses predicted by the INC m¢H&I,A) of more massive ones.
(in parentheses, maximum excitation energies per nucleon corre- There is no decisive advantage either in choosing a meson
sponding to 1% of the reaction cross sectiéor different target  rather than a baryon as a projectile for heating a nucleus. The
nuclei, obtained with 1.22-Ge¥ or p at rest. The corresponding nuclear stopping of pions has been shown to be very similar
energies(Ejyc) and (Ej\c/A) predicted by the INC model are to that of protons with the same energy over a broad energy
given for comparison, as well as the average energies measured gymain [47,48. A less direct approach49,50 has con-

Polsteret al.[22] with p at rest<E§>. firmed this property: positive and negative pions, positive
kaons, protongand even deuteron®f a given energy gen-

(E*IA) . erate very similar numbers of neutrons by spallation on thick
(E*)  (EnadA)  (Eio) (ERc/A) (E;)[22]  targets. It was also showd9,5( that antiprotons and pro-

2X (MeV)  (MeV/IA)  (MeV) (MeV) (MeV) tons had a similar behavior in so far as the total available

energy was considerdde., taking the annihilation energy in
addition to the kinetic energy for the antiparticfer produc-

ing neutrons in thick targets. A similar conclusion has been
obtained[51] from the study of the fragment mass distribu-

1.22 GeVp
naiCu  144+20  2.53(11.3 135 2.5
%o 269+30 1.73(5.9) 265 1.7

1§;A“ 309£30  1.65(54 295 1.6 tions using radiochemical techniques. A recent experiment
U 348t40 152(4.3 330 15 with protons on thin targetémore relevant than the experi-

p at rest ments implying thick targets in so far the energy deposition
naCy  85+20  1.44(5.7) 87 1.52 1315 in a given nucleus is concernesghows large similarities in

%0 138+30 0.88(3.3 145 0.93 18%26 energy deposition for a 2.5-GeV proton and the presently
A0 142+30 0.74(2.7) 158 0.83 18321 studied 1.22-GeV antiproton, i.e., for two hadrons with close
238)  161+40 0.70(2.3 171 0.75 166:20 total energie§52]. The merits of antiprotons, protons, and
-mesons for heating a nucleus have also been investigated
) - ) in a recent experimentl4] and at higher bombarding ener-
cross sectionga few millibarn. Although a more effective  gies showing slightly largeE* with the former projectiles.
heating mode than antiprotons at rétbie averagée™, listed  Ajthough antiproton annihilation carries no decisive advan-
same bombarding energy, the 1.22 GeV antiprotons remain Bossible as suggested in RE53] that it involves a lower
modest heat converter, since at the very best one-third of thgass loss in the INC stage and that thermal equilibrium is
available energy of 3.1 GeVkinetict+annihilation energy  yeached faster. A careful comparison of the decay of the
can be found in excitation energy and moreover just with gyclej excited via these different processes would be very
tiny fractio_n of the reaction cross §ection. This is SOf_neWhabnlightening in this respect. In principle, the recent 2.5-GeV-
less effective than the use of medium-energy heavy-ion proproton experiment mentioned above will enable such a com-
jectiles as heaters and this represents a “price to pay” ifharison, under very similar experimental conditions. The best

;)rdsrot]? ar\(l)(')el?:t}[lhees Cgl(l)eﬁ'vﬁt:rxf:?t'e?nr?u'glzierseunctr:natsheé:hatttﬁé)ossible choice could actually be a beandpfvhich may be
yp projectiies. 9 9 . available in the near future, at a quite moderate bombarding
energy deposition, although weaker than in heavy target

reaches values of up to 10 MeV/nucleon, which exceed th nergy around 1.!_5 GeV/_nucIeon in order to still benefit from
S ) . ) e softness of this heating mode.

binding energy. The fate of light nuclei, more effectively

heated than heavy ones, is the topic of another pggigr

V. DECAY PROCESSES
C. Discussion of the merits of different projectiles A. Fission

In the light of what precedes, it is worthwhile to review  Before presenting the experimental fission data, some the-
the arguments determining the choice of a projectile for studeretical predictions for fission from the combined INC
ies devoted to the thermal decay properties of nuclei. Musttstatistical models will be given for orientation. For the sta-
the projectile be a composite particle, a single baryon, a metistical model(SM), the codeGEMINI has been used, but the
son, or an antiparticle? code ABLA [54] has also been applied to demonstrate that

Composite particles such atHe have been shown to though the quantitative aspects may vary, the gross features
present some of the drawbacks of more massive nuclei akre largely independent of the specific models employed. It
though to a lesser extefd4]. Moreover, it has been shown must be recalled that the SM does not consider any dynamics
[45] that by using®He or a proton as a projectile, both with and that, while a transient delay for the motion from equilib-
a total kinetic energy of 2 GeV, leads to rather similar exci-rium to the saddle point has been introduced in both codes,
tation energies in massive target nuclei, thus giving no decithe shape evolution from the saddle to the scission points is
sive advantage to the heavier projectile with respect to ennot taken into account. Consequently, the evaporation from
ergy dissipation. Similar mass vyield curves fousb] for ~ the composite nucleus is immediately followed by that from
protons and heavy-ions at the same total kinetic energy ithe separated fragments. In the following, only mass-
indicative of the same effect. For these two reasons there gymmetric fission is considered.
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1. Theoretical properties of the fission events 85 [

The population of primary nuclei from the INC stage that z
will eventually undergo fission will be considered first. One
may expect that these nuclei are proton richer than those
eventually ending up as evaporation residues. The loss o
more neutrons and/or fewer protons than average during th
INC stage leads to an enhanced fissii§/ A of the resulting
primary nuclei and thus to a reduction of the associated fis-
sion barriers. This expectation is supported by the calculatior
as illustrated in Fig. 16 displaying the fission probability for 75 -
p+Au andp+ U as a function of thé&l andZ numbers of the i
nuclei as they are left at the end of the INC s{ée nuclei
With Z> Z,5.46:0" N> Ny ger@re produced in charge exchange
reactiong. For orientation, the yield of the latter is plotted in 9 0a
a linear scale as contour lines. The fission probability is i T 04
much higher for nuclei witiN and Z close to those of the L 9 [ os
target nucleugassociated with lovE*) in the case of U as L 0 []os
compared to Au, as expected from the difference in fissility. - BE
However, in both cases, only proton-rich primary nucleiun- 65 o, . . . 0.0
dergo fission with a sizable probability. 95 100 105 110 s 120 125

The time scales characterizing the fission process are o N
prime interest since they provide unique information on the
dynamics. For the primary nuclei produced with the Au tar-
get, the fission barriers are fairly hig3(=20 MeV); con-
sequently, the fission must occur before too much energy is
lost via the evaporation of light particles. This problem is 95 238 _
less severe for the primary nuclei produced from U target U B
nuclei, associated with fission barriers as low as 6 MeV. A | ==
larger number of presaddle particles is thus allowed in the | B 0
latter case. This behavior is illustrated in Fig. 17 where the 90 0K
numbers of presaddle particles are compared to the tota | OOOC DOUCAL G

. . - 0o obooOddooL |
numbers of evaporated particles as a functioiedf for the I 0ooooRonn &
Au and U targets: the average multiplicities of presaddle pro- | Ooo0Doo00ON0000Co gosd
tons anda particles are about twice as large and that of 85 - codaogoo ooog

. + gdccOoOoooooogaoag

neutrons three times as large for U as for Au. All presaddle | 0 e
multiplicities remain roughly constant f&* larger than 300 L D = 002
MeV, which means that the fraction of the post-saddle par- 004
ticles (considered as emitted by the FFs in the calculation, as®0 B H u gg
already pointed olitincreases continuously witk*. By a E{
summing up the times elapsed between the evaporation o
two consecutive presaddle particles, as deduced from the ta
tal widths, the fission presaddle time can be estimated. The oo IE T T T me T e i 1m0
so-obtained average presaddle times are plotted in Fig. 18 a> N

a function of the excitation energy of the primary nuclei. AS £ 16. Fission probabilityboxes plotted as a function of the

expected, the different multiplicities of presaddie particlesy angz numbers of the primary nuclei as calculated by the INC
for the Au and U cases translate into different presaddle time.ggimini models for the Au and U targets. The contour lines depict

scales, the difference reaching a factor of 10 or more fokne yield in a linear scale with 200 counts between neighboring
E* >300 MeV. For Au, the predicted fission time at high lines.
becomes of the same magnitude as the thermalization time,
estimated at 10?2 s (30 fm/c) as mentioned above. Also for fission cross sections amount to ¥881 mb and 946 200
E*>500 MeV, the excited-nucleus lifetime, as given by themb for the Au and U targets respectively. Clearly these cross
emission time for the first neutron, becomes shorter than theections increase with the target fissility, as expected for con-
thermalization time. Both features may cast some doubts oventional fission. It is interesting to compare these cross sec-
the applicability of the sequential statistical model at hightions with those previously measured in proton- or
E*. a-induced reactions in the GeV bombarding-energy range
[55-57. For 3-GeV protons, associated with an excitation-
energy range probably comparable to that for 1.22-GeV
The first data that are presented concern the anglehe latter cross sections were found as @3 mb[55] or
integrated, total E* -integrated fission cross sections. The 100 mb[56] for Au and 1216180 mb[55] or 1321+100

(a)

80

(b)

T

T

I

INIAN
VN

L |

2. Fission cross sections
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INC Golubeva + GEMINI p+Aun,U No particular effort has been made to reproduce these
30 F . integrated cross sections theoretically since the evolution of
B neutron ,o000°°°°%° the fission probability as a function &, addressed in the
20 F 6°0°° aoo8oer” ” next section, offers a much more stringent test to the theo-
: 62 guno” retical models.
10:, 8%?"......'...'.'
9 LT Pt S S P i " o
& 0 : . 3. Fission probability: Evolution with E*
% 712 3 proton o " : o ° The fission probability Pss) is a key pbservable for sev-
= s %50 ° eral reasons. On the one hand, the disappearance of fission
s 5t Looe?® ISR with increasing excitation energy may manifest the onset of
25 F R C il another, less collective breakup channel. On the other hand,
0 [l TR L0 TS et wSTER P the fission probability at high excitation energy is sensitive to
30 alpha the transient time necessary for the fission mode to attain its
F AuU 5 3o stationary decay width. The increased presaddle emission of
2o fL"rte"_'saddle LoogB?® charged particles taking place during this transient time leads
1F sgfoc’ . to a decrease in fissility, manifesting itself by a reduction of
0 b aidl R Pts. This effect is all the more prominent at higtt as the
0 100 200 300 400 500 600 700 800 900 1000 mean evaporation time of light particles decreases. Studying
Excitation energy (MeV) Pjs at highE* is thus a unique means to gain insight into the

fission dynamics prior to the saddle point. For instance, other
methods involving the measurement of precision neutrons
[15] or v rays[58], or the blocking technique in a single
crystal[16], provide only information about the prescission
mb [57] for U. These cross sections are compatible withtime (pre- + post-saddle time The sensitivity ofPg to the
those of the present work within the error bars, although theyransient time has already been exploited in several works, in
appear slightly lower for Au and greater for U. These pos-particular by Morettoet al. [17] in a-induced fusion reac-
sible differences, in addition to resulting from different masstions, associated witte* <100 MeV. The latter authors
losses in the INC cascade, can be tentatively ascribed teould set an upper limit for the transient time 0k30~%s.
differences in the excitation energy distributions, the fissionThe present experiment allow;s to be investigated over a
probabilities at higtE* exhibiting opposite trends as a func- considerably broader excitation energy range, enabling sig-
tion of E* for Au and U as will be shown in the next section. nificantly shorter time scales to be probed. This question was
A more detailed comparison with earlier data was made in @lso discussed for fission following stopped-antiproton anni-
previous papef19]. Slightly different integrated cross sec- hilation [59-61].
tions in[19] (160+ 11 mb and 926 200 mb for the Au and The fission probability has been obtained by dividing the
U targets, respectivelyare due to different conditions ap- Yield at a giverE* of binary-fission events, corrected for the
plied to select the fission events. detection efficiency via the procedure described above and
detailed in Ref[20], by the total yield of events associated
INC Golubeva + GEMINI p+Au, U with that E*. It must be stressed that the unique features
afforded by antiproton annihilation combined with the ex-
107 perimental method employed in this work, set up the proper
co framework for an investigation dP;s as a function ofE*,
U the following conditions being met simultaneously, as men-
tioned above.

(i) The number of nucleons expelled during the INC stage
of the reactions being quite modera0% of Aygerat E*
=1 GeV), a well-defined, fairly fissile group of nuclei re-
mains after this stage has subsided. As the fission width dras-
tically depends on the primary nucleus, this feature is central
to the present study.

(i) Since the total reaction cross section is probed, the
total yield of events at a giveB* can be determined.

(i) E* is assessed via a procedure based on the total
number of evaporated light particles, and is thus highly in-
& T P T TOR R P BT dependent of the decay channel, i.e., of whether the nucleus
0 100 200 300 400 500 600 7.00 800 900 1000 undergoes fission or not.

Excitation energy (MeV) .. s .
The fission probabilities measured fpr-Au and U are

FIG. 18. Theoretical average time for the decision to fissionshown in Fig. 19 as a function &*. Since at highE* the
plotted as a function of the initial excitation energy. mass distribution of the fission fragmenrEF) broadens con-

FIG. 17. Theoretical totalopen symbolsand presaddi¢solid
symbolg multiplicities of evaporated particles plotted as a function
of the initial excitation energy for the Au and U targets.

)
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B

Fission time (10'215)

[
T

10
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= oé 8 implemented insemINI, do not affect the dependence Bf
Z_Tg 08 on E* in similar ways: whilea;/a, governs the magnitude
_‘é‘ 8-% 3 of Pss over the fullE* range,r; rules P only at highE*.
£05¢F The two parameters can thus be determined independently
£ 9%: via P(E*), while their respective influences cannot be dis-
% 02 £ entangled from the integrated fission cross sections alone.
= 0'(1) El This conclusion will actually be qualified when employing
8'3 3 the modelABLA instead ofGEMINI.
07 £ The limit on the transient time can be reasonably set to
0e 1x 102! s, more than an order of magnitude lower than
8131 g established in the work of Morettet al.[17].
8:§ E e iR : ‘ : N - 4. Comparison with the predictions ofBLA

0 100 200 300 400 500 600 700 800 900 In order to test the previous conclusions obtained with
Excitation energy (MeV) GEMINI, further comparisons have been made witsLA
[54]. AaBLA computes the fission probability with the
transition-state formalisif64] of Bohr and Wheele(BW) as
GEMINI does, but the fission hindrance related to the viscosity
is taken into account as proposed in Ré&b5] via a reduced
viscosity parameteB. The fission probabilityPy, is deduced

FIG. 19. Experimental fission probabilifgolid points plotted
as a function of the initial excitation energy of primary nuclei
formed inp+Au and U. The curves correspond to theoretical re-
sults obtained with INGGemINI for different transient timesy :
7¢=0 (solid), 0.1x10"2* s (dot-dashej] 0.5x 10~ 2! s (dashey], 2

%102 s (dotted. from the fission widtH'; and the neutron emission widih,
as follows:
siderably, the distinction between a FF and an IMF becomes T _
somewhat ambiguous. Consequently different mass cuts Pis=y 77 [1— exp—ni/t,)] with
have been applief20] to the data, the error bars in Fig. 19 B
depicting the effect of a-10-unit change in the cut. The
b avior o T=TEY T+ 52— y), &

behaviors ofPy; for the two targets are very different: for the
Au targetPy; steadily increases with increasifg , whereas where FfBW is the Bohr-Wheeler fission width and

it first rises steeply and then slowly falls off for U. This _ B12wy is the dissipation coefficienis is the frequency of

observation strongly suggests that the fissility remains thq1 h . lator defined by the | ted potential at
driving parameter and that conventional fission, and not € harmonic osciflator defined Dy the inverted potential a
the saddle point, is the mean particle decay time, ands

mechanical process, as advocated in R&Z], for example, . - . >
is present hgre. P defined asr;= rf—ELzllt,,lk, i.e., the sum of the preceding

A very important conclusion can be readily drawn from particle decay times in the actual deexcitation cascade. The

Fig. 19: fission remains a very substantial decay channel dfansient time or fission delay; is
E*/A>4 MeV/nucleon, exhausting more than a third of the 1
yield. This finding has two major implicationgi) The - B 7In(10B¢/T),  p<2awr %)
nucleus appears to keep conventional properties up to the f ,8(2w$)‘1ln(1OBf/T), B>2w,
above excitation energy; and) this significant abundance
of fission points to a quite short transient time needed towith wt=wy~1x10?* s ! is the frequency of the harmonic
reach the saddle point at such high excitation energies.  oscillator oscillating the potential at the initial positidy, is

The latter conclusion arises from the expectation that dhe fission barrier, and is the temperature.
large transient time would lead to a dramatic reductioRgf There exists a value g8 around 2x 10? s~ for which
at highE* as both the remaining* and the fissility would the transient time is minimum: for lowe8, the coupling
have dropped considerably by the time the saddle point ibetween the collective fission motion and the heat bath is
reached. weaker making the motion slower, while for larggrthe

The set of curves in Fig. 19 represent the results of thenotion is overdamped, two situations corresponding to the
INC+GEMINI calculations for different values assumed for two cases of Eq(2). This minimum transient time as a func-
the transient timer¢, varying from 0 to 210 ?* s. The tion of 8 is close to (1-2X 10 2 s over most of the range
as/a, ratio has been taken as 1.022 and 1.00 for Au and Uin E* explored in the present experiment.
respectively, in agreement with the expected tendency and The results of differentaBLA calculations, for =2
with the ratios used previously in similar work3]. The  x10*! s, 3x10? s7! and with the stationary Bohr-
general trend is correctly reproduced by the calculations asi/heeler approach are displayed in Fig. 20 for the Au and U
suming no transient time for the two targets, altholghis  targets. The;/a, ratio has been taken according to the pre-
overestimated at lovE* for the U case. The inclusion of a scription of Ignatyulet al.[66] that the authors okBLA use
delay larger thars=0.5x10"?! s leads to a strong deterio- as the default optior{this ratio will be referred to as
ration of the quality of the agreement at higfi. It is im-  (a;/a,),q, in the following]. In the calculation of the level
portant to note that the ratia /a,, and the transient time, as density at the saddle poiat, a surface term is added to the

034616-13



B. LOTT et al. PHYSICAL REVIEW C 63 034616

g N — sizable reduction of the fission probability. At least for Au, it
;:.';0 G5 appears that the only reasonable way to reach a better agree-
- ® e, el ment with the data is to increase thg/a, ratio, as had to be
& 05 q °_ ® e SN done withGEMINI (a fair reproduction being obtained with
5025 be p+U as/a,=1.022). It can be concluded from this comparison
é (1) 3 ‘ _+Au e o with the experimental data that the transient time has to be
075 3 BEZXIOuS.l 1gn. T close to its lowest possible value in order to account for the
: S N large observed fission probabilities at higtf. A similar
0.5 ¢ 3 conclusion has been obtained via the study of the isotopic
025 ¢ apeetttt o om dependence of the fission cross sections of different heavy
067700 200 300 400 500 600 700 800 900 nuclei at GSI[67].

Excitation energy ( MeV ) It must be noted that the value gf=3x 10?*s ! is close
to that found 68] to best reproduce the fission cross sections
FIG. 20. Comparison between the experimental fission probabilin relativistic heavy-ion collisions,3=1x10?* s ! and
ity (circles and the theoretical probabilities calculated with INC {y55e needefil5] to account for the prefission neutron mul-
+ABLA (curves, for different values of3, or in the BW approach, tiplicities, B=2x 1001 gL,
anda/a,. The sensitivity ofPys to the spin generated in the INC
) ) ) stage has also been investigated wathLA. Increasing the
volume term to account for the increase in level density re'spin predicted by the INC model by 30% leads to an increase
sulting from the deformation. For the stationary Bohr- by a factor close to 2 for the Au target over most of e

Wheeler case, the re_sults_ correspondmgftta_n=_1 are also fange, while there is an increase by 20% for the U target.
shown. This calculation yields results very similar to those o

GEMINI for the samea;/a, ratio as expected. Using
(a¢/ap)gn With the stationary Bohr-Wheeler approach leads 5. Fission probability: Dependence on the multiplicities

to a strong overestimate &%, which is found to saturate at of neutrons and LCPs
1 for both targets at higk*, in strong disagreement with the _
data. However, the combination of parametésgtionary To go one step furtheP;s has also been studied as a

casea;/a,=1) and[B=3x 10" s %, (as/a,) 4] provide function of the relative amount of detected neutrons and that
fairly similar reproduction of the data, although the fissionof detected charged particles. Let us recall that these detected
probability for the Au is systematically underestimated by aparticles arise essentially from evaporation because of the
factor of 2—3 as compared to the experimental data. As merew efficiency of the setup for high-energy particles. To our
tioned above, any finite value @8 significantly different knowledge, this is the first time th&;s can be investigated
from 2x 107! s leads to a longer transient time and to ain such a systematic way.

£
II'| TTT]

i
n

fad
=
I|1r[|II|

i

Neutron multiplicity

20 5
ELe
15 -
t®
0 B
E )
5 t—r { ke ] ..-:: X | " [ = 0.1
Biid ) ff fission (x2)E - W fission ,
0 t!'.'.: I.-')g L L I ] I 4 "'JI'-I R T A R | o - 0
0 10 20 0 10 20
LCP multiplicity

FIG. 21. (Color) Experimental fission probabiliticolor scal¢ plotted as a function of the measured LCP and neutron multiplicities for
Au and U. The total event yield is overlaid as contour liflegarithmic scale, not shown, the factor between neighboring contour lines is
3.5). For Au, the four points correspond to the average location of the eventsE#ith200, 400, 600, and 800 MeV for increasing
multiplicities, as calculated with the INGGEMINI model.
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The fission probability is plotted in Fig. 2(tolor scale¢  B-stability valley, making the FFs relatively neutron richer in
as a function oM, andM  cp for the U and Au targets. The the latter caséfor a constanE*). This effect can be further

fission probability has been calculated as tested by plotting the same theoreti®l, as a function of
the multiplicities that would be obtained if all particles were

Pro(M M cp) = Yiis(Mn,Mcp) &) emitted from the nucleus before scissiom®., if the scission

’ Yiot(Mn,Mcp)’ time were infinit¢. This is done in Fig. 2Zmiddle and bot-

] o tom): for U, the extra neutrons associated with a firQg
whereYys(Mn,Micp)[ Yio(Mn,Mcp)] is the fission(tota)  (see Ref[15]) have been added for the pattern displayed in
yield of events associated with the multiplicitiéd, and  he middle panel, and omitted for the bottom pafre fric-

Mice- . . . ) _tion). The number of extra neutrons decreases from 2 at low
The event yieldYyy is superimposed as contour lines in x '\ hen the fissioning nucleus is close to U, to 0 when the
logarithmic scalgplease note that the axes are interchange issioning nucleus’ mass is lower than 218, i.e., aroftd

as compared to Fig.)9As was discussed in the context of L .
Fig. 9, the position of the ridge of yield observed in this =300 MeV, taking into account the mass loss in the INC

figure reflects the competition between neutrons and LCPs aséage. - .
tr?e excitation energy &creas(a‘sr illustration, the average The_ patterns shown in F'g' Aiddle a_nd bottornare
location of the events WithE* = 200—800 MeV with 200- Very different from the experimental on€sig. 21) and the
MeV steps, as calculated with the INGEMINI model, have init_ial model pred_ictions[l_:ig. 22 (top)], the fission events
also been depicted for AuConsequently, iS&* curves cor- being now associated with more LCPs and fgwer neutrons
respond roughly to straight lines perpendicular to the ridgethan average, as expected from the proton richness of the
Very different behaviors oP; are once more observed for Primary nuclei mentioned above.
the two targets. For the Au targeRs depends only a little (i) The large emission from the FFs, crucial in theviNI
on the relative amount of evaporated neutrons and LCPs. Ialculation to account for the features displayed in Fig. 21,
sharp contrast, for the U targé, displays a dramatic drop appears to contradict the conclusion, drawn from many ear-
between the higiM, region and the high cp one, at a lier works involving the “neutron-clock” method15], that
constantE* . Very interestingly, it is observed that the larger the totalE* in the FFs is lower than 100 MeV regardless of
E*, the larger the drop, which reaches a factor of about 5 fothe initial E*. This contradiction may be only artificial as it
E* =1000 MeV (high-multiplicity end of the ridge One can  can be conjectured that, in the limiting case of extreme de-
quantify this effect via an “apparent shiftAM, between formation, the emission from the FFs is a reasonable ap-
the ridges ofYygs and Yy at a constaniM cp: for U, one  proximation to the emission from the fissioning system be-
finds AM =2, while for A uAM,=0. fore scission. The latter emission is not easy to model
An experimental effect, namely a large variation of theproperly because of the uncertainties affecting the different
detection efficiency with the FFs’ atomic numbers, can beparameters(level density parameter, transmission coeffi-
safely ruled out as an explanation for the behavioP@f  cients and binding energiesf the statistical model at large
observed for U: an estimate of this efficiency change leads tgeformation and their constant change with time as the de-

sons in statistical models likeEMINI or ABLA. Experimen-
tally, the fraction of the evaporated particles emitted from
the FFs in light-particle-induced reactions has been found
and range between 80§69] to 40%[59] using the correla-

hibited by the data is reproduced for the two targess.A tion between the FF kinetic energies and the total mass loss,

also gives similar results in this respect, with the two sets ofNd close o 509%61,70 with the “neutron-clock” method.
parameters mentioned at the end of the previous séction | N€se earlier measurements were all restricted to ESw
This observation calls for two remarks. (E* <200 MeV). What becomes of this fraction at hidti
(i) As shown in the previous section, the calculation preS an important issue for the understanding of the dynamics
dicts that the primary nuclei eventually undergoing fissionof fission induced by light particles. Depending on which of
are proton richer than average since their fissility is highthe above explanation prevails, our data could indicate that
From this, it could be expected that the fission events arghis fraction remains large at high&r* .
associated with more LCPs and fewer neutrons than average. This issue is discussed further in the next section.
The predictions actually exhibit the opposite trend, as seen in
Fig. 22(top). The large fraction of the particles emitted from
the FFs in the calculation, as discussed in the context of Fig.
17, is responsible for this behavior. The FFs are indeed in- The emission patterns of the light particles in coincidence
herently neutron rich and decay via neutron emission evewith the FFs also bring information on the fission process.
more predominantly than targetlike nuclei. The differenceThe Galilei-invariant velocity distributions for the particles
between the Au and U cases results from the curvature of themitted in reactions with the Au and U targets are plotted in

case.

Figure 22(top) displays the corresponding theoreti€gl
calculated as described in the previous section with 0
(without filtering with the setup acceptancd&he trend ex-

6. Kinematical properties of particles accompanying fission
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FIG. 22. (Color) Same as Fig. 21, but for theoretical fission probabilities calculated ®&khni. The upper panels correspond to the
standardsemINI calculation leading to hot FFs, and the middle and lower ones to a modified calculation, in which the FFs are produced cold.

Fig. 23 as a function of the velocities parallel and perpen-does not induce significant distortions. The ring becomes
dicular to the fission axis for three gates on the assoclted more and more smeared B% increases. For the Au target, it
(the positive axis points in the direction of the heaviest fragds already smeared &* <350 MeV, a difference discussed
ment by convention The histograms depict the measured FFbelow. Inspecting the distributions more closely reveals that
velocity distributions. the rings are actually somewhat asymmetric, with some ad-
The velocity distributions displayed in Fig. 2&lready ditional yield on the light-fragment side at an angle-e70°
shown in Ref[71]), corresponding to the Au and U targets with respect to the velocity of the latter fragmebly 10%
respectively, exhibit circular patterns. For U wiif <350 for U at largeE*). This asymmetry, combined with the ob-
MeV [Fig. 23 (right, upper pang] the Coulomb ring is very served smearing, points to a significant near-scission or
well defined, indicating that the experimental acceptancgostscission emission, although the large degree of isotropy
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FIG. 23. Galilei-invariant velocity distributions at particles 0L 0L .
plotted as a function of the velocity components parallel and per- g - 07 .
pendicular to the fission axis, the heavy-fragment velocity being ‘3| A E
directed in the positive direction, for the Au and the U targets. E 10 ’ " .
it e Fn! 107
of the ring seems to indicate that a large fraction of the P AN ooz 4§ o 2z 4 8
; g . 9 Mp(M,,=30-39) Myyp(M,,=40-49) M (M, =50-59)
particles are emitted before the FFs are fully accelerated. The
larger smearing observed for Au than for UEt<350 MeV FIG. 24. Experimental IMF multiplicity distributionghisto-

might be a clue that fission takes place on a shorter timgramg measured for different bins in the associated total light-
scale in the former case, as predicted by the calculationgarticle multiplicity. None of the multiplicities is corrected for ef-
(Fig. 18 and leaves more excitation energy in the FFs.  ficiency. The symbols depict fitted Poisson distributions.
Unfortunately, because of the present pgandA iden-
tification for the FFs, a more accurate estimation of the yiel
of the different emission components cannot be obtained .~ "~ : :
with the present data. It is expected that this estimation wil xcitation energies are peaked at very low masses, Li or Be

be possible with better quality data on proton-induced fissior?€!"d DY far the most abundant IMFs. ,
[52]. (i) From the low maximum{M ye), multifragmentation

can be ruled out as a possible contender; even for the high-
IMF multiplicity events the total mass carried off by IMFs
does not comprise more than 30%Agf,4e, implying that a
In the following, IMFs are defined as fragments with heavy residue subsists. At the highdst, events with
masses between 5 and 25. The IMF multiplicityt (4=) dis- M ue=3 occur with a probability approaching only 5%.
tribution has been investigated in order to characterize the These average IMF multiplicities can be compared with
nonfission events, exhausting the rest of the yield at a giventher data obtained for the sar&& range. Our value close
E*. to 1 atE* =1 GeV for Au is in reasonable agreement with
The experimental IMF distributions are displayed in Fig. that obtained by Sust al.[42] ({Mye)=0.8 at similarE*)
24 for different bins in the total light-particle multiplicity in Ar-induced reactions, who also concluded that multifrag-

M_p for the p+U reactions. These distributions assumementation is a rare process far lower than 1 GeV.
similar Poisson-like shapes throughout the rang®lgf (the
solid squares correspond to fitted Poisson distributjomigh

no clear indication for several components of distinct origins.
This observation points to a unique dominant underlying
process.

The mean IMF multiplicity(M yg) is plotted as a func-
tion of E* in Fig. 25. It increases smoothly with* and
reaches a value close to 1 for the highEstattained in the
present experiment. The smoothness of the evolution again
fortifies the conclusion that there is only one main process
contributing. That the latter process is nothing else but
evaporation can be justified on two grounds.

(i) IMF evaporationmust be presenust as LCP evapo- FIG. 25. Average IMF multiplicity plotted as a function of the
ration is, as soon as some sizable phase space exists foriititial excitation energy of the emitting nucleus, measured for all
Although the IMF mass distribution could not be assesse@vents(solid circles and for the fission even{®pen circlegin the
with enough accuracy in the present experiment, the distrip+ Au, U reactions.

utions measured in proton-induced reactipty at similar

B. Intermediate-mass fragments
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FIG. 26. (Color) Same as Fig. 21 but for the IMF-emission probabilitplor scalé.

GEMINI does not providéM ;= with the symmetric-fission increase of the IMF multiplicity is found for increasirty',
option used for producing the results shown above. Whemeaching about 1.3 at 650 MeV and 3Et=1 GeV. These
used with the asymmetric-fission option, it predicts IMF values are in close agreement with those given in Rief],
multiplicities roughly consistent with those observed hereproving that no significant experimental discrepancy exists
(within 30%), but the fission data are then poorly producedwith the present work and emphasizing the above point that
(too large cross sections, by a factor of 2 for Au, and toothe observedM,ye)(E*) relation depends crucially on the
broad FF mass distributions E* determination method employed. In passing, one may

A few comments are needed concerning the averagingliso note that such a large IMF multiplicity f1,=) =3 for
procedure used in this work and leading to the mean multie* =1 GeV brings up the problem as to why this multiplic-
plicities displayed in Fig. 25. The excitation energy has beerity can be about three times greater in light-ion-induced re-
assessed event by event solely from the light-particle multiactions than in HI reactiong}2], while it should be compa-
plicities, as described in Sec. IVB. This method assumesable if one is dealing with a pure thermal effect.
implicitly that the excitation energy consumed in emitting  In Fig. 25 are also plotted the average IMF multiplicity
IMFs is low. To a large extent, the low multiplicities ob- observed in fission events. This multiplicity is observed to be
served, as well as the dominance of light IMFs found inslightly lower than the inclusive one at a givef for the U
similar works, justify the validity of the above method. For target, while no significant difference is visible for the Au
the rare events associated with large IMF multiplicities, thetarget. This behavior may suggest an emission time for the
above assumption may break down leading to an underestiMFs shorter than the time needed to reach the saddle point,
mation of E* for these events. However, adding a sizableat least for U, the decrease in fissility associated with this
energy per emitted IMF to the estimaté&f would entail  emission leading to an hindrance of fission. Let us remark
little changes in Fig. 25 except for the highdst (E* incidentally that these low IMF multiplicities justify the ne-
>800 MeV) where this procedure brings about a strong auglect of the IMF emission in interpreting the fission data in
tocorrelation effect betweeB* andM . The latter effect the previous section.
arises from the steep drop of tB& distribution in the latter It is interesting to investigate how the IMF emission prob-
region. Since this region is dominated by fluctuations arisingability correlates with the relative multiplicities of evapo-
both from the statistical nature of the decay and the limitedtated neutrons and LCPs, along the line of the discussion of
efficiency of the detector, assessing the physical behavior dfig. 21. The IMF emission probability is plotted as a func-
the average IMF multiplicity in this region is impossible. Let tion of the latter two multiplicities in Fig. 26, for the Au and
us remark that the totaE* released via IMF emission U targets. The iso-IMF probabilities are straight lines almost
amounts to a few tens of MeV only, while the resolution of perpendicular to the ridge observed in the yield distribution,
the E* determination is at least as large in the distributioni.e., very close to the iso-excitation energy lines mentioned
tail. To avoid the autocorrelation problem, the course of acabove. This behavior proves that the IMF emission does not
tion opted for in this paper is to present the IMF multiplici- affect substantially the light-particle evaporation process, or
ties as function ofE*, as deduced from the light particle in other words, that the competition between neutron and
multiplicities LCP emissions is not altered whether nuclei emit IMFs or

If instead of this method for determining*, the IMFs  otherwise. This conclusion confirms the absence of peculiar-
are included as done by the authors of Hdf4], a steep ity in events associated with IMFs.
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A comparison between Figs. 21 and 26 shows a striking 2 0 2z o0 2
difference for the U case, which proves that despite arbitrary P, ur(GeV/c)
mass cuts being applied for selecting the FFs, there is little
contamination from the latter fragments in the selected IMFs. FIG. 28. Yield plotted as a function of the longitudinal momen-
tum of the heavy residue and of the total longitudinal momentum
C. Evaporation residues carried by the detected charged particles and fragments, for differ-

o . ent bins in the measured multiplicitieN g of the latter.
From what precedes, it is expected that heavy residues

survive in nonfission events regardless of the associated IMEsotropic As expected, the total moment®y iz+ 3P

S . ) ; . , ' cp
mu[tlpI|C|ty. As explalngd n th? section devoted to the €X-increases with the total multiplicity of charged fragments,
perimental method, an increasing fraction of these HRs wnf;e with E*, evidencing the increase in the momentum
E* have been detected. In Fig. 27 are compared the kineliGz,sfer. Figure 29 is equivalent to Fig. 28 for the transverse
energy distributions of the HRs and FFs for different bins 'ncomponent of the momenta. The HR momentum and the

E* for the Au and U targets. Although the mass calibrationsa" momentum carried by the charged fragments become
is uncertain for very heavy fragments, it has been possible t%creasingly antiparallel a&* rises. This effect is a conse-

clearly distinguish the HR and FF components by requiring, ;ance of the decreasing share of the total recoil momentum

the total detected mass to be greater than 70% of the syst ken up by the neutrons with increasigg. Figures 28 and
mass, the fission events being associated with two coincident '

heavy fragments. The mere observation that the yield ratio
between HR and FF evolves so strongly both vith and
the target fissility proves that the two components do origi-
nate from distinct physical processes. HRs have also been
observed in HI-induced reactions for a simii&f range[42].
According to the INC calculations, these HRs are im- 0
parted only low momentum from the projectile during the
INC stage, too low for these fragments to escape from the
target foil with a sizable probability. However, the isotropic-
recoil momentum gained during the evaporation stage broad-
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ens the HR momentum distribution considerably; the HRs "y SN 11 [ .- 2N
associated with the high-momentum wing of this distribution - J
; 2
becoming detectable. l:'l'
An illustration of these effects is given in Fig. 28, display-
ing the experimental HR vyield plotted as functions of the 0 Hpts
longitudinal (i.e., parallel to the beamHR momentum and L=

the sum of the longitudinal momenta of the detected charged
fragments, i.e., both IMFs and LCPs, for different bins in the
total IMF+LCP multiplicity. Two islands of yield are visible I
in this figure separated by a gap arouRg=0 stemming 2

from the absorption in the target foil. The net excess of HRs P, pr (GeV/c)

in the forward direction is due to the recoil imparted during

the INC stage, since the recoil in the evaporation stage is FIG. 29. Same as for Fig. 28 but for the transverse momenta.
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29 prove that there is a strong kinematical bias affecting thexcitation of collective degrees of freedom and a single de-
HR detection, as mentioned above: this detection is madeaying nuclei. Another positive feature is the reliability and
possible thanks to a fortuitous alignment of the emitted-elative simplicity of the INC models describing the interac-
particle momenta. Larger than average multiplicities of IMFstion of the pions within the nucleus. In order to take full
and LCPs also favor their detection since the chargedbe”ef't of these favorable conditions, a large-acceptance

fragment emission imparts more momentum to the HR thars€tuP has been used, involving the simultaneous detection of
the neutron emission neutrons and charged fragments with large efficiencies. A

| : f th . fici salient originality of this work concerns the acquisition trig-
Monte Carlo estimates of the HR detection efficiency,ger condition corresponding to the detection of the escaped
taking into account the primary-nuclei momentum distribu-charged pions, which unmistakably manifests the occurrence
tion, the recoil gained during the evaporation stage, and thgf an antiproton annihilation. All annihilation events have
energy loss in the target foil lead to efficiencies ranging fromthus been recorded independently of the amount of excitation
6% atE* =200 MeV to 35% at the highe&i*. Because of energy deposited into the target nuclei.
large uncertainties on these efficiencies, no direct, quantita- The experimental method employed offers two main ad-
tive statements can be made from the observed HR yield/antagesi(i) the excitation energy can be estimated event-
Furthermore, the strong selection bias affecting the detectedy-event from the neutron and LCP multiplicities with an
HR makes the study of their experimental properties meanunprecedented accuracy of about 15% over most of the
ingless. The detection of HRs in substantial amounts allow§2nge, regardiess of the decay channel @ndthe relative
nevertheless definite conclusions to be drawn on the compdrobabilities of the different decay channels at play can be
tition between the reaction channels at play in these reacl€términed as a function of the excitation energy.
tions. Events in which neither FFs nor HRs are detected, but The power of annihilation of antiprotons in flight to form
only LCPs and IMFs, can safely be attributed to evaporatior?xc'ted nu.cIe| has first been mves'ugatgd. The mean excita-
leading to nondetected HRexcept for a small contribution tion energies are found to be about twice as large as those
of fission in which none of the FFs is detected, representin bserved for annihilation of antiprotons at rest. The distribu-
about 5% of the fission eventshould one or several lighter tONS extend up to 4-5 MeV/nucleon for the heaviest targets,
fragments have been produced, they would have been d&! good agreement with the predictions of the INC model of
tected with a probability close to 70%. The observed HRGOlUbevaet al.[7]. . . .
yield, corrected for the efficiencies mentioned above, is in ¢oncemning the decay properties of the excited nuclei pro-
rough agreement with this expectation. duced in the annihilation on the heaviest targets, the data
The observation of abundant HRs at the highigisfound ~ @nalysis has been performed by trying to preserve the same
in this experiment confirms the picture established above vi§n€ of minimum bias as in the data collection. A coherent
the investigation of fission and of the IMF production, picture has been obtained, embracing the full set of processes
namely that the nuclei retain conventional propertie€#st &t play in the present reaction. The overwhelming prevalence
. . 1 1 H * —
up to 4 MeV/nucleon. In particular, the observation of very©f €vaporation and fission up &* =4 MeV/nucleon for
heavy residues and fission fragments does not support tHactions involving heavy targets like Au and U has been
occurrence of a strong lowering of the density, either of dy_demonstratgd. For the first time, the fission probability has
namical origin or resulting from a thermal expansion. ThePeen investigated as a function Bf up to 4 MeV/nucleon
latter effect was advocated in some recent wofig] or ~ Providing insight into the dynamics of this prog%?s. In par-
[73] for an overview on spallation reactions, with an almost ticular, a constraint on the transient time<1x10"“"s, has
linear decrease of the density f&* below 500—700 MeV been established, which is about an order of magnitude lower

and a density equal to one-third of normal density for largethan previous limits. The competition between the evapora-
E*. tion of neutrons and light-charged particles during the fission
The observation of low apparent Coulomb barriers in the®"0Cess has been studied for the first time. The large effect
IMF energy spectra has been interprefféd] as manifesting S€en for U is interpreted as due to the large relative neutron
the reduced density of the emitting source. The present réichness of the FFs or of the elongated nucleus before sciss-
sults indicate that two alternative effects, neglected in thdon- The velocity distributions oé particles associated with
analysis of the above IMF spectra, lead to a smearing ofiSsion events also bring qualitative information on the sciss-
these spectra and thus to an apparent lower Coulomb barridPn time scale. o _
These effects comprise the possible emission from the FFs or The average IMF multlpl|0|ty has been found to rise
from the “neck” connecting them before scission and theSmoOthly withE™ up to 1 atE* =4 MeV/nucleon. The mul-
large recoil effects exemplified in Figs. 28 and 29. They'upllcny distributions are Poisson distributions to a good ac-
should be taken into account when interpreting the fit of thefuracy. No indication for the presence of another underlying

IMF spectra with simple functions. process than evaporation has been observed, indicating that
multifragmentation is still a very rare process Bt =4
VI. SUMMARY MeV/nucleon.

The observation of large HR vyields at higt, although
The annihilation of 1.22 GeV antiprotons has been used tonade only possible by an accidentally large momentum
excite nuclei, offering many interesting advantages ovebuildup during the evaporation stage, bears out the picture
heavy-ion collisions. Theoretical calculations predict a fastestablished with the fission and IMF data. The data can be
direct stage, a limited loss of nucleons during this stage, littleaccounted for without evoking any substantial lowering in
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