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Fusionlike reactions of “°Ar up to 1.36 GeV:
Prethermalization and postthermalization particles and fragments
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Heavy residual nuclei are shown to result from the most violeet, central collisions for “°Ar + Ag
reactions of up to 1.36 GeV; their average velocities a&0% of the c.m. velocity. Angular and energy
distributions for?H, 3%He, and Li are measured in coincidence with these heavy nuclei. The dominant light
particle components are nearly isotropic in a frame of reference having the velocity of the heavy residues. In
addition there are forward-peaked high-energy components of the H, He, and Li emission attributable to
prethermalization emission. Fractional abundances of these prethermalization components increase markedly
with increasing incident energy. Mass and momentum balance preclude the presence of a projectilelike frag-
ment and thus indicate fusionlike reactions with large but incomplete linear momentum transfer. The remainder
of the momentum is carried away by the spray of forward-peaked ejectiles. For 1.36°GeV 1/2 of the 900
MeV available is completely thermalized, arel/2 goes into prethermalization emission after strong colli-
sional mixing.

PACS numbds): 25.70.Jj, 25.70.Mn, 25.70.Pq

Fusion in central collisions between complex nuclei has In this work we report results fot>*H, He, and Li emis-
been extensively studied at near-barrier energies by measursion along with heavy residual nuclei foA7to 34A MeV
ments of heavy residual nuclei, e[d.] and also by evapo- “°Ar+Ag. The evaporation residues from fusion reactions
rated particles, e.d2]. The fusion-evaporation residues for are clearly exhibited for X MeV along with strong evapo-
=<10A MeV have been observed to have almost completeation components for H and He. With increasing beam en-
linear momentum transfer, which fez10A MeV gives way ergy we find that such fusionlike reactions continue to be
to only partial momentum transfer and is termed incompletémportant even up to 3% MeV “Ar, but that they are asso-
fusion, e.g[3]. By contrast, very heavy reaction pairs suchciated with an increasing amount of prethermalization emis-
as Aut+Pb follow mainly binary reaction paths. Fee10A sion of H, He, and Li as well as copious postthermalization
MeV (somewhat above barrijetheir central collisions are emission. The mass and momentum balance exclude addi-
dominated by deeply inelastic scattering to give highly ex-tional projectilelike fragments in this central collision group.
cited target and projectilelike fragments, eld]. Even for Our experiment was performed with the AMPHORAr 4
~29A MeV (well above barrigrthere is evidence for persis- multidetecto 6] and the double cyclotron at Grenoble. Light
tence of the binary reaction characféil. A number of pa- charged particlegor LCP’s), ¥?*H and *“He, and Li frag-
pers imply the expectation that essentially all reactions atnents were measured in 140 Csl detectors that covered
intermediate energigs-30A MeV) have this binary charac- ~85% of 4 sr. Thresholds were determined to b MeV
ter [3]. The results of this study bear on this controversialper nucleon foiZ<3. Heavy residual nuclei were identified
point. by light output and time of flight from eight 20@m plastic

scintillators mounted in front of Csl crystals in a plane from
4° to 14° from the beam. Values @ffor the heavy fragments
“Present address: Centre d'Etudes de Bregée-Chgel, Service  were not obtainable, but the velocity spectra compare well
de Physique et Techniques Nuaies, BGte Postale No. 12, 91680 with data from other studies of heavy residual nugii9].
Bruyeres-Le-Chatel, France. Right-left symmetry for heavy fragment detection along with
TPresent address: Battelle Memorial Institute, 505 King AvenueJarge angular coverage for LCP’s minimizes the classic prob-
Columbus, OH 43201. lem of kinematic biasing for LCP’s in coincidence with frag-
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Boulder, Box 446, Boulder, CO 80309. Figure 1 shows typical velocity distributions for the frag-
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FIG. 1. Velocity spectra of heavy fragments emitteddal, = Polar Angle 6 (deg)

7.9° from Ag bombarded by°Ar at the energies indicate® un- S
gated;A and — gated on higher values of the H, He multiplicities. ~ FIG. 2. Angular distributions forH gated by heavy fragments
The c.m. velocity is shown by an arrow, and the velocity regionat 7.9°. Smooth curves are from simulations of evaporation from

used for subsequent gates is shown by the horizontal line; results @mitters moving with velocity distributions taken from Fig. 1. Each
Figs. 2—5 are insensitive to detail in these velocity gates. one is normalized to the data at back angles. Error bars shown are
statistical only.

high velocity tail due to projectilelike fragments from deeply . . .
inelastic reactions. Clearly it is the low-velocity group of in Fig. 4. It is also clear from Figs. 2—4 that there are sig-
fragments that is associated with the more violent collisiongificant forward-peaked LCP components that have high en-
or the most central collision group. FOA™eV “°Ar the  ergy and are not attributable to emission from the same ther-
velocity distribution of these fragments has a peak very neaalized emitters. Angular integrations have been made
to the c.m. velocity, which is a well known feature of evapo-individually for **H, He, and Li to determine both the total
ration residuegER’s) from fusion reactions e.g10]. This  observed multiplicities as well as those components attribut-
group of heavy fragments with peak velocity slightly lessable to postthermalization emission. The differences are des-
than the c.m. velocity persists for all bombarding energiesignated as prethermalization emission; evaporation from pro-
For 27A MeV “%Ar+Ag their summed cross section is ap- jectilelike fragments can be ruled out as discussed below.
proximately a barrj7,8], and their average mass number is  The multiplicities for H, He, and Li are shown in Fig. 5
A~90 with half width at half maximum of15[8,9]. with separate indications for prethermalization and postther-

We have measured angular distributions fo*H, He,

and Li in coincidence with these low-velocity fragments. " : —
Figure 2 shows such angular distributions ff at each ;AMeV Ar + Ag > Fragment (6 =79")
energy while Fig. 3 shows results fé»H, He, and Li for 100t R + Ejectile

the 34A MeV beam. From these curves one can allocate a s ) 5

part of the total multiplicity to a heavy nuclear emission 10t L +. Li (X510%)
source. For this purpose we have drawn calculated curves ST

from simulations of particle evaporation from hot emitter ~ ~, g . [ S
nuclei [11] moving with velocity distributions taken from '5 o 34He ( X500 ) ]
those of the residual nuclei shown in Fig. 1. The fraction of ‘5102 B

projectile mass transferred to the target was assigned accord- ¥ b o S o

ing to a randomly selected value of the velocity ratio =z K *’ e T
(Viragmend{ Vem) - Statistical model parametersa€ A/10, 10 " Te 3H (X100
Jmax= 100%, J=7 rigid spher¢ were chosen to fit the energy o Fo te | 4
distribution of particles observed at90°, and then the an- 100 A g 5 ( X43 """"""
gular distributions were individually normalized to the back- oy el 2T

ward hemisphere data. Shapes of these calculated angular ~ 107'E™" R ' ( X1/5")“-
distribution curves are essentially independent of the details E e e

of evaporation model parameters; it is the reaction kinemat- — L —!
ics (i.e., emitter velocity and ejectile velocjtyhat are domi- Polar Angle 6 ( deg )
nant. The integrated multiplicity under these curves can be

assigned to emission after thermalization; this identification F|G. 3. Same as Fig. 2 but for various ejectiles foA3MleV

is also consistent with the shapes of measured and calculaté®l Ar+Ag. The 3“He isotopes are combined; Li was assigned to
energy spectra fotH, ?H, and“*He at large angles, as shown A=7.
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T T . T B A TABLE I. Average multiplicities M) and mass lossea\@) for
E F O ap = 68° ] 34A MeV “Ar+Ag.
10° £ 3
. : Prethermalization Postthermalization
210 A M AA M AA
o i
“Whk ® H 08 0.8 41 41
CI 2H 0.4 0.8 16 3.2
=k H 0.6 1.8 0.7 22
% F 3t4he 1.8 7.2 3.3 13.2
N} E S Li 0.4 3 0.2 1
© Ee ®, IMF's 2 0.4 5 0.2 2
: %He? n 0.8° 0.8 8¢ 8
f’ ] Total 5.2 19 18 34
I ﬁw 4Data taken from M.T. Magdat al., Phys. Rev. G15, 1209(1992.
L T T b . . .
50 100 150 50 100 150 50 100 150 50 100 150 Estimated from reaction systematif&. Oberstedtet al, Nucl.

Phys.A548, 525(1992].

‘Estimated by ratio of neutrons to LCP’s from statistical-model cal-
FIG. 4. Laboratory energy distributions of various ejectiles for culations[11].

27A MeV “CAr (very similar to those for 34 MeV). Smooth curves

are from simulations of evaporation from emitters moving with ve-

locity distributions from Fig. 1.

Laboratory Energy ( MeV )

The Li fragments are particularly interesting as members
of the heavily studied class of intermediate mass fragments
(IMF's). In Fig. 3 their angular distributions are shown to
malization components. It is clear that for th& KeV beam  exhibit even more decided deviations from the postthermal-
the LCP’s are mainly evaporative and that the associatefyation calculations than do any of the LCP’s. Such forward
heavy fragmentsFig. 1) are mainly the ER's after essen- peaking(gated on central collisiopshas been reported sev-
tially complete fusion; this result confirms a large body of gra| times for reactions of light projectiles such 48l that
earlier WOI’k[Z] For thls neal’-barl’ier energy the Sma” com- can be eas”y imagined to generate Li as the remnant Of a
ponent of forward-peaked LCP(s-10%) makes for only a projectilelike fragment, e.gi12,13. For “°Ar and heavier
very small deviation from complete fusion and its concomi-projectiles, a Li fragment as a central-collision remnant
tant 100% linear momentum transfer. However, the forwardwouyld require such enormous projectile abrasion that this is
peaked LCP components increase steadily with increasingot such a natural presumption. Instead these IMF’s are often
beam energy and can account for the velocity gap in Fig. hresumed to be postthermalization in their origin, and their
between the calculated c.m. velocity and the observed pegfelds are generally compared to predictions from equilib-
velocities of the heavy residual nuclei. rium modelg14,15. On the contrary, in this reaction of 84
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MeV “4CAr, the Li fragments are decidedly forward peaked as
verified in Ref.[9] and thus seem to be mainly generated
prior to complete thermalization. This conclusion of prether-
malization emission has also been reached from time scale
information deduced by small-angle correlation studies of
Li-Li, 2H-Li, and ®H-Li pairs [16].

In Table | we give the pattern of multiplicities and mass
losses for prethermalization and postthermalization processes
for 34A MeV “°Ar+Ag. Recall that we have gated on heavy
residual fragments a# = 7.9°. These fragments have the
velocity distribution shown in Fig. 1 and have average final
mass ofA~90[7-9]. The average mass loss in prethermal-
ization processes KA~ 19. These ejectiles have high ener-
gies and forward peaked angular distributions and account
for the momentum loss that drives the observed differences
between heavy fragment and c.m. velocities. The average
mass loss in postthermalization processes As-34. Com-
bining these two mass decrements the average residual mass

34 E . 1,2,3 34
He ¢ Li (XI;I/;') He; is 40+ 108— 19— 34~ 95, consistent with the observed aver-
L i T age heavy fragment mags~90.
10 20 30 10 20 30 10 20 30 It is clear from the mass and momentum balance that

Incident Energy ( A MeV )

there is no additional projectilelike fragment associated
with these reactions. Instead, there is the spray of gently

FIG. 5. Ejectile multiplicities for prethermalization and postther- forward peaked ejectiles, as shown in Fig. 3, that retain a
malization components from heavy fragments at 7.9°. Only statisgeneral preference for the direction of the light collision part-
tical uncertainties are shown.

ner, and hence reduce the fragment velocities to somewhat
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less tharV,,,, . Apparently the*°Ar projectile has been torn Vvery long lifetimes for low-energy*H are due to exten-
asunder in these rather central collisions, but its tremendowsively thermalized emission, and the very short lifetimes for
energy dissipation has not evolved all the way to completdigh energy’?>H reflect much less collisional energy mix-
thermalization. One might say that the projectile’s energying (i.e., prethermalization emissianThe following rough
is essentially all “dissipated” but that only-1/2 to 2/3 of it picture emerges for near central collisions. As the partners
is “completely thermalized” with the rest carried by the interpenetrate, the projectile is broken into a variety of clus-
rather diffuse forward directed spray. There are indicationgers, some of which survive to traverse the target. The survi-
that this general behavior may persist even té\ eV  vor population exits at times of order of traversal tifre50
[9,17]. fm/c) with great abrasion of mass left behind in a collision
As shown in Fig. 5 the extent of such prethermalizationcascade toward thermalization. For reactions with such enor-
emission increases with incident energy, and evacuates anous total energy dissipation, the dynamical and statistical
increasing fraction of the available energy prior to completefeatures of the reaction chain generate ejectiles with broad,
thermalization in this central collision group. These prethercontinuous and overlapping angular, energy, and lifetime dis-
malization ejectiles do not have projectilelike velocities; theytributions. Clear cut delineation between the dynamical and
have very broad energy distributions and angular distribustatistical driving forces will be difficult to achieve, but their
tions extending from 0° to=50°. Therefore it seems that separate effects are clearly in evidence.
even for these preequilibrium ejectiles there has been consid- The general conclusion from these results is that fusion-
erable collisional energy mixing even though their completdike reactions occur for this mass asymmetric reaction over
thermalization has not been achieved. In a separate study tiie whole energy range studied, 280—1360 MeV. They lead
34A MeV “%Ar+Ag, mean lifetimes have been reported for to very highly excited composite nuclei, which deexcite by
H, 2H, and ®H as a function of ejectile energy in the c.m. both prethermalization and postthermalization emission of
[18]. These lifetimes vary continuously over a tremendousparticles and fragments of lo&. These incomplete fusion
range from=50 fm/c for >3 of high exit-channel energy reactions give straightforward pathways to very highly ex-
to =1000 fmk for 23 of much lower energy. Clearly the cited nuclear systems which are currently of great interest.
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