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Mass asymmetry dependence of scission times in the reactions of 18.5 4 MeV *6Xe+**Ti
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The multiplicities of p and «a particles detected in coincidence with fragments emitted in fully relaxed
collisions in the reactions of 18.54 MeV **Xe+“*Ti have been measured for different exit channel mass
asymmetries. A kinematic source analysis of the spectra and angular distributions of the light particles
has been used to separate the total multiplicities into prescission and postscission contributions. From
these results, the excitation energies at scission are determined using an empirical technique based upon
previous measurements of light charged particle multiplicities observed in coincidence with evaporation
residues. These excitation energies are found to decrease from ~400 MeV to 110 MeV as the fragment
mass asymmetry, Ay / A;, varies from 4.8 to 1.0. A corresponding increase of the mean lifetime of the
scissioning nucleus from ~5X 10722 s to ~1X 1072 s is derived using calculated statistical model decay
widths. The extent to which this variation of lifetime with mass asymmetry may be attributed to com-
pletely damped deep inelastic collisions or to dynamic delays in the decay of a compound nucleus is dis-
cussed as is the need for inclusion of dynamics in the deexcitation calculations for hot nuclei. Observed
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three fragment events are also discussed.

PACS number(s): 25.70.Lm, 25.70.Gh

I. INTRODUCTION

While the deexcitation of excited equilibrated nuclei is
normally treated as a statistical process, a number of ex-
periments have provided evidence for significant depar-
tures from purely statistical descriptions, particularly in
the competition between the emission of light particles
and fission [1]. Dynamic delays in the fission or
quasifission process have been observed to lead to prescis-
sion particle emission multiplicities well above those cal-
culated from phase-space considerations alone [1-4].
Corresponding increases in residue cross sections,
reflecting the decreased fission probability which results if
the light particles remove significant angular momentum
from the system, have also been measured [S—7]. While
symmetric fission is now well established as a cold pro-
cess, there is evidence that more asymmetric breakups
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occur earlier in the deexcitation chain [2,8-10]. The ex-
tent to which these observations primarily reflect en-
trance channel deep-inelastic reaction dynamics is not
clear, and a complete quantitative understanding of the
dynamic hindrance as a function of exit channel mass
asymmetry has not yet been developed. In this work, we
have attempted to provide further information on this
very interesting question by exploring the time scale of
fragment emission from nuclei with 4 =180 at excitation
energies near 3 MeV/nucleon.

II. EXPERIMENTAL TECHNIQUES

The primary object of this research was to derive the
time scale of binary-fragmentation processes as a func-
tion of fragment mass asymmetry from measurements of
the associated light charged particle emission. The ex-
periment was performed at the GSI UNILAC accelerator
in Darmstadt, Germany. A beam of 1854 MeV
136Xe2!* projectiles irradiated a self-supporting **Ti tar-
get 175 ug/cm? thick.

Figure 1(a) shows the experimental setup. Fragments
were detected in twelve large area position sensitive
parallel plate avalanche counters (PPAC) [11]. These
PPAC’s, each 30 cmX30 cm, were arranged in three
groups and mounted in an axially symmetric
configuration around the beam axis. We labeled these
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twelve PPAC’s as shown in the figure. The distance from
the target to the center of each detector in the closest
group of PPAC’s was 30 cm, and to the farthest group
was 140 cm. The fragment masses for coincident frag-
ments were determined from the measured velocities and
angles by means of a kinematic reconstruction method
[12,13].

Coincident light charged particles were detected and
their velocities and energies were measured using both a
position sensitive plastic scintillator detector (NE102A)
and a Si-Csl telescope. The plastic scintillator detector
was located 1 cm behind PPAC’s 1 and 2, at an angle
6=9° relative to the beam axis. The Si-CsI telescope was

located at 6=40° relative to the beam, in front of PPAC

3. The distance from the telescope to the target was 39.3
cm.

The 12 parallel plate avalanche counters covered about
75% of the solid angle in the forward hemisphere. For
our reversed kinematics system, this corresponded to
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FIG. 1. (a) Experimental setup. Twelve PPAC’s are arranged
concentric to the beam in the forward hemisphere. (b) Projec-
tions of the fragment positions measured in the PPAC’s onto a
plane perpendicular to the beam.
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nearly 4 in the center-of-mass frame. Figure 1(b) shows
a projection of the observed fragment positions onto the
plane perpendicular to the beam axis. This figure demon-
strates the large geometric efficiency of the detectors for
the reaction 18.54 MeV '36Xe+*Ti.

In order to determine the velocity of a heavy fragment,
both the flight path and the flight time were measured.
The spatial positions of the PPAC’s were determined by
measuring the distances from the target to three refer-
ence points on each detector using a laser beam which
was placed on a rotating table. The time calibrations of
the detectors were performed using the elastic scattering
of 5.9 MeV/nucleon 2°Sn ions from a *’Au target. The
overall time resolution was 1 ns. The position resolution
was 3 mm. From the measured position and time infor-
mation, the experimental velocity vectors of the detected
fragments were determined.

The detection efficiency of the PPAC is dependent on
the energy loss in the PPAC and the discriminator
threshold [14,15]. For small nuclear charge, only low-
energy ions can be detected. As Z increases, V., the
maximum velocity at which an ion can be detected, in-
creases. For Z <5, the detector efficiency is very small;
for Z ~10, the efficiency is 80%, and for Z =15, the
efficiency is nearly 100% in our experiment.

A. Light charged particle detection

The thickness of the plastic scintillator was 1 cm. It
was 5 cm wide and 100 cm long. Photomultiplier tubes
were attached to both ends of the scintillator. In order to
increase the light output and prevent light peaks, the
scintillator was wrapped with 4 mg/cm? aluminum foil.
For particles incident on the plastic scintillator, the flight
time was determined and the position obtained from a
measurement of the time difference Az for signals at the
two ends.

The apparent energy, E,, deposited in the scintillator
of length I can be related to the energy signals observed
by the photomultiplier tubes at each end:

E,=Eexp(—AX,) , (D
E,=E\exp[ —MI—X,)], ()

whe.e A is the attenuation length and X, is the distance
from one end. Multiplying E; by E,, and taking the
square root, we obtain the apparent deposited energy

E,=V E,E,exp(Al), 3)

which is independent of the position X|,.

Particle mass identification was accomplished from ob-
servations of apparent energy E, versus time of flight .
Taking advantage of this particle identification, we deter-
mined the actual light charged particle energies from the
measured particle velocities v and known proton and a-
particle masses.

The Si-CslI telescope consisted of a 25 um silicon detec-
tor followed by a 300-um-thick silicon detector and a 1-
cm-thick CsI detector. Because of the positioning of this
telescope, the light charged particles with velocities in
the center of mass frame below 2.8 cm/ns were not
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detected. This detector still served as a useful tool to ver-
ify the results obtained from the plastic scintillator detec-
tor.

B. Kinematic reconstruction

We used a previously developed kinematic coincidence
method to reconstruct the primary fragment masses
[12,13]. For each detected fragment, the velocity vector
Vexp Was determined from the measured time of flight and
the position coordinates in the PPAC. Even when
corrected for resolution and energy loss in the target, the
measured fragment velocity vectors differ from the pri-
mary ones as a result of perturbations from the emission
of light particles. The essential hypothesis of the kine-
matic reconstruction method is that light particles are
isotropically emitted from the fragments. The method is
applied in a self-consistent way to the evaluation of
binary and ternary events by determining the primary
masses to fulfill the kinematic requirements with minimal
readjustment of the experimental velocities. This is
achieved in a least-squares procedure by minimizing the
expression

n
2 2
A= 3 (0P =) )
i=1
under the constraints of mass and momentum conserva-
tion

> mv;=0, (5)

> mi=my (6)

i=1

with n=2 for two-body events and n=3 for three-body
events. This system of equations was solved in an itera-
tive procedure using the measured experimental veloci-
ties as starting values.

C. Characterization of the system

The system we have investigated is '**Xe+**Ti. The
incident energy was 18.5 MeV/nucleon. The beam veloc-
ity was 5.97 cm/ns. The center-of-mass velocity is 4.42
cm/ns.

The grazing angle 65;™ in the center of mass is 12.4°
and in the laboratory frame is 3.2°. The grazing angular
momentum is 36774. The most probable total kinetic en-
ergy for the fission fragments, calculated from Viola sys-
tematics [16], would be 128 MeV. If a compound nucleus
is formed, the initial excitation energy of the compound
nucleus 18Os calculated for 100% linear momentum
transfer would be 574 MeV or 3.12 MeV/nucleon.

III. EXPERIMENTAL RESULTS

A. Fragment mass and TKE

Figure 2(a) contains a contour plot of total kinetic en-
ergy (TKE) versus primary fragment mass A4 for the
binary events in the 18.54 MeV '3Xe+**Ti system. In

1793

our subsequent analysis, we have focused on events with
high total kinetic-energy loss leading to products falling
within the window indicated by the dashed lines in this
figure. The fragment mass distribution for products in
this damped collision window is shown in Fig. 2(b). In
order to study the prescission time scale as a function of
fission fragment mass asymmetry, we have selected four
mass asymmetry bins. The four mass asymmetry re-
gions selected were Ay/A; =(1-1.24), (1.24-1.97),
(1.97-3.38), and (3.38-7.36). We call these four win-
dows: Asyl, Asy2, Asy3, and Asy4. The first case,
Asyl, corresponds to symmetric breakup, and the last,
Asy4, corresponds to the most asymmetric breakup.

To evaluate the linear momentum transfer in our sys-
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FIG. 2. (a) Contour plot of the differential cross section

d*c /dTKEd A for detected twofold events as a function of the
primary mass (4). The outermost contour in the contour plot
is 100 events, the next is 300, the third is 500, then contours in-
crease linearly by increments of 500. The total primary frag-
ment mass is A, =184. (b) Mass distribution of the relaxed
events selected for this analysis. The four asymmetry windows
are indicated.
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tem, we used the measured fragment velocity vectors to
extract the velocity of the fissioning system vgg. If v; and
v,, respectively, are the velocities of the heavier and
lighter fragments and 6’ is the angle of the relative veloci-
ty vector in the center-of-mass frame, then

Veel “VEH VL > (7)
0" =arccos(V ' Zy/Vq) - (8)

Here Z is a unit vector on the Z axis which is chosen to
lie in the direction of the beam. The velocity of the scis-
sioning system is then

Ups =gy cosf, —v; sinfcotl’ . 9)

Figure 3 shows the vgg distributions for the four mass
asymmetry windows. For the very central collisions
selected here, the mean velocities we derive are very close
to, but slightly lower than, the calculated c.m. velocity of
4.42 cm/ns. The largest apparent deviation of 4% is ob-
served for the most asymmetric window Asy4. Assuming
no systematic error in the evaluation, the results suggest
a slightly greater mass loss from the projectile than from
the target nucleus.

B. Particle spectra

To analyze the particle spectra, we have used the rela-
tive velocity vectors of the two fragments to determine
the orientation of the scission axis F. We then define a
frame, which we call the scission frame, in which particle
emission angles are measured relative to the scission axis
(Fig. 4). In the scission frame, by definition, the heavier
fragment is emitted at 0° and the lighter fragment at 180°,
and the angle between an a particle or proton and the

Vps(cm/nS)

scission axis is 6;. The angle 8, may be calculated from
the relative velocity vector of the two fragments v, and
the coincident light particle velocity vector v,

0 =arccos( V"V /Uiy ) - (10)

The energy distribution of emitted light charged parti-
cles in the source rest frame may be represented as

d20. _N(G_Ec) _(G_EC)
dQde 47 T? T

exp , (11)

where T is the source temperature, € is the particle ener-
gy, and E. is the Coulomb energy of the particle. The
emitted light particle energy distribution from the frag-
ment source may be transformed into the center-of-mass
frame using the relationship
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FIG. 4. Sketch of a typical twofold event with a light particle
in coincidence; definition of the fission axis F. Particle emission
angles are measured relative to this axis.
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Here E_ , is the energy in the center of mass and 6_ ,, is
the angle in the c.m. frame,

E,:Ec.m. +ES _Z(EcmEs )I/ZCOS(GCH’I _63) 4

E, is the energy of a particle moving with the source ve-
locity, and O, is the angle of the source velocity vector in
the center-of-mass frame. We have constructed a and
proton center of mass energy spectra at different 6, rela-
tive to the fission axis. In that way we could use all the
events in which fragments were coincident with light par-
ticles detected in the plastic detector, thus taking full ad-
vantage of the 47 detector to obtain good counting statis-
tics.

For the determination of light particle multiplicities,

the experimental energy spectra of light particles ob-
served in coincidence with two fission fragments have
been fit with a moving source model in which the parti-
cles are assumed to be emitted isotropically from three
moving sources, one corresponding to the compound nu-
cleus, and the other two corresponding to the two fission
fragments. For each mass asymmetry window, we deter-
mine both prescission and postscission a and proton mul-
tiplicities from those fits as discussed in the following.

C. Galilean invariant velocity distributions

To get an overall view of the particle emission in the
scission frame, we have constructed Galilean invariant
velocity distributions. In Figs. 5(a)-5(d), the a-particle
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FIG. 5. Galilean invariant plots. (a) for Asyl, (b) for Asy2, (c) for Asy3, and (d) for Asy4. The solid circles in these figures show
the most probable velocities for a particles evaporated from the composite system, while the dashed circles represent the most prob-
able velocities for a particles emitted from the heavier fragments, and the dotted circles represent the most probable velocities for a
particles emitted from the lighter fragments.
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FIG. 6. (a)-(d) The energy spectra of a par-
ticles observed in coincidence with fission frag-
ments and the fit results for the four mass
asymmetry windows. The solid dots with error
bars represent the experimental results. The
lines represent the results from the fits.
Dashed lines represent the emission from the
composite system prior to scission (prescission
a particles). The dot-dashed lines represent
the contribution from the heavier fragments,
and the dotted lines represent the contribution
from the lighter fragments (postscission a par-
ticles). The solid lines show the sum of these
three contributions.
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velocity distributions are presented as contour plots for «
particles detected in coincidence with the fission frag-
ments for the four different mass asymmetry windows.
Recall that in the scission frame the heavier fragment
moves at 0°, the lighter fragment moves at 180°, and the
compound nucleus source velocity is 0. The solid circles
in the figures show the most probable velocities for a par-
ticles evaporated from the composite system, while the
dashed circles represent the most probable velocities for
a particles emitted from the heavier fragments, and the
dotted circles represent the most probable velocities for a
particles emitted from the lighter fragments. All of these
most probable velocities were determined from the source
fit parameters discussed in the following section. From
the velocity plots, we can see that a significant fraction of
the a particles are emitted from the composite system.
We also note that as the mass asymmetry increases, o
particles emitted from the heavier fragment become in-
creasingly important. This is consistent with an increas-
ing excitation energy of the heavier fragment for more
asymmetric mass splits.

D. «a particle multiplicities

We used Egs. (11) and (12) with experimentally deter-
mined composite system and fragment source velocities
to obtain a global fit to the measured a energy spectra in
nine different angular increments of 20° ranging from O to
180° in the scission frame. The parameters searched in
the least-squares fit were the three a-particle multiplici-
ties, apparent source ‘‘temperatures,” and Coulomb bar-
riers. Figures 6(a)—-6(d) present the energy spectra of the
a particles observed in coincidence with fission fragments
as well as the corresponding fit spectra for the four
different mass asymmetry windows. The solid dots with
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FIG. 7. a-particle multiplicities extracted from the source
fits. The squares indicate the total multiplicities, the dots indi-
cate the prescission a-particle multiplicities, and the diamonds
indicate the postscission a-particle multiplicities. Lines are to
guide the eye.

error bars represent the experimental data. The various
curves represent the results from the fits. Dashed lines
represent the fitted contribution from the composite sys-
tem (prescission a-particle emission). The dot-dashed
lines indicate the contributions from the heavier frag-
ments, and the dotted lines show the contributions from
the lighter fragments. The solid lines correspond to the
sums of these three source contributions. Table I con-
tains the fit parameters for each case. In the fitting pro-

TABLE 1. a emission parameters. Agy is the heavier fragment mass. Ag; is the lighter fragment
mass. My is the a multiplicity from the composite system source (prescission a multiplicity), Mgy is
the a multiplicity from the heavier fragment source, and M, is the a multiplicity from the lighter frag-
ment source. My,, is the total  multiplicity from two fragment sources (postscission a multiplicity),
M, is the total ¢ multiplicity from the three sources. Tcn, Tru, and Ty are the apparent tempera-
tures of the composite system, the heavier fragment and the lighter fragment sources, respectively, E gy
and E g are the energies of a particles moving with the source velocities of the composite system, the
heavier fragment and the lighter fragment sources, respectively. E,cn, Eppn, and Eygp are emission bar-
riers of the composite system, heavier fragment and lighter fragment sources, respectively.

Asyl Asy2 Asy3 Asy4
Agpy/ ApL 0.8-1.24 1.24-1.97 1.97-3.38 3.38-7.36
My 2.09+0.1 1.84%0.1 1.5+0.1 0.87+0.26
Ten 6.5+0.3 6.7+0.3 6.8+0.5 6.8+0.5
Eycn 12.3+0.5 13.1+0.5 13.3+0.6 12.410.5
Mey 0.30+0.05 0.66+0.04 1.16+0.05 2.1+0.3
Tey 2.5+0.3 3.84+0.5 4.2+0.5 6.0+0.5
E ey 3.0 1.2 0.6
Ey ey 11.0+0.5 9.7+0.3 10.2+0.5 11.5£0.5
Mgy 0.30+0.05 0.38+£0.05 0.33+0.05 0.25+0.07
TrL 2.5+0.3 3.8+0.8 2.9£1.0 3.6+1.0
E L 3.0 6.7 8.3
EyrL 11.0+0.5 6.31+0.7 5.0£1.0 5.2+2.0
Mg, 0.60+0.1 1.04+0.09 1.49+0.1 2.35+0.37
M, 2.69+0.2 2.88+0.19 2.99+0.2 3.22+0.63
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cedure, isotropic angular distributions have been as-
sumed.

Since the range of out-of-plane information is restrict-
ed in this case, we estimate that the absolute multiplici-
ties may be in error by 20%. Similar fits to the data from
the Si telescope, which covers a broader range of out-of-
plane angles, are in agreement with the parameters ex-
tracted from the plastic detector data. For the purpose
of extracting excitation energies at scission, only the rela-
tive multiplicities are required if the particle angular dis-
tributions do not change significantly with asymmetry
window.

The variation of the a-particle multiplicity with scis-
sion mass asymmetry is shown in Fig. 7. While the total
a multiplicities for different mass splits remain nearly
constant, the prescission a multiplicities decrease, and
the postscission multiplicities increase with increasing
mass asymmetry. The low a-particle multiplicities ob-
served for fragments from symmetric breakup indicate
that the symmetric division occurs at a low excitation en-
ergy near the end of the de-excitation cascade. The de-
crease of the prescission a multiplicity and the increase
of the postscission a multiplicity with increasing mass
asymmetry implies that for the relaxed events analyzed,
the more asymmetric the mass split, the earlier the scis-
sion occurs.

E. Near scission a-particle emission

In general, the “fit” to the particle energy spectra
displayed in Figs. 6(a)-6(d) is quite good, except for the
low-energy regions ( < 16 MeV) at 6, near 90° in the Asyl
and Asy2 cases. The surplus in our a-energy spectra
around 6, ~90° appears to be the contribution of another
source, in which the a particles are emitted perpendicu-

lar to the scission axis. Many previous experimental re-
sults indicate the existence of a particles emitted near or
during scission [8,18—-20]. These near-scission particles
have lower energies than those evaporated from a com-
posite nucleus, and exhibit a strong angular focusing per-
pendicular to the scission axis. In Fig. 6(a), we see evi-
dence of significant near-scission-emission in symmetric
breakup. As the mass asymmetry increases, the near-
scission-emission is less prominent. By comparing the ex-
perimental a energy spectra and the three source fit spec-
tra at low energy, we estimate the near-scission-emission
a multiplicities to be 0.31+0.1 for the Asyl and Asy2 win-
dows.

F. Proton multiplicities

Prescission and postscission proton multiplicities were
extracted using the same techniques as were used for a
particles. Figures 8(a)—8(d) show the experimental pro-
ton energy spectra together with the results from the
three moving source fit. The solid dots with error bars
show the experimental results. The curves represent the
results from the fits. The dashed lines represent the spec-
tra of protons emitted prior to scission (prescission pro-
ton emission). The dot-dashed lines indicate the contri-
butions from the heavier fragments, and the dotted lines
represent the contributions from the lighter fragments.
The solid lines show the sums of the three source contri-
butions. For protons, Table II presents the fit parameters
for the three sources in the four mass asymmetry win-
dows. The symbols used in Table II are the same as in
Table 1. The prescission and postscission proton emis-
sion probabilities for different fragment mass splits have
very similar features to those for the a-particle emission.
As the mass asymmetry increases, the prescission proton

TABLE II. p emission parameters. Apgy is the heavier fragment mass. A is the lighter fragment
mass. My is the proton multiplicity from the composite system source (prescission proton multiplici-
ty), Mgy is the proton multiplicity from the heavier fragment source, and My, is the proton multiplici-
ty from the lighter fragment source. My, is the total proton multiplicity from two fragment sources
(postscission proton multiplicity), M, is the total proton multiplicity from the three sources. Tcn,
Try, and Tgp are the apparent temperatures of the composite system, the heavier fragment and the
lighter fragment sources, respectively. Ecn, E gy, and E g are the energies of protons moving with the
source velocities of the composite system, the heavier fragment, and the lighter fragment sources, re-
spectively. Eycn, Eppn, and E,py are emission barriers of the composite system, heavier fragment, and

lighter fragment sources, respectively.

Asyl Asy2 Asy3 Asy4
Apy/ApL 0.8-1.24 1.24-1.97 1.97-3.38 3.38-7.36
Mcn 2.44+0.10 2.2+0.1 1.724+0.17 0.88+0.12
Ten 4.0+0.2 4.0+0.2 4.1+0.2 4.2+0.2
Eycn 5.3+0.4 5.3+0.3 5.240.5 5.4%0.5
Mgy 0.22+0.04 0.51+0.1 0.93£0.1 1.90+0.12
Teu 2.1£0.3 3.0+0.3 3.3+0.4 3.5+0.4
E gy 0.75 0.52 0.29 0.16
Eyry 3.6+0.5 4.0+0.5 4.5+0.5 5.0+0.5
Mg, 0.22+0.04 0.17+0.07 0.11£0.10 0.22+0.10
TeL 2.1+£0.3 2.2+0.5 2.5+0.7 2.5£1.0
E g 0.75 1.2 1.7 2.1
Eypp 3.6+0.5 3.0+1.0 1.7£1.0 2.1£1.0
M., 0.4410.08 0.68+0.17 1.04+0.2 2.12+0.22
M, 2.88+0.18 2.88+0.27 2.76+0.37 3.00+0.34
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FIG. 8. (a)-(d) The energy spectra of pro-
tons observed in coincidence with fission frag-
ments and the fit results for the four mass
asymmetry windows. The solid dots with error
bars represent the experimental results. The
lines represent the results from the fits.
Dashed lines represent the emission from the
composite system prior to scission (prescission
protons). The dot-dashed lines represent the
contribution from the heavier fragments, and
the dotted lines represent the contribution
from the lighter fragments (postscission pro-
tons). The solid lines show the sum of these
three contributions.
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multiplicity decreases, and the postscission proton multi-
plicity increases. The total proton multiplicities are simi-
lar in all cases. (See Fig. 9.)

G. Kinematic effects of prescission particle emission

In our analysis, the primary fragment masses at scis-
sion have been extracted from measured fragment veloci-
ty vectors by means of a kinematic reconstruction. In
that kinematic reconstruction, we assumed that the total
mass at the scission point is the sum of the projectile
mass and the target mass (4, = 4, + 4,=184).

As we have seen in the previous section, there is
significant prescission particle emission. How does this
affect our mass determination? For highly excited medi-
um mass nuclei, the average excitation energy removed
per unit of total evaporated mass appears to be about 15
MeV [21]. From this, and the excitation energy
difference between the initial composite nucleus and the
nucleus at scission (which can be determined from our
study of the prescission and postscission light particle
emission as detailed in a later section), we estimate a 30
mass unit decrease before scission for symmetric breakup,
and with increasing mass asymmetry, 25, 20, and 11 mass
unit decreases for the other three cases. We have carried
out kinematic reconstructions assuming masses at scis-
sion which are consistent with such prescission mass
losses. Figure 10 shows, as a function of A, the originally
deduced mass, the mass difference A4 =(A’'— A4) where
A’ is the mass determined assuming prescission emission.
The ratio of the two fragment masses deduced before the
subtraction, 4,/ A,, and after the subtraction, 4]/4),
are compared in Fig. 11. The results demonstrate that
when the total mass of the scissioning system is reduced,
the kinematic reconstruction method reduces the extract-

P Multiplicities as Function of Mass Asymmetry
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FIG. 9. Proton multiplicities extracted from the source fits.
The squares indicate the total multiplicities, the dots indicate
the prescission proton multiplicities, and the diamonds indicate
the postscission proton multiplicities. Lines are to guide the
eye.
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FIG. 10. Difference between the fragment mass deduced as-
suming Ay, =184 or by Ay, =184—Ad eiisionAAd =4 — A"
A is the fragment mass. The ranges corresponding to asym-
metry windows 1—4 are indicated on the figure.

ed fragment masses as expected. At the same time, the
fragment mass ratio does not change very much. The
four fragment mass asymmetry windows we have used
are essentially unchanged by the prescission emission. A
more extensive discussion of the effects of prescission
emission has been given previously by Charity et al. [22].

H. Effects of three-body events

Another possible source of error in our kinematic
reconstruction is contamination from incomplete detec-
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FIG. 11. Comparison between the fragment mass ratios de-
duced using 4, =184 and A;,, =184 — A 4 cccission-
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tion of events with higher fragment multiplicity. In our
experiment, the solid angle covered by 12 PPAC detec-
tors is not a full 4 sr in the center-of-mass frame. As a
consequence, detected twofold coincidence events may
contain not only true two-body events, but also contrib-
utes from three-body (or higher) multiplicity events in
which only two fragments were detected. In addition, the
intrinsic efficiency of the PPAC’s is not 1. If the missing
third body is sufficiently large, these incompletely detect-
ed events would be reproduced poorly by the two-body
kinematic reconstruction.

In fact, we observe a significant number of events
where three bodies are detected. By analyzing these
events with one fragment excluded from the analysis, we
have concluded that the bulk of events in which a third
fragment is missed corresponds to events in which that
fragment is small and has little effect on the determina-
tion of the mass asymmetry ratio of the two larger frag-
ments. We believe that most of such events correspond
to evaporation of intermediate mass fragments (IMF) pri-
or to scission. The estimated multiplicity of such IMF’s
is approximately 1, but this estimate is subject to large
uncertainties. The kinematic analysis which leads to
these conclusions is discussed in greater detail in the Ap-
pendix as is the nature of the detected three-body events.

IV. INTERPRETATION OF RESULTS

A. Excitation energies at scission

Light particles emitted from a composite system dur-
ing the deexcitation process can be used as a “clock” to
yield the dynamical scission time scale [23]. The mean
emission lifetime at each step in the deexcitation is given
by 7=%/T where T is the total decay width at that exci-
tation energy. The prescission lifetime can be obtained
by summing the mean light particle emission lifetimes
over the deexcitation cascade from the initial excitation
energy at which the compound nucleus was formed to the
excitation energy at which the system scissions [22].

In order to deduce the prescission time scales as a func-
tion of different fission fragment mass asymmetries with
minimum reliance on the statistical model at high excita-
tion energy, we have employed an empirical method to
determine the excitation energies at scission. We then
employed a statistical model calculation to estimate the
cumulative lifetimes corresponding to the excitation ener-
gies which were derived.

B. Symmetric breakup

One way to deduce the excitation energy at the scission
point is from the multiplicities of postscission light parti-
cles emitted from the fragments. For the symmetric win-
dow, we have used our data for postscission a and proton
emission, together with measurements of postscission
neutron emission multiplicities for the system '¥¢Pt from
Hilscher et al. [23]. We have then added an estimate of
the energy removed by y decay, together with the Q
value for emission (starting from an assumed scission nu-
cleus which takes into account the estimated mass and
charge removed prior to scission). In this way we have

determined the single fragment excitation energy after
scission. The contributions to the resultant total value of
49.2 MeV are indicated in Table III. Adding the
difference between the fission Q value and the fragment
total kinetic energy calculated from Viola systematics
[16], we obtain a total excitation energy at scission of 110
MeV for symmetric breakup. This result is slightly lower
than that obtained in a previous study for 4 ~160 [4].
Here, as in that work, symmetric breakup occurs near the
end of the de-excitation chain.

C. Asymmetric breakup

Because we do not have neutron emission data for the
asymmetric windows, we cannot employ the method used
for symmetric fission to determine the excitation energies
at scission for asymmetric fragmentations. To make such
determinations, we used instead an empirical technique
based upon some previous observations of charged parti-
cle emission in the deexcitation of medium mass nuclei
[4,17,24,27].

In Fig. 12, the measured average multiplicities for (a) a
particles and (b) protons observed in coincidence with
residues for systems with A y~120 and ~160 are
shown as a function of excitation energy per nucleon.
Note that both the o and the proton multiplicities in-
crease linearly as the excitation energy per nucleon of the
system increases,

(M)=k(E,/A)—b . (13)

From Figs. 12(a) and 12(b), we can see that the slope
and intercept change with the mass of the system. To
determine the excitation energies at scission for different
fission fragment mass asymmetries in the *Xe+**Ti re-
action, we have assumed that the property of evaporated
a or proton multiplicity increasing linearly with the exci-
tation energy per nucleon of the system is also valid for
the present system with Ay~ 184 and have established
the slope « in Eq. (13). From the measured prescission a
and proton multiplicities observed for our system, we
used the symmetric fission process to establish the slopes
Ky and k.

We proceeded as follows: From the deduced 98%
linear momentum transfer for the symmetric fission chan-
nel as observed in Fig. 3, we estimate that the initial exci-

TABLE III. One fragment excitation energy at scission for
symmetric fission.

(M)(E)

Particle (M) (MeV)

a 0.30 4.8

p 0.22 1.7

n 2.50 7.5

Y (estimated) 6.0
Total kinetic energy (MeV) 20.0
Evaporation value Q (MeV) 29.2
Excitation energy Ey (MeV) 49.2
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FIG. 12. (a) a particle and (b) proton multiplicities as a func-
tion of excitation energy per nucleon. The solid dots with error
bars represent the data for Acyn~ 120 from Ref. [17], and the
open dots with error bars are the data for Ay~ 160 from Ref.
[24].

tation energy of the system is 570 MeV. The energy
difference between the initial stage and scission stage for
the symmetric fission process is then, 570—110=460
MeV. The observed prescission a multiplicity for sym-
metric fission is 2.094+0.10. So the slope «, determined
for the composite system is 0.834+0.040. In a similar
way, we obtained the slope for proton emission from the
composite system as 0.976:0.040.

Assuming these slope parameters for @ and proton
emission to be valid for all final fragment asymmetries,
we can immediately transform the observed prescission
multiplicities into excitation energies at scission, i.e.,

A
Ex(sciss)=Ex(init)_7<M>pre . (14)

The scission excitation energies determined in this way
appear in Table IV, columns 2 and 4. Note that the exci-
tation energies determined from « and protons are in
good agreement. The uncertainties quoted represent the
experimental errors on the measured multiplicities.
Although less accurate, it is also possible to apply the
same basic technique to emission from the fragments if
the intercept b of Eq. (13) is known. For example, for
symmetric decay, the excitation energy of a fragment is
49.2 MeV. The estimated total prescission emission for
symmetric fission is 30 mass units which results in sym-
metric fragment masses at scission of 77 amu. The a
multiplicity for emission from the fragment is 0.30£0.05.
Using previous results of Wada et al. [17], Gonin et al.
[4], and Viesti et al. [24], and assuming a linear variation
of intercept b with A4, we have established for a particles

TABLE 1IV. Excitation energy at scission for different mass
asymmetries.

Ey MeV) Ey (MeV) Ey MeV) Ey (MeV)
AH /AL <apre) (apost) (ppre ) (Ppost )
1.00 110122 110+6 110+18 110+18
1.56 162+22 172+13 152+18 146132
2.54 228+22 27614 234+32 224130
4.75 360157 499473 385+22 409+29

a formula for the intercept as a function of mass A:
b,=0.005884-0.235 . (15)

For protons, we take the intercept to be one-half of the a
intercept,

b,=0.5(0.005 88 4 -0.235) . (16)

Using these intercept formulas and assuming a linear
variation of k with A4, we obtained the following slope
formulas for our system as a function of mass 4 of the
emitting nucleus:

k,=0.000244 +0.79 , (17)
k,=0.00434 +0.18 . (18)

Using Eqgs. (13)-(18), we have determined the excita-
tion energy at the scission point for scission with different
mass asymmetries from the postscission @ and proton
multiplicities. Columns 3 and 5 in Table IV contain the
results from that analysis. These are in reasonable agree-
ment, within errors, with the same quantities derived
from the prescission particle emission.

These results are also plotted in Fig. 13 as a function of
mass asymmetry. In that figure, we can easily see that for
the very relaxed processes selected, scission occurs at an
increasingly earlier stage of the deexcitation cascade as
the mass asymmetry increases. The general trend of
shorter lifetimes for asymmetric splits has been noted
previously by several research groups [8—10].

D. The prescission times

In order to extract the times for scission with different
mass asymmetries, we employed results of EVAP, a
modified version of the statistical model computer code
PACE2 [25] to calculate the prescission lifetime as a func-
tion of excitation energy. These calculations were carried

Prescission Lifetime as a Function of Mass Asymmetry
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FIG. 13. The excitation energy at scission for different fission
fragment mass asymmetries as deduced from the prescission «a
multiplicity (@), the postscission a multiplicity (O ), the prescis-
sion proton multiplicity ({), and the postscission proton multi-
plicity (). For clarity, some points are slightly displaced on
the mass asymmetry scale.
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out for us by N. Nicolis of Washington University. The
decay by n, p, d, a, t, 3He, and °Li has been considered in
the calculation of decay widths. The statistical fission de-
cay was suppressed in the calculation.

The prescission lifetime can be determined by accumu-
lating the light particle emission lifetime along the pre-
scission de-excitation chain:

EY p
TE)=3—, (19)
B, Li

where T, is the decay width of emitted light particles, EY
is the initial excitation energy of the system, and Ey is
the excitation energy of the daughter after the ith particle
is emitted. The level density p(E,J) used in these calcula-
tions is given by

p(E,J)=po(UN2J +1)exp{2V a[U —E,())]} , (20)

where “a” is the level density parameter and U =FE —A
where A is the pairing energy. E. is the rotational ener-
gy and py(U) is taken from the Gilbert and Cameron for-
malism [26]. The calculated prescission lifetimes are
strongly influenced by the level density parameters “a.”
In this work, we have made calculations for a = 4/8,
A/10, and A/12.

Figure 14(a) shows the calculated lifetime as a function
of the excitation energy in '34Os for different values of the
level density parameter, a. Figure 14(b) shows the calcu-
lated cumulative decay time as a function of the excita-
tion energy for different values of the level density param-
eter “a.” The dot-dashed lines correspond to times deter-
mined by assuming a level density parameter a = A4/8;
the dashed lines correspond to the times determined by
assuming a level density parameter a = A/12; the solid
line corresponds to the times determined by assuming a
level density parameter a = A/10; and the solid points on
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FIG. 14. (a) Lifetime as a function of the excitation energy
for '®40Os at the initial excitation energy of 560 MeV. (b) Cumu-
lative decay time as a function of the excitation energy. The
solid line results from the calculation assuming a level density
parameter a = A/10; the dot-dashed line from assuming
a=A/8 and the dashed line from assuming a = A/12. The
solid dots with error bars indicate the prescission times for the
four mass asymmetry windows determined from the excitation
energies at scission, and assuming a = A4/10 as a reasonable
average value.

the solid line correspond to the excitation energies deter-
mined in the experiment. The time depends strongly on
the level density parameter. Previous studies indicate
that the inverse parameter K = A4 /a increases as the ex-
citation energy per nucleon of the system increases
[27-29]. Along the de-excitation path, K = A4 /a is ex-
pected to vary from ~ 14 to 8.

In Fig. 15, we show the pre-scission times extracted
from our experimental results by assuming @ = 4/10 and
also show pre-scission times obtained by assuming the
empirically determined temperature dependent level den-
sity parameter which is presented in Ref. [28]. In this
figure, two other times are shown. The diamond
represents the symmetric fission times calculated by the
Feldmeier model [30], which will be discussed in the fol-
lowing section. The star represents the symmetric fission
time of 8 X 107 2! seconds obtained by Hilscher et al. for
the '%%Pt* system using a neutron clock (@ = 4 /10) [23].
For a range of A,/ A; of 1.6 to 8, Hilscher et al. also
reported a prescission time of ~3X 107 2! s for the '*Pt*
system [23].

Table V summarizes our results. In that table, Ey is
excitation energy at scission, 7( 4 /10) is the prescission
time obtained by assuming a level density parameter
a=A/10 and 7(a(T)) is the prescission time obtained
by assuming a temperature-dependent level density pa-
rameter. We note that these times are based on the as-
sumption of sequential decay of an equilibrated system.
As seen in Fig. 14, the calculated statistical lifetimes at
excitation energies of 500 MeV become very short. This
raises questions about the applicability of the calculation,
as these times are shorter than typical times for nucleons
to traverse the nucleus. As the lifetime increases ex-
ponentially with decreasing excitation energy, this has lit-

Time as function of ASY

T T T T T

10° 3 =
g L ]
)] 102 = =
& F 3 * Hilscher
o r 1 < Feldmeier
~ = 4 O A/K(M
g101 - - ® A/10
= g ]
i R
10° -
1 1 L 1 -

o III|
N
w
~
5.

FIG. 15. Prescission lifetime as a function of mass asym-
metry. Solid symbols (@) represent the prescission time scale
extracted from our experiment assuming @ = 4/10. Open sym-
bols (O) represent the prescission time scale assuming a
temperature-dependent level density parameter. (For clarity,
points are slightly displaced on the mass asymmetry scale.) The
lines are to guide the eye. Asterisk indicates the prescission
time scale obtained by Hilscher et al. for the system **Pt*, and
() indicates the prescission time scale calculated using the
Feldmeier model and assuming L = 1204.
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TABLE V. Excitation energies and scission times.

E, 7( A /10) 7(a(T))

Ay/A; (MeV) (10721 g) (10721 g)
1.00 110+9.4 10.5+0.7 9.4+3.0
1.56 158+11 6.5+0.7 3.1£0.4
2.54 241£13 3.4+0.3 1.4%0.1
4.75 413425 1.1+0.3 0.3+£0.06

tle effect on the result expected for symmetric fission. A
greater uncertainty results for the more asymmetric
breakups.

V. DISCUSSION

The times determined in our work are for the highest
excitation energy events, selected on the basis of highest

total kinetic-energy loss. To learn about the extent to
which deep inelastic collisions or compound nucleus eva-
poration may account for the observed scission times, we
have explored the angular distributions of the fragments
emitted in these reactions.

In the first column of Fig. 16, we present the fragment
angular distributions do /d6 observed in the center-of-
mass frame for the different mass asymmetry windows in
our experiment. In the second column are distributions
calculated with our geometry filtered Monte Carlo simu-
lation. The third column shows the data after a geometry
correction determined from the Monte Carlo simulation
is applied. In our Monte Carlo simulation, we assumed a
constant do /d0 initial distribution. After geometric
corrections, we see that for symmetric fission (Asyl), the
experimental fragment angular distribution do /d 0 is al-
most constant. For the Asy2, Asy3, and Asy4 windows,
the fragment angular distributions show progressively in-
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da/d¥arb. unit)
N

'03 -

FIG. 16. The fragment angu-
lar distribution in the center-of-
mass frame for different mass
asymmetries. Experiment re-
sults (first column), Monte Carlo
simulation assuming constant
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do /d 6 and filtering through the
experimental geometry (second
column), and geometry correct-
ed data (third column).
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creasing forward-backward peaking corresponding to
noncompound processes with the heavier fragment emit-
ted in the forward direction. These results indicate that
even for the high total kinetic-energy loss processes, the
asymmetric mass splits still include a significant fraction
of events corresponding not to decay of a completely
equilibrated compound nucleus, but rather to scission of
a strongly damped dinucleus.

In order to better understand the role of dissipative
phenomena in the binary decay processes which we have
studied, we have made some calculations with the Feld-
meier ‘“‘one-body” dissipation model [30] which was
developed to describe deep-inelastic collisions. Table VI
shows the orbital angular momentum L, total kinetic en-
ergy loss (TKEL), lighter fragment mass A4;, and contact
time 7, calculated with the Feldmeier model for the sys-
tem 13®Xe+*Ti with incident energy 18.5 MeV/nucleon.
These results show that as the angular momentum de-
creases, the calculated energy dissipation increases and
the contact (prescission) times become longer.

In Fig. 17 we show, for several systems, empirical esti-
mates of the impact parameter ratio (b/b_,,) as a
function of the total kinetic-energy loss ratio
(TKEL/TKEL,,,,) obtained from cross section and y-ray
measurements [15]. For our system, the heavily damped
events have TKEL/TKEL_, ~0.8, which indicates
b /b .« =~0.4. Thus the orbital angular momentum is ex-
pected to be =<150%. In the Feldmeier calculation for
L =1204, the prescission time for the near symmetric
breakup is 1.25X 1072 s, close to that of the experiments
as see in Fig. 15. At this time, the energy dissipation is
essentially complete.

For angular momenta higher than 1207, calculations
indicate that the system does not reach a shape equilibra-
tion, but goes through a deep-inelastic process with ener-
gy dissipations which decrease as the mass asymmetry at
scission increases. For angular momenta L <90#, the
calculation indicates that the system forms a fused com-
pound nucleus which does not scission in this calculation,
but could deexcite by fission or fragment emission.

For the most asymmetric breakups observed in this
work, the observed prescission lifetime is near 1X 1072}
s. In the calculation, such short time events do not un-
dergo the large energy dissipations seen for those events
selected in our study. To provide such events in the cal-
culation would require introduction of very large fluctua-
tions in the energy dissipation and/or interaction time.

TABLE V1. Feldmeier model calculations.

TKEL AL 7'
L(#) (MeV) (u) (1072 §)
350 38 55 5.48
300 357 59 9.33
250 467 63 18.8
200 490 76 33.6
150 511 81 68.8
120 518 84 125.0
100 521 89 242.0
90 522 91 435.0
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FIG. 17. The impact parameter ratio (b/b,,) as a function
of relative total kinetic-energy loss (TKEL/TKEL,,) [15].

max

To further explore the time scales, we compared the o
energy spectra from which we obtained the prescission-
postscission multiplicities with the a energy spectra
which are observed in coincidence with the fragments
with the additional condition that the lighter fragment
kinetic energy must be lower than 100 MeV in the center
of mass. This condition excludes most of the events
which lead to a forward-backward peaking much
stronger than expected for the compound nucleus. We
found no significant change in the coincident particle
spectra, and hence no change in the times derived. Plac-
ing a window on events in which the light fragment goes
forward and the heavy fragment backward in the center-
of-mass frame leads to the same conclusion.

Without further information we cannot unambiguously
determine the relative contributions of completely
damped deep-inelastic and evaporation contributions to
the fragment decays observed in the different mass asym-
metry windows. However, we note that compound nu-
cleus formation and decay processes may generally be ex-
pected to take longer than the deep-inelastic reactions
leading to the same exit channel mass asymmetry. Thus,
to the extent that the observed events do contain
significant contributions from both processes, the times
determined may be viewed as upper limits to the deep-
inelastic separation times and lower limits to the com-
pound nucleus decay times. In this latter case, the results
indicate that there may be significant dynamic delays in
the evaporation of fragments of 4>20. We emphasize
this point in Fig. 18 by comparing our experimental mean
excitation energies at scission with the corresponding
mean excitation energies determined for statistical frag-
ment emission using the code GEMINI [31]. Our results
suggest that a realistic treatment of hot nucleus de-
excitations will need to take into account dynamic re-
strictions over a wide range of fragment masses.
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FIG. 18. Comparison between experimentally determined
and calculated average excitation energies for fragment emis-
sion. The solid points represent the data. The open circles are
the results of a calculation using the statistical model code
GEMINI with a maximum angular momentum of 907%.

VI. SUMMARY AND CONCLUSION

For the system *°Xe+*Ti at 18.5 MeV/nucleon, this
research presents a systematic study of the prescission
time scales for relaxed processes as a function of frag-
ment mass asymmetry. Fragment velocities were mea-
sured. The fragment masses were deduced by means of a
kinematic reconstruction. The light charged particles
emitted in coincidence with fragments were observed
with good resolution in mass asymmetry. An empirical
technique was used to obtain the excitation energy at
scission from the multiplicities of the emitted light parti-
cles. From these energies, prescission lifetimes were
determined. From the experiment, we conclude that for
very hot nuclei with 4 ~ 180 having initial excitation en-
ergies about 3 MeV/nucleon, symmetric breakup still
occurs at the very end of the de-excitation chain at an ex-
citation energy around 110 MeV. Symmetrically fission-
ing nuclei are cold at scission. This is apparently because
the time needed for the hot nucleus to change shape into
two nearly equal sized nuclei is ~1X 107%° 5. During
this time, the very rapid evaporation of light particles re-
moves the extra excitation energy, leaving the system rel-
atively cold.

For the highest excitation energy events, asymmetric
breakups happen at an earlier stage of the particle de-
excitation chain than the symmetric breakup. The
greater the fragment mass asymmetry, the earlier in the
de-excitation stage the scission occurs. For the most
asymmetric breakup observed here, the time to scission is
(0.3-1.1)X 107 2! 5. Some of the asymmetric mass-split
processes might be correlated with higher angular mo-
menta, reflecting large fluctuations in energy dissipation
or interaction time in deep inelastic collisions.

Since the observed fragment emissions reflect a mixture
of deep-inelastic and fusion-fission processes, we cannot
unambiguously determine the lifetime for each indepen-
dently. from our data. We argue, however, that the data
may provide an important indication that a fragment
mass dependent variation of dynamic delay times in frag-
ment evaporation may be an important effect which
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needs to be taken into account in modeling the de-
excitation of hot nuclei, even for relatively light frag-
ments.
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APPENDIX

One technique to search for spurious contributions in
the detected two-body events is to use the minimized
quantity A,, the difference between the measured frag-
ment velocity and the reconstructed primary fragment
velocity [see Eq. (4)].

If the perturbations of the primary velocities follow a
Gaussian distribution, then A,, being the sum of the
squares of Gaussian random variables, should be distri-
buted like a ¥? function with two degrees of freedom.
Figure 19 shows the A, distributions for the four mass
asymmetry windows for the fully relaxed events con-
sidered in our analysis. The solid histograms correspond
to all events giving a twofold coincidence in the detector
(true binary events+incompletely measured events of
higher multiplicity).

Olmi et al. [12] have interpreted the long tailing of the
A, spectrum for the detected two-body events, which ex-
tends beyond the expected y-shaped distribution, as the
background from higher multiplicity events. Casini
et al. [13] proposed a method to estimate this back-
ground, and verified this method by a Monte Carlo simu-
lation. The background was obtained from an analysis of
measured three-body events by using the two-body kine-
matic reconstruction after having chosen at random two
out of the three fragments. Following the reconstruction,
they normalized this pseudo two-body A, distribution to
the detected two-body A, distribution at high A, to esti-
mate the background.

For our data, the dotted histograms in Fig. 19
represent the estimated background contribution which
is obtained by applying two-body kinematics to the com-
pletely measured ternary events after two out of three
fragments have been randomly chosen. If this method
were appropriate, a 20% background of ternary events
contributing to our measured twofold events would be in-
dicated. In fact, the nature of the A, distribution will
change significantly depending upon the mass of the
missing third fragment. For symmetric fission events,
this feature is demonstrated in Fig. 20 in which we show
the effects of always excluding the lightest fragment of a
three-body event [Fig. 20(a)], always excluding the medi-
um mass fragment [Fig. 20(b)], or always excluding the
heaviest fragment [Fig. 20(c)]. The heavier the fragment,
the stronger the contribution to the high A, tail. Similar
results are obtained for the other mass asymmetry win-
dows.
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FIG. 19. A, distributions for the four mass asymmetry windows (see text). The solid histograms correspond to the twofold events,
the dotted histograms represent the estimated background (obtained from the completely measured ternary events, with two-body ki-
nematics after choosing two out of three fragments randomly), and the dashed histograms represent the A, distribution of twofold
events corrected for the background of three-body events as determined by the method described in the text.
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mass fragment (b), and the heaviest fragment (c), and then using the remaining two fragments and two-body kinematics.
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TKE, MeV

FIG. 21. The contour plot of
the primary fragment masses vs
total kinetic energy (TKE) for
the three-body events (a) and for
three-body events for which the
lightest fragment has a mass
1 15> A >5 and this fragment is
excluded in the kinematic
analysis. For (a), the outermost
contour is 10, then 50, 100, 150,
and 200; then the contours in-
] crease linearly by increments of
200. For (b), the outermost con-
L3 tour is 10, then 30, 50, and 80;

40 60 80 100 120 140 160 180 O
A, amu

The PPAC detector efficiency decreases dramatically
for Z =10. As a result, we expect the probability for a
lighter fragment to escape detection to be much higher
than that for a heavier fragment. To explore this possi-
bility, we present in Fig. 21 a contour plot of fragment
mass versus total kinetic energy (TKE), for (a) the detect-
ed three-body events and (b) for those three-body events
in which the lightest fragment, which has mass
152 4 25 is excluded from the kinematic reconstruction.
In (a), we can see a peak in fragment mass around
A ~20, reflecting the decrease of the detector efficiency
at lower mass. Figure 21 also shows that for three-body

AH/AM - A,H/A,M

20 40 60 80 100 120 10 160 180
A, amu

then the contour values increase
linearly by increments of 50.

events, the peak of TKE is ~200 MeV. From the con-
tour plot obtained from detected two-body events (Fig.
2), we can see that total kinetic energy for events with 4
around 20 is below 100 MeV. A comparison of Fig. 2 to
the contour plot obtained from pseudo-two-body events
indicates that there might be a significant contribution to
our data from apparent two-body events in which we
have missed detection of one IMF. The difference in
TKE for a three-body and pseudo-two-body events is
consistent with the kinetic energy expected for such a
missing IMF.

In order to better understand events for which a rela-

plot (3body)
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5.0

4.0

AL/A

3.0

1 1 1 | ! ! 1

FIG. 22. Two-dimensional plot for mass ra-
tio Ay / Ay of the two heavier fragments from
detected three-body events vs the fragment
mass ratio Ay / Ay, where Ay and A, are the
fragment masses determined by excluding the
lightest fragment with 5< 4 <15, and using
the remaining two heavier fragments and two-
body kinematics.

4.0 5.0 6.0
A/ Ay

7.0

8.0
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tively light IMF is missed, we have taken detected three-
body events for which the lightest fragments have
5=< A4 =15 and have, by excluding the lightest fragment
from the analysis, done a two-body kinematic reconstruc-
tion with the two remaining fragments. We then com-
pared the resultant A, distributions of these pseudo two-
fold events with that of the measured twofold events.
Normalizing the former to the latter indicates that about
65% of the events for the most asymmetric window
(Asy4), and about 47% of the events in the other win-
dows could result from events in which a light IMF is un-
detected.

To evaluate the effect of not detecting the IMF on our
primary fragment mass and total kinetic energy deter-
minations, we compared the reconstructed two fragment
masses 4], A}, and the reconstructed total kinetic ener-
gy TKE'. For these pseudo-two-body events with the
values obtained by analyzing the three-body event using
all three fragments, Fig. 22 shows the two-dimensional
plot of the original determined fragment mass ratio
(Ap /Ay, and the reconstructed two fragment mass ra-
tio (Af /Ay ). If we miss detection of one light frag-
ment, the average reconstructed primary fragment
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masses are miscalculated compared to the real primary
fragment masses, but the fragment mass ratio for the
remaining two fragments changes only slightly. A com-
parison of the original total kinetic energy (TKE) of the
three-body events vs reconstructed pseudo two-body total
kinetic energy (TKE') shows a linear relationship, but
TKE’ can be significantly lower than TKE, reflecting the
energy removed by the excluded fragment.

1. Nature of detected three-body events

It is of interest to further characterize the three-body
events which are detected. For the threefold events, Fig.
23 presents the angular distributions for fragments of
different masses. The angular distributions of lighter
fragments show backward peaking. Those of heavier
fragments show forward peaking. These angular distri-
butions imply a lot of peripheral, but strongly damped,
collisions with projectilelike fragments going forward and
targetlike fragments going backward in the center of
mass. Fragments with masses A4 ~60, which could
represent equal breakup into three pieces, have a nearly
flat distribution in do /d 6.

3 spectrum for a=22-42 from 3bodyd spectrum for a=42-62 from 3body
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FIG. 23. The angular distribution, (do /d )
B c.m. for detected threefold events for the
different fragment mass windows.
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FIG. 24. Triangular contour plot of three-fragment masses
for threefold events. The outermost contour is 10 events. The
contours increase linearly by increments of 10.

In order to get a better understanding of these three-
body events, we have looked at three fragment angular
correlations and mass correlations. Figure 24 shows a
triangular contour plot for the three fragment masses. In
this plot, the three coordinates for the triangle diagram
are the three fragment masses: 4,, 4,, and 4;. We as-
sumed the sum of the three fragment masses is
A, =184. The length of the perpendicular from any po-
sition inside the triangle to an edge represents the corre-
sponding fragment mass. This figure shows a peak for
A,~120, A,~45, A;~20, which suggests some
memory of the entrance channel for three-body events.
Note that this plot is not symmetric because the indices
are not randomly chosen. For each event, the index 1 is
assigned to the fragment detected in the lowest numbered
PPAC, 2 is assigned to the fragment detected in the next
lowest numbered PPAC, and 3 to the fragment detected
in the highest numbered PPAC. From the numbering
system of the PPAC’s, lower numbered PPAC’s are at
smaller angles, thus A4, is at a small angle.

Figure 25 shows a triangular contour plot of the angles
between the fragments in the center-of-mass frame. In
this plot, the three coordinates for the triangle diagram
are the angles 6y (the angle between the fragment with
the heaviest mass and that with the next highest mass),
Oy, (the angle between the fragment with the heaviest
mass and the fragment with the lightest mass), and Oy

'SHL

\\N\:@
W)

FIG. 25. Triangular contour plot of the folding angle be-

tween three fragments for detected threefold events. The outer-

most contour is 10, next is 50, then the contours increase linear-
ly by increments of 100. See text for detail.
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FIG. 26. Triangular contour plot of the folding angle be-
tween three fragments for threefold events with a very light
fragment (5= 4 =15). The outermost contour is 2, next are 10,

50, and 150; then the contours increase linearly by increments of
200.

(the angle between the middle mass fragment and the
fragment with the lightest mass). The sum of these angles
is 360°. The length of the perpendicular from any posi-
tion inside the triangle to an edge represents the corre-
sponding angle. This figure shows that in most of the
three-body events, the folding angle between the lightest
fragment and the middle mass fragment, 0y, is relatively
small, while the angles Oy, and 6,y are usually larger,
approaching 180°. Figures 23-25 imply that in most of
the detected three-body events, there is one larger frag-
ment going forward while the two smaller fragments go
backward. The majority of the detected threefold events
appear to result from strong, projectile-target interac-
tions in which a large energy dissipation and some
transfer of mass from projectile to target is followed by
fission of the target-like nucleus into two pieces, both of
which go backward in the center-of-mass frame.

If we select detected three-body events with one very
light fragment (5= 4 =15) and construct the same type
of figure (Fig. 26), we can see that the correlation between
the medium mass and light mass fragment directions is
reduced. Heavy mass and medium mass fragments are
emitted essentially back-to-back, but the light fragment
angle is distributed more uniformly. We believe this
reflects the increasing importance of early IMF emission
for the events selected in this way. To estimate the multi-
plicity of such intermediate mass fragments, we used the
PPAC intrinsic efficiency given by Wessels [14] and the
geometric efficiency determined by our Monte Carlo
simulation (73%) to correct the data. We estimated the
multiplicity of 5= 4 = 15 fragments by using the detected
three-body events, counting IMF’s 5 < 4 <15 detected by
the PPAC’s, correcting for the net detector efficiency,
and normalizing to the total number of events. Using
this method, we find a multiplicity {Myyr)~1 for
5= A4 =15, a value which is similar to those reported for
similar systems at comparable excitation energies.

From the observed three fragment mass and angular
correlations, the majority of the detected three-body
events appear to proceed via a deep-inelastic interaction
followed by a sequential fission. Similar phenomena have
been noticed by other groups [22].
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