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Emission time scales for light charged particles from symmetric and asymmetric fission processes
for “°Ar +197Au reactions at 25 MeV/nucleon
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Two-particle correlation functions at small relative momenta were measured in the binary fission processes
for “°Ar+ °7Au reactions at 25 MeV/nucleon. Compared to trajectory calculations the mean emission times of
light charged particles were determined from two-particle correlation functions. The emission times varied
weakly with the mass of the particles, but strongly with the kinetic energy of the particles. A slightly shorter
emission time was determined for the particles emitted in the fission plane compared to out of the fission plane
due to preferential, in-plane preequilibrium emission with shorter emission time. The emission time of light
particles was nearly independent of the mass asymmetry of the fission fragments, depending mainly on the
degree of equilibration in the emitting nuclei. A very short emission time of less than 1@0na¥ deduced
for the preequilibrium emission of high-energy particle pairs with kinetic en&gy20 MeV/nucleon while a
long emission time of about 600—1000 fimvas deduced for emission of low-energy particles vt 9
MeV/nucleon. Such a long time suggests evaporation for these low-energy particles from thermalized com-
pound nuclei or fission fragment{sS0556-28188)03203-9

PACS numbegps): 25.70.Pq

I. INTRODUCTION sembly occurred. The transitional beam energy appeared to
be about 35-50 MeV/nucleon, which decreased with the in-
The disassembly of highly excited nuclear systems recreasing entrance-channel mgk In addition, the emission

mains an open problem in the investigation of intermediatetimes of heavy fragments can be deduced from correlation
energy nucleus-nucleus collisions. The time scales of th&heasurements among threefold- and fourfold-fragment coin-
various disintegration models are of central importance for &idenceg20-24. o
complete understanding of the experimental observations, However, how can one compare these measured emission
One very successful approach for measuring such time scalé§1e scales using various techniques and particle pairs? Re-
is to make correlation measurements between pairs of thgently determinations of the emission order and time delays

light particles, light fragments, and heavy fragments emittec%)etween Iﬁght particles and "thil.’m fragments were per-
gntp g g y rag ormed using small-angle correlation methd@$]. The re-

from highly excited nuclear systems. For example, the emis- . : o
sion time scales of light particles have been deduced fro ults suggesteo! that the delay time betw_een d'rE.BCt emission
. . : . __and fragmentation was 50 fmbr less. This work is an at-
two-particle correlation functions to probe the mean lifetime . X ; o
tempt to provide further information on the competition be-

gor p:rt:cle emission fr?m ?Xc'tf/ld C;Jde?r syste(r?]sg.,[ll—_ q tween the emission of light particles and the fission process.
]). At low energies of a few MeV/nucleon, a thermalize Since fission of highly excited nuclei has been found to pro-

compound nuclear system is expected to be formed and theue faster for asymmetric mass splits than for symmetric
decay by particle evaporation on a long time scale of morgnes emphasis in this work is placed on the differences in
than 300 fm¢ [7]. The emission times of evaporated protonsemission times of particles between symmetric and asym-
were determined to be in the range of 300-1500cfy  metric fissions. In Sec. Il the experimental setup is described.
measuring two-proton correlation functions for the reactionThe experimental results of the emission time scales for light
140 MeV %0+27Al [2]. At intermediate energies of a few particles with different masses, as well as light particles from
tens of MeV/nucleon the emission time scales for the lightin- and out-of-fission-plane emission, are described in Sec.
particles f,d,t) were deduced by two-particle correlations IIl. The emission times of light particles in symmetric and
to be in the range of 100-500 fm/and to vary with the asymmetric fission are reported in Sec. IV. Finally the im-
energies of the particlg$]. On the other hand, the emission portant results are summarized in the last section.

times for intermediate-mass fragmen(i¥F's) with Z=3

have also been extracted from two-fragment correlation Il. EXPERIMENTAL SETUP

functions to investigate the transition of IMF emission

mechanisms from sequential binary disassembly to multi- The experiment was performed using the separated-sector
fragmentatior(e.g.,[6,8—19). Very short emission times for cyclotron at the Heavy lon Research Facility at Lanzhou
IMF were determined at bombarding energies of 50 MeV/(HIRFL). A 1.4 mg/cn? gold target was bombarded with 25
nucleon or morg8-16], indicating that prompt multifrag- MeV/nucleon “°Ar ions. Two-particle correlations at small
mentation occurred in this energy region; while a long emis+elative angles were measured using a close-packed array of
sion time was determined at a bombarding energy of 283 AE-E telescopes, each consisting of a 3@8+thick sili-
MeV/nucleon[6], suggesting that a sequential binary disas-con detector for measuring the particle energy lbEsand a
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5-cm-thick bismuth germanat@GO) scintillator for mea- 10
suring the particle energids [26]. Clear particle identifica- (a) (b) (C)
tions, including for all hydrogen isotopes, could then be L
made from the combination of the and AE signals from ¢ R ’X ﬂ‘
each telescope, each located 58 cm from the target. The ce 12 10° 3 %
ter of the array was positioned at 20° to the beam axis, aIl < % Y
angle significantly larger than the calculated grazing angle o 8 P oo d % ®
O :

6° for our reaction partners. The angular separation betwee t
adjacent telescopes was 3.3°; the maximum relative angl . ®
between distant telescopes was 13.6°. The energy calibr: e experiment  ©
tions of the AE silicon detectors were made using the osimuiation 9
particles of a T_hC-ThC source and a precise pulse genera- 1010 2'0 200 25 50 750 2550 75100
tor. For a certain type of charged patrticle, the energy depos
ited in a BGO scintillator can be determined using an energy (MeV)
energy-loss table from the energy corresponding to the mea-
sured energy loss in AE detector. In the offline analyses,  FIG. 1. Experimental and calculated energy spectradppro-
the thresholds of 6, 8, 10, 24, and 49 MeV were used fofons, (b) deuterons, angc) tritons.
p, d, t, «, and Li, respectively.

In addition, two fission fragments in coincidence with lations using the three-body trajectory comleNEKA [27].
light particles were detected by four, 20 cnt, parallel- The code takes into account the Coulomb and nuclear inter-
plate avalanche counter§PPAC’'S, each with two- actions among the two emitted particles and the source. The
dimensional position sensitivity. The four PPAC’s were es-time intervalt between the two emitted particles is charac-
pecially placed with azimuthal angles 0° ©190° relative to  terized by an exponential probability distributioR(t)
those of the telescopes to measure the in- and out-of-fission-e~Y", wherer is the emission time and freely given. This
plane emission of the particles in coincidence with the fissiorcode considers the particles to be emitted from the surface of
fragments. The four PPAC’s were centered at azimuthallya source. The radius of the emitting systeR) (s given by
symmetric angles around the beam axis and subtended tie=rA' whereA is the mass number andis nuclear den-
polar angles 32°—-90°. Position resolution of 4 mm for eaclsity quantity and can be given freely if nuclear expansion is
PPAC led to an angular resolution of 0.7°. The thresholds ofmportant. Reduction of 20—30 % ia has only a small ef-
the PPAC’s were adjusted to suppress fragments with magect on the calculated correlation functiofi€,25. Use of a
numbers belowA=20. The signals were recorded on tapesmaller nuclear densitf.e., an expanded souncerould lead
event by event with an online data acquisition system supto smaller assignments offor cases of short values. But
ported by a micro VAX-II computer. Only fourfold coinci- the influence of the nuclear densitgr the emitter sizeon
dent events in which two fission fragments detected in twahe calculated correlation functions is very small fer 150
different PPAC’s and two light particles detected in two dif- fm/c [25,28. In our calculations normal nuclear radii were
ferent detector telescopes were used in the offline analysisused to assign the initial distance between emitter and ejec-

tor; therefore, these values can be taken as upper limits for
cases ofr<<100 fmc.

X
a® ®

o
°
o 0

IIl. EXCLUSIVE TWO-PARTICLE CORRELATION The kinetic energy for an emitted particle is sampled from
FUNCTIONS AND THE EMISSION TIMES the experimental energy spectrum of the emitted particles in
OF LIGHT PARTICLES the MENEKA code. This minimizes the effect of errors in the

energy calibrations as well as items such as the emitter ve-
The two-particle correlation functioR(q) is defined in |ocity, its temperature, etc. The solid circles in Fig. 1 repre-
terms of the coincidence yield1,(P,,P,) and the single sent the experimental kinetic energy spectra for protons, deu-
particle yieldsY;(P;) andY,(Py): terons, and tritons particlesiENEKA calculations give an
analytical expression for the spectral shapes in which three
2Y1(P1,P2)=Cif1+R(q)IZY1(P)Ya(Py). (1)  Maxwellian distributions are superposed to generate the en-
ergy spectrum of the observed particles. The trajectory en-
Here P, and P, are the laboratory momenta of the par- ergy spectra ilMENEKA are also shown in Fig. 1 with open
ticles 1 and 2g is the relative momentum of the correlated circles. In addition, the code also takes into account the ac-
pair given by @,/m,—P;/m;)u, where u=m;m,/(m;  ceptance of the detector array.
+m,) is the reduced mass. In our case the correlation func-
tion is determined only as a function qf=|q|. The normal-
ization constanC,, was determined by the requirement that
R(qg) =0 for large relative momenta, where correlations due Thep-d, d-d, andt-t correlations in coincidence with two
to final-state interactions should have vanished. For each gdfission fragments are shown in Fig. 2 f8fAr+1°"Au reac-
ing condition, the sums on both sides of Ed) were ex- tions at 25 MeV/nucleon. These correlations exhibit pro-
tracted over all energies and detector combinations correaounced deficits or anticorrelations at small relative mo-
sponding to the given bins af. menta. The anticorrelations are the manifestations of the
In order to extract the emission times, the experimentaftepulsive, final-state, Coulomb interactions between the
correlation functions were compared with theoretical calcu-emitted particles. A compact source that quickly emits par-

A. The emission times of different particle pairs
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0 FIG. 3. Thed-d correlation functions for in- and out-of-fission-
150t plane emission in the reaction 25 MeV/nucletihr+%Au. The
curves show calculations using the trajectory cod®iekA with
1F *i*ﬂ*gﬁ various values of emission time.
05¢ by using large-relative-angle particle-particle correlations
0 and the observed in-plane enhancement can be well ex-
0 75 100 plained by models incorporating the decay of a hot rotating
q(MeV/c) source[30—-33. In this section, the emission times of par-

ticles emitted in and out of fission plane are discussed.
For each event the orientation of the reaction plane deter-

FIG. 2. Thep-d, d-d, andt-t correlation functions of the rela- mined by the two fission fragments was defined as

tive momentunq in coincidence with two fission fragments in the
reaction 25 MeV/nucleorf®Ar+197Au. The curves show calcula- 1

tions using the three-body trajectory codeneka [27] with vari- ¢F=§(¢f1+ di2+180°), (2)
ous values of emission time.

ticles results in larger Coulomb interactions between th vhere ¢, and ¢y, denote the azimuthal angles of the two
clission fragment$1 andf2, respectively. Since the distribu-

emitted particles than a larger source that emits particl : £ 1h lati imuthal & beom cber b
more slowly. Consequently, the emission times of the par;['On Oth Ei re]:'uve aztlmu a Sng ﬁf{_k;/’flt ¢f2| e ked
ticles can be determined from the strengths of the anticorre~ ¢! (e WOO ragments was observed fo be Songly peaxe
lation valleys neag=0 in Fig. 2. at A ¢=180 Wlt_h a fuII_W|_dth at half maan_uijWHM)

The curves in Fig. 2 represent the calculated correlatiorﬁ)f 18°, the error in th_e fission plane_determmatlon was less
functions with emission times=30-600 fm¢. The anticor- than 10°. Then the_ dlffergnce In azw_nut_hal angles between
relations at smally in the calculated correlation functions the correlated particle pair and the f'S?"OF‘ plane was com-
become more pronounced with decreasing emission timé),UteOI as a measure of the in- or out-of-fission-plane emission
since the repulsive Coulomb interaction is stronger for theOf the particles. In fact, the out-of-plane emission of particles
light particles with shorter emission times. The lowermostV3S measured via thg tglescope array PPAC 1 and PPAC 3
part of Fig. 2 shows thet correlation function. Comparing while the in-plane emission of particles was measured via the
the experimental data with the calculated curves, a meaHales_cope array PPAC.2 and PPAC 4. .
emission time of 200—300 fro/was obtained for these tri- Figure 3 shows the in- and out-of-plane experimental and
tons emitted at forward angles. The uppermost and middigiodel-calculatedl-d correlation functions. The mean emis-
parts of Fig. 2 show th@-d andd-d correlation functions, sion time scale for m-pIang emission was slightly shorter
respectively. Similar emission times of 200—300 drvere than that for 9‘4"‘?“"“'6‘”'3 emission, since there perhaps wasa
obtained for these correlation functions. Thus, the emissiohaggferg:]eseq:g'rbgglﬂefgnrgpg:ﬂet?é df(i)rz-Ig;]%agl?t—gfr?llsa?]oenbgzh
times of these hydrogen isotopes change very little with thff‘?d L i | f about 200—300 frTSSp h
masses of the particles. Detailed comparisons of the emissi emission ime scales of abou —ovucinbuch a

rder ofnonidentical paricles such pod, andt, an be S G0 5T SR A U oo e S
made using velocity difference method5,27). ’ 9 gt partic o g
mainly come from preequilibrium and prescission emission.

The competition between the emission of light particles and

B. Emission times of particles from in-plane fission will be discussed in detail in the next section.

and out-of-fission-plane emission

The azimuthal dlgtrlbutlons of the_ emitted p_art|cles N\ THE EMISSION TIME SCALES OF LIGHT PARTICLES
nucleus-.nucleus coII|§|ons can carry important mformathn FROM SYMMETRIC AND ASYMMETRIC FISSION
concerning the reaction dynamics and the nuclear equation

of states(e.g.,[29]). At incident energies below 50 MeV/ Recently fission time scales have been derived from the
nucleon the azimuthal distributions have been investigatedhultiplicities of prescission light particle85—38 and the
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FIG. 4. The mass-asymmetry distribution for the fission frag- 0 2“3' Vv 4 0 20 3 40
ments in the reaction 25 MeV/nucledfAr+1%Au. The variables q(MeV/c) V.a(107%)
A; and A, are the mass numbers for the binary fission fragments
with A;=A,. FIG. 5. Thep-d, d-d, andt-t correlation functions of the rela-

tive momentumq (a) and the relative velocity/,o (b), both in
in-plane angular distribution of fission fragmen3s]. All of coincidence with fission.
the results indicate that asymmetric fission of the highly ex-

time scale varies from about 3000—-30000drfdr symmet-  scales as a function of the energy of the emitted particles.
ric fission to about 300 fre/for asymmetric fission. To de-

termine the emission time scales for light particles from sym-

metric and asymmetric fissions, the fourfold-coincident A. Emission time scale for light particles
events were selected according to the mass asymmetry from asymmetric fission
=(m;—my)/(my+my) of the fission fragments, whera, The two-particle correlation functions &, measured in

and m, are the masses of the two fission fragments withcoincidence with two asymmetric fission havimgs0.2 are
my>mj,. Figure 4 shows the distribution of the mass asym-shown in Fig. 6. For these light charged particles emitted at
metry » for the fission fragments in the reaction 25 MeV/ Baverage~ 20°, there is a prominent forward peak in the angu-
nucleon “°Ar +*"Au, where the uncertainty associated with |ar distributions, especially for the highest-energy particles.
7 is about 0.1. To accumulate sufficient statistics for corre-This high-energy, forward-peaked particle emission has of-
lated light particles, all of the events with mass asymmetryten been attributed to “projectilelike” and “intermediate-
7<0.2 were considered as symmetric fissions, while theapidity” sources. But, of course, it may also include other
events with mass asymmetry>0.2 were considered as direct or prethermalization emission. In addition, for these
asymmetric fissions. particles emitted afl,erag6~20°, it also includes low-energy

In the last section, the correlation functions of the two-particles from thermalization emission. So cuts are made on
particle relative momenta are used to extract emission timeghe total kinetic energy per nucledd=3(E,/A;+E;/A))
for the light particles. The results indicate that the emissiono provide a systematic comparison between particle emis-
times depended very weakly on the masses of the light pasion and fission versus, whereE,/A; andE,/A, are the
ticles, even if the correlation functions change greatly withkinetic energy per nucleon of particle 1 and particle 2, re-
the masses of particles. In this section the relative velocitgpectively.
Vie=|P1/m;—P,/m,| is used to restructure the correlation
functions for 1+ R(V,.), defined by replaceB(q) in Eq. (1) s
with R(V,e) in order to accommodate and then sum the cor- " [s7MeV/maen, | 1]
relation functions for various particle pairs, suchpad, d-d, p: “ e 1
andt-t. Such summing is possible because, as shown in Fic . (a) —oomye |
2 and discussed earlier, these correlation functions all ha 0512 MoV, mucieon
roughly the emission times of 200—300 ffbr MENEKA fits 1) pteeets

7-9 MeV/nucleon

1200 fm/c

and because the transformation of the correlation functiol  osf © Choimre b 1o (d) _gg.g"{m//
from a function ofg to a function ofV,, does not alter the of L= —rommfe} R 000 /e
15-18 MeV/nucleon 18-21 MeV/nucleon

value of emission time. The theoretical justification for the
correlation functions of the two-particle relative velocity can

1+ R(Vrel)

be also found in the work of Kinet al. [18,19. SO 17
In Fig. 5 the correlation function tR(q) and 1 012124 Mov/mucioon
+R(V,e) are compared. The superimpossibility of the corre- L A 1
lation functions ofV,e in Fig. 5(b) suggests that they may be ~ 05f /4" (qg) —§§0§$j§ WA
summed over various particle pairs with little loss in corre-  of—~Fr———= R R e T T
lation function resolution. This “mixed-pair” analysis per- Vo (10-%)

mits the exploration of emission time scales with signifi-

cantly improved statistical precision. Since obvious F|G. 6. The two-particle correlation functions of relative veloc-
correlation peaks from unstable nuclei exist in th@, p-t, ity V, in coincidence with asymmetric fission for various con-
andd-t correlation function$6], in the following mixed-pair  straints on the kinetic energies of the particles for the pair of hy-
correlation functions were constructed by summing over thelrogen nuclei. The curves show calculations using the trajectory
p-d, d-d, andt-t pairs. Sufficient statistics was achieved via codeMmeNEka for the indicated values of emission time.
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toward scission, an@3) the saddle-to-scission time in a
deformation toward the scission configuration. Neutron- or
charged-particle-multiplicity experiments separating the
4. prescission multiplicityM . from those of the fragments
' '+ M post by means of the different kinetic focusing of the re-
'H*#_ spective moving sources Yyield only the sug 7. Abso-
. lute values forr+ 75 deduced with the particle-multiplicity
0 10 20 30 40 “clock” may be affected by systematic errors, e.g., uncer-
E/A(MeV) tainties in the !evel densjties applied or the initial equilibrium
shape at maximum excitation, as well as uncertainties in the
FIG. 7. Emission times extracted from the two-particle correla—eXtr‘F’_‘Ction of the_ prescission pa_rtic_le m_ultiplicity. The most
tion functions in coincidence with asymmetric binary fissions asPrécise comparisons between fission time scales and emis-
a function of the kinetic energy per nucleon of the particles.Sion time scales for light particles must perhaps be per-
The horizontal solid line represents the time scale for asymmetriéormed in the same experiments using similar methods. Em-
fission derived from the prescission neutron multiplicities for thephasis in this section will be put on the competition between
825+ 197Au reaction at 26 MeV/nucleofB6]. the emission of light particles and the fission process.
The emission times in Fig. 6 and the emission times in
Fig. 7 decrease from nearly 1000 firfor the lowest-energy
constraint to about 30 fro/for the highest-energy constraint

. Lo . : With increasing particle kinetic energy. In the analysis of the
which contributions from equilibrated compound nuclei andfission time scales using the particle multiplicity clock in

fission fragments were important. For these low-energy parsz . :
ticles, an emission time of about 900 fmivas determined Ref.[36], the particle energy spectra were decomposed into

from the best fit to the data. This emission time is close t reequilibrium, prescission, and postscission contributions

. ; . . with nstrain moving-sour nalysis, wher i-
the time to evaporate light particles from compound nuclei in th a constrained, moving-source analysis, where preequi

heavv-ion reactions at incident eneraies below 10 Ivlev)ibrium emission contributed to the high-energy tail of the
VY . 9 ) energy spectrum, while postscission emission contributed to
nucleon[2]. The two-particle correlation functions of

; . ) the low-energy part of the energy spectrum. Figure 7 clearly
summed over t_he pairs gd, d-d, andt-t with the me‘?"“”_‘ shows that the particles from the preequilibrium contribution
energy constraint& =7-21 MeV/nucleon are shown in Fig.

6(b)—6(f). In these transitional kinetic-energy ranges theWere emitted in a short emission time of less than 10& fm/

ields include contributions f librated 4 in asymmetric fission, while the particles from postscission
YIelds include Ibutions from equilibrated compouna NU-q, b tion were emitted after a long time of nearly 1000
clei and fission fragments, as well as preequilibrium emis

sion. The mean emission time decreased with increasing pafgm/c. Since asymmetric fission of highly excited nuclei was
o o hown ic fissi i it-
ticle energy, from about 600 fm/for the data in Fig. @) wn to be faster than symmetric fission, the particles emit

with the E~7-9 MeV/nucleon to about 150 fo/ffor the ted in asymmetric fission with kinetic enerdg<10 MeV/

data in Fig. 66) with E~15-18 MeV/nucleon. The shortest nucleon probably came from postscission emission.
emission times were determined in Figgpband h) with
E=20 MeV/nucleon. Comparing the experimental data with
the calculated curves, a mean emission time of about 30—50
fm/c was obtained for these energetic particles. The traversal The two-particle correlation functions of, in coinci-
time defined by the radius of the target divided by the pro-dence with the symmetric fission events definedss0.2
jectile velocity was about 30 fro/for “°Ar+ °’Au reactions  are shown in Fig. 8 for three rangesBfu. Similar to asym-
at 25 MeV/nucleon. This time is also the time interval re- metric fission the emission times for the light particles from
quired for the interpenetration of the projectile and targetsymmetric fission decreased with increasing kinetic energy
nuclei. Particle emission after fusion of the projectile andof the particles. A complete set of the mean emission time
target nuclei and complete thermalization must come latewvalues for light particles in coincidence with symmetric fis-
The mean emission time of about 30-50 ¢nfiér the ener-  sion versusE/u is plotted in Fig. 9, this time with the hori-
getic particles withE=20 MeV/nucleon is close to the tra- zontal solid line representing the time for a symmetric fission
versal time and of the same order of magnitude as the timt&® occur[36]. The evolution of emission time of particles
for direct emission predicted by dynamics mod&98—41]. with their kinetic energies in symmetric fission is very simi-
Figure 7 shows the mean emission time for the light pardar to that observed in asymmetric fission, i.e., the logarithm
ticles determined from asymmetric fission events as a funcef the particle emission time is roughly proportional to the
tion of the average kinetic energy of particles. The horizontaparticle kinetic energy, even though the fission time scales
solid line represents the time scale for asymmetric fissiomerived both from the prescission particle multiplicitji@s—
derived from the prescission neutron multiplicities for a38] and from the in-plane anisotropic distribution of fission
neighboring systen??’S+%’Au reaction at 26 MeV/nucleon fragment{34] indicate that asymmetric fission of the highly
[36]. For the reaction systems undergoing the fission processxcited nuclei was faster than symmetric fission. The par-
one can distinguish three subsequent time intervd)sthe ticles with kinetic energye/A=18-32 MeV are emitted in a
equilibration timerg for compound nucleus formatiof2)  short time of less than 100 fey while the particles with
the transient timer, to reach a quasistationary probability E/A<9 MeV are emitted in an emission time of about 600—
flow across the saddle point for an irreversible development000 fmt. Such a long emission time for low energy par-

1000 ¢ 1+
ty

100 ¢

emission time 7 (fm/c)

10

Figure Ga) shows the two-particle correlation function
with the lowest kinetic-energy constraifi~5-7 MeV/

B. Emission time scales for light particles
from symmetric fission



57 EMISSION TIME SCALES FOR LIGHT CHARGE . .. 1829

15 15
6-9 MeV/ nucleon n<0.1
"I s 7 @ TR b
; 900 fm/c
P 0
100 fm/c g
05 | ;
K —600 fm/c %
e 1200 fm/c T
0 . A 0

25 50 75 100

n>04

% "25 50 75 100
lad § Vrei(10%)
2
o 0 R \ \ FIG. 10. The two-particle correlation functions of the relative
:: 24297 MeV/ nucleon velocity V, for five windows »=0-0.1, 0.1-0.2, 0.2-0.3, 0.3—
' 0.4, and greater than 0.4.
1t W++++ Fig. 10, the emission times extracted from them changed
very little with increasing mass asymmetwy. This is be-
o5 | ---30 fm /C cause these light charged particles emittedd gtqq6~20°
) —50 fm/c come from a mixed emission of several sources, such as a
200 fm/c projectilelike source, intermediate-rapidity source, thermal-
o LL4 ) ) ) ized compound nuclei, or fission fragments. Thus, the emis-
0 25 50 75 100 sion time values of the particles were nearly independent of
-3 the fission mass asymmetry, but very sensitive to the degree
Vi (107%c) of equilibration in the emitting nucleus.
FIG. 8. The two-particle correlation functions of the relative V. SUMMARY

velocity Vg in coincidence with the symmetric fission for three Two-particle correlations of both the relative momeqta
constraints on the kinetic energies of the particles. The curves show

X : . L and the relative velocity/,, were measured in coincidence
calculations using the trajectory cosieNeka for the indicated val- . . . .
oo with two fission fragments in the reaction 25 MeV/nucleon
ues of emission time.

4OAr +197Ay in fourfold coincidences in which the two cor-

ticles is of the same order of magnitude as the time scale fdi€lated light particles were detected using a close-packed ar-
symmetric fissiorf36]. Two-particle correlation functions of @Y Of 13 AE-E telescopes and the two fission fragments

V.o Were also measured as functions of the mass asymmet ere detected using_ fo_ur large-area, paralle_l—plate a\_/alanche
of the fission fragments using the five windows=0-0.1 ounters. The sensitivity of these correlation functions to

0.1-0.2, 0.2-0.3, 0.3-0.4, and greater than 0.4. As shown final-state interactions between the emitted particles offers a
oo T e o tool for the determination of the emission time scales of the

particles in coincidence with fission via correlation fits using
10000 the MENEKA code [27]. Anticorrelations were observed at
low g in the p-d, d-d, andt-t correlation functions. The
1000 L—+ emission times for the emitted hydrogen nuclei were found
"+ to vary little with their individual masses. A slightly shorter
+++ emission time scale was determined for the particles emitted
100 ¢ ++++_ in the fission plane compared to out of fission plane due to

emission time 7 (fm/c)

preferential in-plane preequilibrium emission with shorter
: emission time.
0 10 20 30 40 The emission times were also deduced as a function of
E/A(MeV) particle kinetic energy for the hydrogen nuclei in coinci-
dence with symmetric and asymmetric fission events. There
FIG. 9. Emission times extracted from the two-particle correla-Was @ strong variation of the emission times with the particle
tion functions for the emission of two hydrogen nuclei in coinci- Kinetic energy, but a very weak dependence on the mass
dence with symmetric binary fission as a function of the kinetic@Symmetry of the fission fragments. The emission time of the
energy per nucleon of the particles. The horizontal solid line repreparticles was found to depend mainly on the degree of equili-
sents the time scale for symmetric fission derived from the prescisbration in the emitting nuclei. A very short emission time of
sion neutron multiplicities for thé?S+1%7Au reaction at 26 MeV/  30—50 fmt was deduced for energetic particles wiih21
nucleon[36]. MeV/nucleon, for which rapid preequilibrium emission con-
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