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Alpha particles emitted from an excited projectilelike fragméPitF’) formed in a peripheral collision of
two intermediate-energy heavy ions exhibit a strong preference for emission towards the targetlike fragment.
The interplay of the initial deformation of the PLREaused by the reaction, Coulomb proximity, and the
rotation of the PLF results in the observed anisotropic angular distribution. Changes in the shape of the
angular distribution with excitation energy are interpreted as being the result of forming more elongated initial
geometries in the more peripheral collisions.
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Emission of @ particles and other light clusters from longer time scale$3,9,13. In this Rapid Communication,
heavy nuclei is traditionally explained as an evaporative prowe present direct evidence on the importance of the persis-
cess governed by the available excitation energy. In contrastgnce of the initial deformation and its interplay with Cou-
understanding the fission of a heavy nucleus involves a ddomb proximity for longer time-scale fragment emission.
scription of the evolution of collective degrees of freedom In an experiment performed at Michigan State University,
(shape as the nuclear system reorganizes itself from a singlave bombarded &°Mo target foil 5.45 mg/crh thick with
nucleus into two heavy nuclei. It has been proposed that*“Cd ions accelerated ®/A=50 MeV by the K1200 cyclo-
thermal shape fluctuations, i.e., deformation, play a signifitron. A key aspect of this experiment was the detection of a
cant role in the statistical emission of large clustgis The  PLF (15<Z<46) at very forward angles(2.1°< 6},
importance of such thermal fluctuations has recently beers4.2°) with good angulafA#=0.13°, A¢$=22.59 and en-
incorporated within a multistep statistical model codg. ergy resolution. Identification of the PLF by tiddE-E tech-
One means of generating large deformation is through thaique provided better than unit resolutiof/Z=0.25. As-
non-central collision of two heavy ions at intermediate enersociated charged particles emitted at larger andlé$
gies (20<E/A<100 MeV). Following the exchange of <= 6,,<58° were measured in LASSA, a large area silicon
mass, charge, and energy between the projectile and targstrip array[13,14. The kinematic coverage in the experiment
nuclei, an excited projectilelike fragme(fLF’) and an ex- allowed us to reconstruct the decay of the PIES]. The
cited targetlike fragmentTLF"), which are deformed, are excitation of the PLF, which is correlated with its velocity
produced. As the two reaction partners separate they underg@mping, was deduced from the measured multiplicities and
decay resulting in final residues referred to as the projectilekinetic energies of the detected particles in a calorimetric
like fragment(PLF) and targetlike fragmen(TLF). It is im-  analysis[15].
portant to understand how this decay is impacted by both the The binary nature of the collisions studied, namely the
initial configuration of the nuclei and their proximity to one survival of a PLF (and TLF) fragment, is presented in Fig.
another. 1. Alpha particles detected in LASSA, coincident with a PLF,

Dynamical fragment production, intermediate between theare shown in the invariant cross-section map presented in
TLF and PLF, has been previously reported and has beehig. 1. The dominant feature evident in this figure is an es-
associated with neck fragmentation of a transient nucleasentially circular ridge of yield centered on the reconstructed
system [3-5]. Recent analyses at intermediate energie®LF velocity with a radius that corresponds to the Coulomb
[6-10 have elucidated some of the essential characteristiceepulsion between the emittedand the PLF residue, for a
of this decay mode. These dynamical decays are clearly digouching spheres configuration. The minimum angle estab-
tinguished from standard statistical decay of the undeformetished by the experimental acceptance éoemission(6,
PLF and TLF. These processg8,7,1( can be viewed ina =7°) is indicated by the dashed line. For the remainder of
fluid dynamical perspective as the double neck rupture of ahis work we focus on the yield along the Coulomb ridge,
highly deformed dinuclear systeffil] and correspond to which corresponds to a well-defined configuration between
decay on a short time scale. It has been suggested that ttige emittede and PLF residue. In addition to standard
initial configuration may not only be important for decay on evaporation from the PLEF midvelocity emissiori9,16 may
a short time scale but may also impact fragment emission oalso contribute to the yield along the Coulomb ridge evident
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FIG. 1. Invariant cross-section mainear scalg of « particles = PAERAK A gAsta
in the PLF frame for the reactiod'‘Cd+%Mo at E/A=50 MeV. Z & Cd+Mo, ( E¥/A ) = 2.35 MeV
The dotted line depicts the energy cut described in the text. The 05 * Cd+Mo, (E*/A)=2.78 MeV
dashed line indicates the minimum ang#g,,= 7°) for detection of — x=-5fm
a particles. [ eeeene x=-10fm
O—l. -0.8-06-04-02 0 02 04 06 08 1.

in Fig. 1. To assess the contribution of midvelocityemis- cos(6)
sion to the Coulomb ridge we performed Coulomb trajectory

calculations which accounted for emission from the PLF g6 2. comparison of the angular distribution efparticles
TLF', and a midvelocity source. The siz&Z)=32{A)  from the reaction **“Cd+*Mo at E/A=50 MeV with E,
=69), velocity, and temperaturéT=4 MeV) of the PLF <25 MeV in the PLF frame with results of the Langevin model.
were chosen to reflect the experimentally observed quantities

[15]. The midvelocity source, located at the nucleon-nucleorysq g)=-0.8 as compared to unity for d@=0. Coulomb
center-of-mass frame, was assumed to hav€Zg=22(A)  focusing of PLE emission due to the presence of the mid-

=50 with a temperature off=20-30 MeV. Reasonable elocity source and midvelocity emission are approximately
choices for the properties of the TLHo not contribute sig- equally responsible for this anisotropy. In short, the Coulomb
nificant yield to the kinematical region considered. All trajectory calculations demonstrate that the magnitude of the
sources were assumed to emit isotropically with Maxwell-opserved anisotropgannotbe simply attributed to the joint
Boltzmann distributions. To reproduce the shape of the kieffect of Coulomb focusing and midvelocity emission. The
netic energy spectra for various angles in the Pit&me, it jines displayed in this figure will be discussed later.

was necessary to assume that the relativemission prob- Large backward-forward asymmetries for intermediate
ability of the midvelocity source was twice that of the PLF mass fragments have been previously observed and have
For such conditions, only a small portidr=10%) of the  peen related to a dynamical fissionlike proc¢4s,7,1Q.
backward yield (§=90°) along the Coulomb ridgeE,  This process, which is characterized by highly aligned decay

<25 MeV) is attributable to the midvelocity source. and relative velocities well above the Viola fission systemat-
In Fig. 2 the yield of detectedr particles with E, ics[17], has been related to the neck rupture of a deformed
=25 MeV (as indicated by the dotted line in Fig),l.e., nuclear system. The large relative velocities observed for

dominated by the ridge in Fig. 1, is displayed in the PLF these aligned decays are believed to be intrinsically related to
frame. To further define the events under investigation, wehe collision dynamics. In this work we focus on the asym-
have chosen an excitation energf /A)~2.35 MeV and metry associated with a simpler configuration, namely one
~2.78 Me\) by selecting on the velocity of the PLF15].  that results in fragments with Coulomb-dominated kinetic
For these selected events, the average deteftgd is  energies. To understand the observed asymmetry associated
~34 (=32) at (E'/A)=2.35(2.79 MeV, while the recon- with these simpler configurations we compare the experi-
structed atomic number of the PLRs on average=37 mental data with the predictions of a one-dimensional
(=38). The most notable feature in Fig. 2 is the largelLangevin model.

forward-backward asymmetry present for the experimenta| In this schematic model we consider the emission ofian
data(open symbols The data are backward peaked, towardsparticle from a PLF (Z=38, A=90) as it moves away from

the TLF, with an enhancement factors2.3—2.6 relative to  the TLF. The emission process of the particle from the
cog#)=0. The finite acceptance of the experimental setupPLF is governed by a potential which simulates both the
evident in Fig. 1, limits the measured angular distribution tonuclear and Coulomb interaction between thparticle and

the range -0.85 Coig) <0.65. The lower excitation energy the PLF reSi-due, as We” as thelr COUlomb. interaction with
data manifests a broader angular distribution as compared 9 TLF . This potential energy is parametrized by

the higher excitation energy data. We have compared this , 2

observed anisotropy with the results of the Coulomb trajec- V0 = (x= 0) (x+ C)<§) .S eZ(ZTLF*)(Zi) "
tory calculation described above. In the multiple isotropic d i R ’

emission source scenario, Coulomb focusingaoparticles

emitted backward by the PLRogether with midvelocity wherex is the reaction coordinate. The constaotand d,
emission leads to an anisotropy diN/d(cos#)=1.3 at which define the potential, are taken to have values of 12.3
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8 Zpy e App ) = 0+ (36, 86) tal_<en as sphgrical. On the oth_er hand, as preforma.tior) of the

a is not considered, the meaning of the coordinate inside the
saddle point should be taken as a generalized reaction coor-
dinate. Nonequilibrium population of this coordinate could,
for example, be the trailing tail of nuclear material observed
in transport models.

To describe the evolution of an initial configuration as the
PLF moves away from the TLF the schematic model uti-
lizes a Langevin approach. The observed angular asymmetry
suggests the persistence of the initial configuration. This in-
dicates that the motion is overdamped rather than under-
damped; the latter would give rise to forward-backward os-
cillations of the configuration, resulting in both forward and
backward peaking of the angular distribution. Consequently,
we work within the high friction limit which allows us, in
this schematic model, to eliminate inertial terms. From an
initial position on the potential, the change in position of the
« particle is given by

(Zyp Aqp) = (42,90)

FIG. 3. One-dimensional potential energy diagranwegarticle FAL 2TAt
emission from the PLF indicating the influence of the TLF AxX=——+k\/—, (2
proximity. B B

and 35, respectively, in order to determine the location of thévhereAt is a time step of 0.1 zs. The first term describes the
barriers. The detailed shape of the potential, other than th&fluence of the potential on the particle’s motion with the
location of the barriers, has been arbitarily chosen. The sedorce due to the potential represented lywhile g corre-
ond term in the potential describes the interaction of thesponds to the friction. The impact of thermal motion on the
TLF" with the « particle and PLF residue withR; and R, particle’s trajectory is included in the second term. The fluc-
designating the relevant distances. For simplicity, we detuating termk is taken to be a Gaussian of unit width cen-
scribe the influence of the TLFat a distancéR; ¢ from the  tered on zero with the magnitude of the thermal motion
center of mass of the PLBystem, i.e.Rr r=R;—x. Shown scaled for each time step by the temperafli@nd the fric-
in Fig. 3 is the relative potential normalized so that0 at  tion 8. The center of mass of the PLEnd its decay products
x=0. When thex particle-residue system decays in isolationis conserved at all times.
(Rr_e=2), the potential is symmetric with a local minimum From its original position on the potential the position of
at x=0. Equal height barriers govern backward and forwardhe « is allowed to evolve in time. If thex particle surpasses
emission as shown by the dashed line in Fig. 3. For suclgither barrier the time is recorded. By calculating the fate of
isolated decay, for an initially undeformed systéw0) for- the a particle for several .iniFiaI cases, the relative yield of
ward and backward emission would be equal. The presende@ckward to forward emissior (backward/Y (forward),
of the TLF at a finite initial distancée.g., 20 fm from the  is determined. Displayed in Fig. 4, is the dependence of the
a-residue center of mass modifies the potential through it§atio Y (backward/Y (forward on the initial TLF-PLF
Coulomb influence, increasing the backward barrier mordlistance,Rr , for different conditions of initial configura-
than the forward barrier. A slight outward shift in the barrier tion and friction. The temperature was assumed to be 4 MeV
positions is also evident in Fig. 3 as indicated by the solidn all cases consistent with the reconstructed excitation en-
line. For a system with an initially spherical configuration ergy for the experimental data shown in Fig. 2. For the case
(x=0) this asymmetry in the barriers favors forward emis-of an initially spherical configuration(x=0), the ratio
sion. The experimentally observed yield enhancement in th¥ (backward/Y (forward is slightly less than unity and in-
backward direction therefore suggests that the system is intreases slightly with increasirgr . This result is a direct
tially deformed towards the TLUFE This initial deformation manifestation of the preference for forward emission due to
may originate from the nuclear collision process. As thethe Coulomb proximity effect. For a slightly elongated initial
TLF" and PLF separate, the Coulomb proximity effect is configurationx=-5 fm, Y (backward/Y (forward) exhibits
diminished leading to equal height barriers for forward anda near constant value of 1.3—-1.4. A larger value of the fric-
backward emission. At a TUFPLF separation distance of tion, namely 3=0.4 zs MeV/fn%, results in a marginally
50 fm, the two barriers are essentially equal, correspondintarger value forY (backward/Y (forward. For such initial
to a sensitivity for time up to=5 zs(1 zs=1x 10 s). configurations, thex particle is well inside both emission
This approach tox emission follows a transition state barriers. The independence of the yield ratioRypg can be
method similar to the way symmetric fission is generallyunderstood if by the time the particle reaches the top of the
treated. For values of the reaction coordinatbeyond the barrier, the TLF-PLF distance is large and the proximity
saddle point, the coordinate can be viewed as the separati@ffect is small. Comparison of the=0 andx=-5 fm cases
distance between the particle and the center of mass of the clearly indicates that the magnitude of the ratio being larger
a-PLF residue system in which bothand PLF residue are than unity is related to the persistence of the initial configu-
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decay[3]. For the largest mass asymmetries studied, times as
short as 0.6 zs were reported. The present caseprticle
emission corresponds to a larger asymmetry than previously
investigated. If then-particle PLF residue constitutes a ro-
tating dinuclear system, its rotation resembles that of a clas-
sical macroscopic obje¢19]. At lower bombarding energies
this relationship between the rotational frequency and the
emission lifetime has been used to deduce the fission time
scale from the observed angular anisotropy for asymmetric
fission[3].

For an assumed spin of the PL.Ehe emission time cal-
culated in the model can be related to an emission angle
i through the rotational frequency. We consider the rotation to
- B=04,x=-5fm be that of two spheres separated by the distance between the
""""""""""""""""""""""""""" «a particle and the PLFresidue. One means of ascertaining

B=0.2,x=-5fm the spin of the PLFis through the out-of-plane angular dis-
A I L tribution. Unfortunately, limited out-of-plane kinematical
14 16 18 20 22 24 26 28 30 coverage in this experiment prohibits us from using this ap-
Ry g (fm) proach. We have therefore assumed, consistent with the out-
of-plane widths for similar experimen{8], a spin of 4@

FIG. 4. Yield ratio for backward to forward emission as a func- which corresponds to a rotational period of 3.7 zs. The an-
tion of the initial TLF-PLF distance. Calculations for different gular distributions predicted for initial configurations xf
initial configurations and friction are shown. -5 fm andx=-10 fm are displayed in Fig. 2 as solid and

. . . . I . dotted histograms, respectively, fBf =15 fm andB=0.4.
ration. If the elongation associated with the initial configura-r ¢ ijitate comparison of the shape of the predicted angular
tion is large, namely comparable to the barrier position of

~—10 fm, thenY (backward/Y (forward) depends strongly distribution with the experimentally measured angular distri-

R The i £ thi {6 WitRe - indi h bution, the distributions have been normalized to(6ps0.
on Ry The increase of this ratio witRy, ¢ Indicates that  pg cage of slightly elongated configurations results in a nar-
the time to overcome the backward barrier is sufficiently

short for the Coulomb proximity of the TURo be impor- rower angular distribution at backward angles. Under the as-

X : sumption of small spin, ¥0(not shown, the angular distri-
tant. For these elongated configurations, an enhanced seNBlition is more narrowly peaked at both backward and

tivity to the friction is also manifested. This enhanced Sensizoward angles, as expected. Moreover, it manifests a lesser
tivity to the friction can be understood by considering the yonendence on the initial configuration. In this latter case it

motion of thea particle and the change of the potential duegnoyig pe noted that the asymmetry in the total yield still
to the proximity effect. For elongated configurations, namelyjepends strongly on the initial configuration as shown in Fig.
a particle near the top of the left barrier, the gradient of they.
potential is small, resulting in the particle’s motion being  Comparison of the model calculations with the experi-
driven by the thermal term. In the case of larger frictigh, mental data reveals that under the assumption of a spin of
=0.4, the particle motion is reduced, hence the particle re40% the lower excitation energy is better described by
mains near the top of the barrier. As the THFLF separate, =-10 fm while the higher excitation is well described by
the importance of the Coulomb proximity is decreased, lead=-5 fm. In keeping with the schematic nature of the model
ing to the decrease in magnitude of the barrier as well as aalculation, no attempt was made to reproduce the detailed
shift inwards leading to emission of the particle. In the shape of the measured angular distributions. As the higher
case of smaller frictiong=0.2, the particle initially at the excitation energy corresponds to larger velocity damping of
top of the barrier has a 50% probability of moving inward the PLF, the observed trend suggests that more peripheral
sufficiently so as to be subsequently insensitive to the barriegollisions are associated with more elongated dinuclear con-
changes induced by the Coulomb proximity effect. Thisfigurations, i.e., more deformed geometries.
Langevin approach has also been recently used to explore the While this simple model can provide insight into the in-
importance of the initial distribution on fission transients terplay of deformation and Coulomb proximity in governing
[18]. fragment emission, we emphasize that a more complete un-
The rotation of the decaying PLFmpacts the observed derstanding will require a more realistic multidimensional
angular asymmetry. If the emission time is longer than anodel, which includes a spin-dependent potential, inertial
rotational period, a symmetric angular distribution would beterms[20] and accounts for the presence of an initial kinetic
observed independent of the initial configuration. The ob-energy in the emission directid21] due to incomplete ve-
served angular asymmetry signals that the emission time i®city damping in the collision. In addition, the full deexci-
short relative to a rotational period. Thus, the measured artation cascade should be accounted for. To allow investiga-
gular asymmetry presents a “clock” which allows us to meadtion of small initial separations between the TLdd PLF,
sure the time period between the initial separation of thewuclear proximity effects also need to be incorporated into
TLF"-PLF and the emission of the particle. This scission- the model.
to-scission time has previously been investigated and found Alpha decay of an excited PLFollowing a peripheral
to depend systematically on the mass asymmetry of thé PLFheavy ion collision at intermediate energy is examined.

Y(Backward)/Y (Forward)
(] w B~ W (@)} ~J 0 N}

—_—
T

0

031601-4



RAPID COMMUNICATIONS

INTERPLAY OF INITIAL DEFORMATION AND.... PHYSICAL REVIEW C 70, 031601R) (2004

Emission in which the fragments manifest predominantlydoubtedly results in a distribution of initial configurations,
Coulomb kinetic energies exhibits a strongly anisotropicthe simple model presented here captures the essence of the
emission pattern, favoring emission toward the TLFhis  association between the persistence of this initial configura-
enhancement of backward emission over forward emissiofional bias created by the reaction and the observed angular
can be related to the initial deformation of the PLiaduced asymmetry.

by the nuclear interaction with the target, and can be affected

by the Coulomb interaction between the separating Tarel We would like to acknowledge the staff at MSU-NSCL
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ward to forward emission manifests a large sensitivity to thement possible. We gratefully acknowledge several stimulat-
Coulomb proximity effect and to the magnitude of the ing conversations with A. Sierk on fission dynamics and
nuclear friction. The latter must be large in order for theA. S. Botvina on the topic of the Coulomb proximity effect.
motion to be overdamped. Comparison of the experimentalhis work was supported by the U.S. Department of Energy
angular distribution with the model calculations indicatesunder, Grant Nos. DE-FG02-92ER40714J), DE-FGO02-
that more peripheral collisions are associated with mor87ER-40316WU) and the National Science Foundation un-
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