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Inclusive and coincidence measurements have been performed to study symmetric fragmentation
of *Ti binary decay from the *’§ + 'C reaction at 280 MeV incident energy. Element distributions
after binary decay were measured. Angular distributions and fragment correlations are presented.
Total c.m. kinetic energy for the symmetric products is extracted from our data and from Monte-
Carlo model calculations including Q-value fluctuations. This result was compared to liquid drop
model calculations and standard fission systematics. Comparison between the experimental value of
the total kinetic energy and the rotating liquid-drop model predictions locates the angular momen-
tum window for symmetric splitting of *Ti between 33#% and 38#. It also showed that 50% of the
corresponding rotational energy contributes to the total kinetic energy values. The dominant reac-
tion mechanism was found to be symmetric splitting followed by evaporation.

I. INTRODUCTION

Recently, the existence of symmetric or nearly sym-
metric decay of three light systems, '*C+%Ca—3?Fe*,
*Be+*Ca—*Cr*, and °Li+*Ca—*V*, has been estab-
lished in a coincidence experiment.!

In the range of center-of-mass (c.m.) angles 45°—115°
the data suggest an angular distribution ~1/sinf, ,,
which is expected from the decay of a system with a life-
time at least equal to or greater than a rotation period.?
Also, the excitation function for symmetric products from
12C+%Ca is indicative of a fusion-fission—like process.

Total c.m. kinetic energies measured' together with the
rotating liquid drop model (RLDM) calculations>* indi-
cate that the window for symmetric decay is located at
high angular momenta (/~30#). As predicted by the
RLDM,’ the nuclei in question (4~50) are, for /~30%,
strongly deformed. Even they are slightly triaxial (the
Beringer-Knox shape), with the ratio R, /Rpin>2,
compatible with superdeformed nuclei. Recent calcula-
tions® showed that at A4 =56 the inclusion of shell model
corrections results in an even more elongated configura-
tion, R pax/Rmin>3.

In the present experiment we studied the fission channel
for the 280 MeV %S+ '2C—*Tji* reaction. Due to re-
versed kinematics, fragment energies are high (no energy
threshold limitations) and measurements could cover a
wide range of c.m. angles, 30°—170°.

At 280 MeV incident energy the primary decay frag-
ments from *Ti are excited up to about 20 MeV, and lose
a significant fraction of mass, and charge (~10%), by
sequential particle emission. Therefore, the resulting
recoil changes in the primary velocity and direction in-
duce broadening in the measured energy distributions and
correlation curves. Another important effect is the fluc-
tuation of the Q value at the scission point.

In this work both recoil and Q value fluctuation effects
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are treated in a systematic way. Consequently, it was pos-
sible to obtain information on relative probabilities of
symmetric decay of the *Ti nucleus characterized by
fragment to charge ratio 11:11, and its asymmetric decay
defined by the ratios 10:12 and 9:13. We were also able to
select the incomplete fusion-fission channel.

The most probable c.m. total kinetic energy (TKE) of
decay fragments measured in this work provides a new
value for the Viola fission systematics.”®

In Sec. II of this paper experimental details are given.
Problems related to light particle evaporation and the re-
sulting missing charge AZ observed in the coincidence
measurements are discussed in Sec. III. Angular correla-
tion data, presented and discussed in Sec. IV, are con-
fronted with a Monte Carlo simulation model. Angular
distributions of decay fragments are shown in Sec. V.
Properties and fission of the compound system
32§+ 2C>*“Ti* are studied in Sec. VI in terms of the
RLDM. The summary and a discussion are given in Sec.
VIL

II. EXPERIMENTAL SETUP AND PROCEDURE

A beam of 3’87 ions delivered by an ECR (electron cy-
clotron resonance) source, was accelerated up to 280 MeV
in the variable energy cyclotron CYCLONE of the
University of Louvain and focused on a carbon target 0.76
mg/cm? thick. The reaction products were detected by
two AE-E gas-silicon telescopes positioned on rotatable
arms inside a 100 cm diam scattering chamber. The beam
intensity (up tp 200 nA) was limited by the counting rates
of the gas detectors. The rectangular (5X 10 mm?) en-
trance windows of the telescopes subtended solid angles of
~ 1.4 msr and determined an angular resolution of +0.8°.
Solid angles were measured using a source of known ac-
tivity. The energy scale of the telescopes was calibrated at
low energy with an >*!Am source and at high energy by a
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1203+ 1604+ and 3288+ mixed beam of ions with respec-
tive energies 83.0, 106.0, and 221.1 MeV, elastically scat-
tered by a gold target.

The beam charge was collected in a Faraday cup
equipped with an electrostatic suppressor of secondary
electrons and connected to a standard current digitizer.
The correction for effective charge of the sulfur beam
after passing the carbon target was taken into account.’

The E, AE, and time correlation signal between the
telescopes (TAC) were registered on magnetic tapes in an
event by event mode. In measurements where singles and
coincidence events were recorded simultaneously, the sin-
gles data were scaled down by an appropriate factor to
keep computer dead time sufficiently low. The random
coincidence events were always less than 1% of the real
ones.

A typical E vs AE map for products from the reaction
280 MeV %S +!2C is shown in Fig. 1. Ridges correspond
to nuclei with atomic numbers ranging from Z =5 up to
Z =16. Absolute Z calibration was provided by the elas-
tic scattering groups of >C, !0, and 32S ions. The elastic
scattering group of 328 ions is clearly visible in the upper
right part of Fig. 1. The errors introduced in the Z
separation procedure was estimated to be less than 5% for
each telescope. For all the data reported in this paper,
these errors were combined with the associated statistical
errors.

III. MISSING CHARGE AZ

When one looks at an inclusive measurement for a near-
ly symmetric binary splitting of a light system such as
32§ + 12C™Ti*, the presence of products with about
one-half the mass of the compound nucleus does not
prove the existence of a fission process. In particular, for
a large enough incident energy one can even expect signi-
ficant contributions from incomplete fusion evaporation

residues'® or incomplete deep inelastic collision frag-
11

ments. ' Also, no model independent distinction between
61— 32 12

= S+ °C

< E gy = 280MeV
> o =8°

§ 46— lab 8

5

L&

>

Q

o

w

z

w

61
AE, ENERGY LOSS (arbitrary units)

FIG. 1. E vs AE map for reaction products from the 280
MeV 328 4 !2C reaction

symmetric and asymmetric decay modes is possible due to
secondary evaporation. In order to avoid most of the
above difficulties, the main emphasis in this work was on
the coincidence measurements.

Figure 2 presents energy and angle integrated charge
distributions for Z; —Z, coincidences. The diagonal line
given by Z,4+Z,=Zp+Zy=Zcny=22 corresponds to
binary reactions with no charged particle evaporation.
Here, Zp, Zy, Zcn, Z4, and Z, denote, respectively, the
atomic numbers of the projectile, target, composite sys-
tem, and of the detected fragments in the two telescopes.
However, the main bulk of the events are spread around
lines Z,+Z,~20 for nearly symmetric events, and
Z,+Z,~18 for protectilelike and targetlike pairs. Thus
the most probable missing charge Z was found to be 2—3,
which is most likely lost through particle emission from
the excited composite system and/or from any of the re-
action partners. A somewhat smaller total charge loss for
the nearly symmetric products than for more asymmetric
splits was also noticed for the '2C +*’Ca system.!

Recently, *’S-induced reactions were studied on a num-
ber of targets between 'O and ®Ni.!> The average
amount of evaporated charge was found to increase linear-
ly with c.m. energy. Such a feature can be expected for a
fully relaxed phenomenon. Our missing Z value for near-
ly symmetric events agrees well with the above systemat-
ics, without complete exclusion of competition between
fission and particle evaporation processes.!?

IV. ANGULAR CORRELATIONS

In Figs. 3—5 are shown the in-plane laboratory angular
correlations of different Z,,Z, pairs measured with the
two telescopes placed at equal angles but on opposite sides
of the beam direction, 6, =6,.

Figure 3 presents angular correlations between
Z,=9—11 and all residues Z, =5—16 of the complemen-
tary fragments. This kind of presentation facilitates com-
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FIG. 2. Z,-Z, correlation plot. The line corresponds to
Z| +Zz =ZCN=22-
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FIG. 3. In-plane angular correlation 6;=6, between
Z,=9—11 and all residues (Z,=5—16) of the complementary
fragments. The curve is Monte Carlo prediction for symmetric
decay, TKE=32.5 MeV, $§}=25.8 MeV% and Si=S;
=4.12X 1075¢2 (see text).

parison between the inclusion and coincidence data (see
Sec. V).

Figure 4 contains cases later classified as binary decay
followed by light particle evaporation from fully ac-
celerated fragments. Cases classified as evaporation or
emission of light particles before binary splitting are
displayed in Fig. 5. In the following paragraphs we will
explain and justify such a classification.

One can argue that the postscission evaporation should
contribute much more to the cross section than the pre-
scission evaporation. This is based on the assumption
that first chance evaporation or emission of light particles
and corresponding loss of angular momentum should
reduce considerably the probability of symmetric or al-
most symmetric splitting. Some experiments on 2§ in-
duced reaction support this conjecture.!> We therefore
treat the data in the following analysis as if only postscis-
sion evaporation is present. It will also be shown that not
all our data can be explained by this assumption.

Temporarily, we adopt in the following the postscission
evaporation picture. We shall denote in this work all re-
action parameters and cross sections before evaporation
by primed symbols and after evaporation by unprimed
ones.

The first row of data in Fig. 4 presents laboratory angu-
lar correlations for fragments pairs with Z}=Z, and
Z3,=2, (AZ =0). Thecase Z|=11,2Z,=11 is classified
as the symmetric decay; the Z|;=10,Z,=12 and
Z1 =9, Z,=13 cases are classified as asymmetric decays.

The angular correlations are peaked at lab angles
around 20°. For a binary process the main correlation an-
gle 6, =0,=0, is related to the TKE by

4414,
" Ap(Ar+Ap)Ep

2

Ai—4; (1)

tan®6, _—
Ap+Ar

where Ap, A7, A}, and 45 denote, respectively, the mass
numbers of the projectile, target, and primary fragment
nuclei. Ep is the lab incident energy and TKE is the total
Kinetic energy. In this work we assume A;=2Z;, where
i=1or2.

Because the total kinetic energy release is very similar
for symmetric and slightly asymmetric splittings of light
systems (see Sec. VI), the mean correlation angle should
decrease with increasing fragmentation asymmetry. Fig-
ure 6 shows the experimental 6,(AZ) dependence for all
the correlation curves of Fig. 4. The §; values were ex-
tracted from the correlation data using a center of gravity
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FIG. 4. In-plane angular correlation 6,=6, of cases classified
as binary decay followed by evaporation of light particles from
fully accelerated fragments. The curves are Monte Carlo calcu-
lations with parameters described in text (solid line, 4;,=2Z;;
dotted line, emission of additional neutron from heavier frag-
ment; dashed line, emission of additional neutrons from both
fragments).
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FIG. 5. In-plane angular correlation 6,=8, of cases classified
as evaporation or emission of an a particle before binary split-
ting. The solid curves are the corresponding Monte Carlo calcu-
lations according to Fig. 7(a) kinematics. The dotted curves cor-
respond to the prescission evaporation of an a particle [see Figs.
7(b) and 7(c)].

estimation. Inspection of Fig. 6 shows that the 6, —AZ
points are grouped around three different lines labeled a,
b, and c¢. For AZ =0 corresponding to the data shown in
the first row of Fig. 4, the 6; dependence on the asym-
metry of splitting agrees quite well with predictions of
formula (1) within the uncertainties associated to the 6;
determining procedure. The average value of the TKE,
32.3 MeV, was extracted from AZ =0 points. In Fig. 6
the corresponding values of 6, are indicated by arrows.
For each group of points, 6; decreases with increasing
AZ. Tt will be shown by Monte Carlo calculations that
the 6,(AZ) dependence is a consequence of particle eva-
poration from primary decay fragments. Therefore, we
classify all points corresponding to line a as the sym-
metric decay and all points corresponding to lines b and ¢
as the asymmetric decays.

It should be remembered that evaporation of light par-
ticles is a statistical process. The total missing charge AZ
is to be distributed among two fragments with quite a
large variation. The final mass distribution must have
larger variance due to neutron evaporation. Consequently,
each correlation curve classified in Figs. 4 and 6 as be-
longing to definite primary asymmetry may have some
admixture of other contributions. However, reasonably

o N 1
22-%. ~ 10 12
123 a9 13
$'20-
L= (S
bas]

A7

FIG. 6. Position of 6; vs AZ dependence for correlation
curves from Fig. 4. Arrows indicate the predictions of 8 for an
average value of TKE=32.3 MeV.

good separation of the points grouped around lines a, b,
and c in Fig. 6 indicates that such contributions are not
too significant. Another regularity seen in Fig. 4 is the
broadening of the correlation curves with increasing AZ.
Due to this broadening the tails of the two maxima al-
ways present in the correlation curves at 6;=60,=6, and
0,=0,=0° contribute to an increase of the observed cross
section in the angular region between 0° and 6, for large
AZ.

A. Monte Carlo calculations

In order to gain a quantitative understanding of the
maxima shifts and the broadening of the correlation
curves, Monte Carlo calculations have been performed.
Application of this method enabled us to avoid difficulties
in the lab to c.m. transformation which are expected for
binary reactions of light systems in the presence of parti-
cle evaporation.!

The calculations were performed in velocity space [see
Fig. 7(a)] where Vj is the velocity of the composite sys-
tem, and V| and V) denote the initial c.m. velocities of
fragments 1 and 2, respectively. V} and V5 were calculat-
ed for a given TKE and a primary mass asymmetry. The
Q-value fluctuations at the scission point given the distri-
bution of the c.m. kinetic energies around the average
value TKE. This distribution was approxnmated by a
Gaussian functlon with a variance SQ—25 8+3.2 MeV2
This value of SQ was calculated from the rotating liquid
drop model (see Sec. VI). In our calculations a random
number generator gave the initial directions of the frag-
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FIG. 7. Velocity vector diagrams for (a) postscission evapora-
tion of light particles, (b) prescission evaporation of light parti-
cles, and (c) incomplete fusion followed by fission and finally
evaporation from fragments.
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ments according to an assumed c.m. angular distribution
do/dQ~1/sinf], where 6] is fragment 1 angle in the
c.m. system. To determine the c.m. average recoil veloci-
ty v/ =1 or 2, for a given fragment, a Gaussian
probability distribution was assumed for each Cartesian
component with a corresponding variance S? (for more
details, see Ref. 14). This variance should increase both
with the increasing number of evaporated nucleons, A4,
and the decreasing mass A; of the evaporating fragment
(larger recoil). The dependence on A4 may be understood
in analogy to a random-walk problem, previously solved
by Smoluchowski for Brownian motion.!* In a random
walk the average distance from the starting point is pro-
portional to the square root of the number of steps. In
our case consecutive steps correspond to the consecutive
nucleon evaporations from the fragment.

Both dependences are combined in the formula derived
by Lide:'¢17
AA;

S2=K————T,
! (A —AA;)?

) (2)

where AA; denotes the total mass evaporated by a given
fragment with an initial mass A4; and the nuclear tem-
perature T; defined by'’

172
E!

Ti= ’ (3)
a

where E is the excitation energy of the fragment as-
sumed proportional to its mass A4;, and a =(4;/8)
MeV~! is the level density parameter. Due to Q-value
fluctuations at the scission point, TKE and, consequently,
fragment excitation energies are given by separate distri-
butions. The excitation energy distribution was replaced
in our calculations by an average value E*. The resulting
additional broadening is represented in Eq. (2) by a
phenomenological factor K. The angular distribution of
recoil velocities v/ was assumed to be isotropic. As the
intrinsic spin of each fragment can be assumed to be
~2#, an eventual focusing in the reaction plane can be
neglected (see Sec. VI). Values of S7 deduced from Eq.
(2) are in reasonable agreement with data obtained for
fusion evaporation residues and with the Monte Carlo
Hauser-Feshbach calculations.!* The final velocity of a
fragment in the lab system is given by

V;=Vo+V;+ Vil (4)

This Monte Carlo model has three free parameters: the
primary mass asymmetry A)/A45, the total c.m. kinetic
energy TKE and the parameter K. Asymmetry 4]/A4)
was assigned for each case according to the classification
given in Figs. 4 and 6. Values of the remaining two pa-
rameters, TKE=35.1+1.5 MeV and K=2.24+0.4, were
obtained from fits to the correlation curve Z;=2Z,=10
(AZ =2), which has the largest cross section in the group
of symmetric splittings.

The average temperature T; of fragments was found to
be 2.26, 2.66, and 2.30 MeV for corresponding primary
mass asymmetries =, 2, and 1, respectively.

Angular correlations calculated from this model [Fig.
7(a) kinematics] are plotted by solid lines in Fig. 4. The
overall good agreement may be observed. For some cases
it can be improved by adding neutron evaporation, as in-
dicated in some Fig. 4 cases by dotted and dashed lines.
The neutron evaporation was included by modifying AA4;
in formula (2).

Figure 8 shows contributions to d%c/dQ,dQ, from the
detector angular acceptance (dotted curve), combined ei-
ther with the Q-value fluctuation (dashed line) or the eva-
poration recoils effect (dotted-dashed line). The three
combined effects are shown as a solid line. As one can
see, these contributions not only broaden, but also shift
the maxima of the angular correlation curves and even
change their shapes.

Not all experimental angular correlations could be
clearly classified in Fig. 4 according to the proposed sys-
tematics of Fig. 6. Figure 5 includes such cases with
AZ =4 and 5. Here solid lines represent Monte Carlo
predictions following Fig. 7(a) kinematics. One can notice
the large discrepancies with the data. As another
kinematical assumption, we also studied the prescission
emission of an a particle. In this case two different
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FIG. 8. Contributions from the detector angular acceptance,
the Q-value fluctuation, and the evaporation recoils to the
overall shape of the correlation curve. S? values are to be read
in 10~%c? units. S} is expressed in MeV? units.

mechanisms were proposed following Figs. 7(b) and 7(c).
The first assumes prescission a particle evaporation from
the compound system sequentially followed by a fission
process and light particle evaporation from the nascent
fragments. The second supposes the breakup of the '*C
target nucleus followed by an incomplete fusion mecha-
nism, then fission and finally evaporation from fragments.
Here the o particle from '2C breakup is treated as a spec-
tator. Both kinematic hypotheses (dotted line) gave simi-
lar and overall comparable agreement with the experimen-
tal data, at least better than the solid line.

It should be pointed out that in these Monte Carlo cal-
culations a 1/sinf] angular distribution shape was as-
sumed for the primary fission fragments, which resulted
in good agreement with the experimental data over a
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whole range of laboratory angles from 8° up to 30°. This
roughly corresponds to a range of c.m. angles of 30°—170°.

B. Cross sections

In order to evaluate angle integrated cross sections of
binary fragmentation processes, we have normalized the
Monte Carlo predictions to experimental angular correla-
tions of Figs. 4 and 5 according to the procedure
described in Ref. 1. The results are listed in Tables I and
II. They give partial cross sections for particular splitting
pairs. Quoted errors reflect the experimental errors on
data points (see Sec. II) and the statistical error of the
Monte Carlo procedure.

In order to obtain cross sections for different modes of
primary splitting of ““Ti, we have summed up cross sec-
tions for particular pairs corresponding to symmetric and
asymmetric modes, respectively. Figure 9 presents a
charge spectrum of primary splitting. For symmetric
splitting it displays the cross section value of column 4 of
Table I and, for asymmetric cases, the corresponding
values divided by 2 in order to avoid double counting. As
seen from Table II, the contributions from the prescission
mechanism are as small as expected.

V. ANGULAR DISTRIBUTIONS

Figure 10 shows the inclusive lab angular distributions
for individual Z values between 7 and 13. Unfortunately,
in this case the associated reaction partner(s) is (are) unde-
fined; thus we are unable to evaluate effects such as the
postscission or prescission evaporation or emission of
light particles. Consequently, we are unable to assign an-
gular distributions from Fig. 10 to particular fission
modes as they were defined in Sec. IV. However, in order
to check once more the consistency of our data analysis,
we have compared cross sections from inclusive and coin-
cidence data from the Z =9, 10, 11 bins which complete-
ly cover the region of symmetric splitting and partially
the region of asymmetric splitting (Z; =10, Z5=12). As

TABLE 1. The cross sections for pair correlation and summed up cross sections corresponding to
symmetric and asymmetric modes of decay of the postscission picture of the reaction.

2

(4,Z}) pairs (4;,Z;) pairs o % (mb) o, .. (mb)
172 AIAZ
(22,11) (22,11) (22,11 (22,11) 0.009+0.003 0.89+0.16
(20,10) (22,11) 0.21 +0.06
(20,10) (20,10) 0.39 +0.12
(18,9) (20,10) 0.28 +0.09
(20,10) (24,12) (20,10) (24,12) 0.012+0.005 2.35+0.40
(18,9) (24,12) 0.31 +0.09
(18,9) (22,11) 0.27 +0.09
(16,8) (22,11) 0.86 +0.26
(16,8) (20,10 0.90 +0.27
(18,9) (26,13) (18,9) (26,13) 0.007+0.002 2.30+0.49
(16,8) (26,13) 0.21 +0.06
(16,8) (24,12) 1.07 +0.36
(14,7) (24,12) 101 +0.33
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TABLE II. The cross sections for pair correlation corre-
sponding to symmetric and asymmetric decay modes for the
prescission picture of the reaction.

' ' R R lez
(A;,Z;) pairs (A;,2Z;) pairs T4, 4, (mb)
(20,10) (20,10) (18,9) (18,9) 0.04+0.01

(16,8) (18,9) 0.08+0.02
(16,8) (16,8) 0.17+0.05
(16,8) (24,12) (14,7) (22,11) 0.1410.04
(14,7) (20,10) 0.12+0.04

coincidences, we have taken here the bins between
Z,=9-11 and all the associated residues with charges Z,
between 5 and 16 (Fig. 3). The corresponding inclusive
angular distribution is shown in Fig. 11. The solid lines
in Figs. 3 and 11 sketch the prediction of the Monte Carlo
calculation, with TKE=32.5 MeV and 5§ =25.8 MeV?,
both values being the same as in Sec. IV. The variances of
the recoil velocity distribution could not be calculated
from Eq. (2) because for inclusive data the values of A4;
are unknown. The variances, treated here as free parame-
ters, were found to be 7 =52=4.12x10"5¢2. For com-
parison, values of S/ calculated from Eq. (2) for cases
presented in Fig. 4 are 115X 107%¢2,

The overall shape is in fair agreement with the experi-
mental results, except at small angles, where the inclusive
data indicate some excess, probably resulting from other
reaction mechanisms.

A normalization of Monte Carlo predictions to experi-
mental data from Figs. 3 and 11 provides total cross sec-
tions of 6.1+1.3 and 9.4+1.1 mb, respectively.

VI. ROTATION LIQUID DROP MODEL
CALCULATIONS

Results of this work for the **S + '2C binary decay reac-
tion together with observations made for other light sys-
tems,! 46<A4 <52, may be indicative of a fusion-

BZS + 12 C'—’M'Tli’blnory
decay
280 MeV

a(z,)(mb)

- N W
T

Pt

1 1 1 1 1

9 1 B 7

FIG. 9. Z spectrum of primary splitting process of “Ti.
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FIG. 10. Inclusive laboratory angular distributions for indivi-
dual Z values.

fission—like mechanism conveniently described in terms
of the rotating liquid drop model.

In the 32S+'2C reaction the colliding system at 280
MeV incident energy becomes excited, very soon after
contact, to energies over 70 MeV, where shell effects are
expected to vanish. In the absence of such effects a liquid
drop leptodermous expansion of the energy of a nucleus-
like system is fairly well reproduced down to very small

3ZS+1ZC
280 Mev
60 } 2=9,10.11
EER
%—40- {
>
=)
20+ 3
:

10 20 30
0O (deg)

FIG. 11. Inclusive angular distribution for Z =9, 10, and 11
bins.
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mass numbers (see, e.g., Ref. 18, Fig. 12 and Ref. 19, Fig.
25).

In our RLDM calculations we used the simple parame-
trization of nuclear shapes following Ref. 3, with distance
variable

r

P=Ri+R;’
neck variable
d,+d
=t (5)
R +R,
and asymmetry variable
R,—R
A=—1"1
R;+R,

The Ry, R,, d,, d,, and r parameters are defined accord-
ing to Fig. 12. The nuclear shapes are assumed to be axi-
ally symmetric and correspond to two spheres modified
by a smoothly fitted portion of a quadratic surface of re-
volution. Such simplified parameterization gives reason-
able agreement with the liquid drop model of Cohen,
Plasil, and Swigtecki.**

Figure 13 shows locations in the (p,A) plane (A=0) of
some of the saddle points (crosses) together with some of
the local minima of the RLDM potential (dots). Such
minima may be interpreted as shapes of the compound
system 328§+ '2C—*Ti for consecutive values of angular
momentum L. The model predicts that there are no
stable “Ti nuclei with angular momenta higher than 434,
in agreement with the calculations of Wilcke et al.?® As
seen from Fig. 13, saddle points of **Ti are located quite
close to the scission line.

As an example, the bottom part of Fig. 14 represents a
(p,A) (A=0) map of the RLDM potential E,, for
L =36# in the vicinity of the saddle point. The position
of the scission point is marked by a cross.

The RLDM energies of the nucleus at saddle and scis-
sion points determine the effective reaction Q value and
the total kinetic energy of fission fragments. The TKE is
given as

FIG. 12. Parametrization of the nuclear shapes.

A “r

FIG. 13. Location in the (p,A) plane of some of the states of
the compound nucleus, “Ti (dots), together with some of the
corresponding saddle points (crosses).

TKE=E&(int) + E, o + Exin » 6)

where Eg(int) is the Coulomb interaction energy of frag-
ments at scission point, and E}g, ) is the rotation energy

(MeV) g 2

663 L =36h 135
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66.1 |- 133
66.0|- 132
659 |- 31
1 I 1 I L . n >
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A
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045 -

1.65 170 175 p

FIG. 14. Map of the RLDM potential, E,, in the (p,A)
plane (A=0) for L =36#i in the vicinity of the saddle point (bot-
tom part). Behavior of E,, (solid line) and of corresponding
TKE (dashed line) as a function of the distance along the saddle.
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of the relative motion at scission. The translation kinetic
energy gained by the system between saddle and scission
points is denoted E,;,. The E&(int) is given by numerical
integration, while E}; o+ Eyi, may be obtained by the
total energy conservation of the system between saddle
and scission points. Finally, one obtains

TKE= E&(int)+ E®, o + E* — E°
+EE—EE+E 1 —Eo1
+E o2 —Etot,2 — Ediss - )]

Here, E?, E°, E&, E¢, Eo, i, and Ej, ; are, respective-
ly, the surface, Coulomb, and fragment intrinsic rotation
energies at saddle and scission points; Ejo; o and E g
denote the saddle relative rotational energy and the dissi-
pated energy of the system in its motion from the saddle
to the scission point.

The TKE may be calculated from Eq. (7) with different
degrees of accuracy. The surface, Coulomb, and fragment
intrinsic rotation energies at scission and saddle points are
very similar and E is nearly zero since the distance be-
tween these two points is small, as stated earlier. Conse-
quently, in a first approximation,

TKE~E(int) +E§'ca:t,rel . ®

All but the last component of Eq. (7) can be obtained
from the rotating liquid drop model. In order to calculate
E g, one has to solve a dynamical equation of motion
with a proper energy dissipation function. One possible
approach is presented in Ref. 3. For L =36#, E 4;,=0.7
MeV.

In Fig. 15 the fragment total c.m. kinetic energy from
“Ti symmetric fission predicted by Egs. (7) (solid line)
and (8) (dashed line) is presented as a function of the total
angular momentum L. Since the saddle-to-scission ener-
gies are negligible here [see Eq. (8)], the TKE is mainly
the sum of the Coulomb, E&(int), and relative rotational
motion, Eg ., energies, which are also shown. The
hatched band in Fig. 15 represents the measured
TKE=32.5+1.5 MeV. The liquid drop total kinetic en-
ergy curves increase with L and cross the experimental
band, suggesting an angular momentum window for fis-
sion from 337 to 38%4. Within this window the Coulomb
and rotation components of the total kinetic energy are of
equal importance.

It is worth mentioning that within this window most of
the angular momentum is carried by the orbital motion of
the fragments and only 12% is contained in spins of the
two fission fragments. This value comes both from the
RLDM (Ref. 3) and dynamical calculations (Ref. 4) and is
supported by y multiplicity measurements.?!

The total kinetic energy depends very little on the ini-
tial asymmetry. For A4}/A5=3> and 3¢ the difference in
TKE is smaller than 0.2%.

The RLDM provides not only the mean value but also
the distribution of the TKE. In the fission process the ex-
citation energy of a system goes into collective degrees of
freedom, inducing, finally, an increased deformation at
the saddle point. The upper part of Fig. 14 shows a near-
ly parabolic behavior of E,, as a function of the distance

{MeV. T
L — TKE (eq 7)
77 --~TKE (eq .8)
30F
o Efot , rel
0L — s == £ (int)
101
i 1 { L L

L (f)

FIG. 15. The total kinetic energy of the fission fragments
from *Ti predicted by Egs. (7) (solid line) and (8) (dashed line)
vs total angular momentum. The hatched band represents the
measured TKE. The separate contributions for the Coulomb
and rotational energies are also given.

along the saddle (solid line). Fission occurs not only at
the minimum of E, but also in its neighborhood due to
the nuclear temperature T at the saddle. This causes fluc-
tuations of the fission Q value and results in a distribution
of TKE. As seen in Fig. 14, a relatively small fluctuation
of E, results in a much larger fluctuation of the corre-
sponding TKE, the latter being the sum of the Coulomb
and rotation contributions (dotted straight line).?>?* Ac-
cording to Ref. 23, the variance of the TKE distribution
may be written as

og=3pT, ©)

where p=c?/k is an amplification factor. Here, k is the
curvature of the parabola (solid curve) and c is the slope
of the straight line (dashed line). The value of O'ZQ es-
timated this way for L =36 is equal to 25.8+3.2 MeV2.
Within the angular momentum window it varies between
23.1 and 27.2 MeV? (see Fig. 15).

It was shown?® that the shape of the mass distribution
is related to the E|, dependence on asymmetry at the
saddle point. Figure 16 presents shapes of the potential
energy of the *Ti compound nucleus as a function of A
for consecutive values of L. For L >30% a minimum in
the potential energy is seen for A=0 and, as a conse-
quence, one can expect a maximum yield at A =0 for such
partial waves. On the other hand, a maximum in the po-
tential energy is present at A=0 for L < 30# and, conse-
quently, such partial waves should exhibit a minimum
yield for A=0. It is reasonable to believe that a flat mass
distribution should be a consequence of a flat potential en-
ergy curve versus A. This is in complete agreement with
the experimental Z distribution measured in this work
and displayed in Fig. 9. As seen from Fig. 16, this
L =30# angular momentum is close to the values of the

angular momentum window found from comparison with
the TKE.



34 ELEMENT DISTRIBUTIONS AFTER BINARY FISSION OF “Ti 521

44
T
72 P L
L=60h -
2] SN
70 |
] AL
el
s 2
Sesl oo B
7F
>7] 20h
si
50"
| 1 1
-07%6 -008 O 008 016
A

FIG. 16. Shapes of the potential energy of the “Ti compound
nucleus as a function of A for consecutive values of L.

VII. SUMMARY AND CONCLUSION

The coincidence measurement presented and discussed
in this study clearly established the symmetric and nearly
asymmetric binary fragmentation of the *Ti nucleus
formed in the 32§+ !>C reaction at 280 MeV incident ener-
gy.
A Monte Carlo procedure has been applied to describe
the reaction mechanism in the presence of high excitation
and secondary evaporation. It successfully described the
fragment, Z, angular correlations assuming a symmetric
or slightly asymmetric splitting, 1/sinf| c.m. angular dis-
tribution, and a postscission or prescission emission of
light particles. Both recoil effects and Q-value fluctua-
tions were treated in detail.

It was found that the dominant reaction mechanism is
the postscission evaporation, in agreement with previous
results obtained for similar light systems.!

The most probable total c.m.

kinetic energy

TKE=32.5+1.5 MeV of decay fragments measured in
this work provides a new value for the standard fission
systematics. The first Viola paper’ provides, for our case,
the value of 36.9 MeV, but the recent value of Viola
et albis 23.6 MeV.

Comparison between the experimental value of TKE
and the RLDM prediction locates the angular momentum
window for symmetric splitting between 33# and 38%.
This is very close to the value of 307 at which the RLDM
potential energy curve shows a flat dependence on the
mass asymmetry, in agreement with the flatness of the ex-
perimental element distribution.

The RLDM predicts that most of the initial angular
momentum in this reaction is converted to the orbital
motion of the nascent fragments. Consequently, the rota-
tion energy contributes about 50% to the total kinetic en-
ergy (TKE) of the fragments. This may explain the
discrepancy observed between the experimental TKE
value and the prediction of the Viola systematics.

However, it should be stressed that all the quantitative
conclusions of our calculations are likely to be affected to
some extent by refinements of the RLDM. These refine-
ments may include, in addition to the shell effects which
seem to be unimportant at such an excitation energy, both
the finite nuclear interaction and the temperature depen-
dence of the liquid drop model parameters.

Estimation of nuclear temperature effects is complicat-
ed and only few developments were achieved in this field.
For example, in Ref. 24 a temperature of 3 MeV is es-
timated to lower the fission barrier of a compound nu-
cleus by about 10%.

We tested the influence of the finite nuclear interaction
at the saddle and scission points with the modified
RLDM by Krappe et al.?® This effect shifts the angular
momentum window down by 3.

It should be pointed out that our data can also be inter-
preted as statistical emission of intermediate-mass frag-
ments from an excited composite system. Such a mecha-
nism has been recently proposed by Sobotka et al.?® for
the reaction 90 MeV 3He+"*Ag. However, it has been
suggested that the statistical emission of intermediate-
mass fragments, as well as the fission along the mass
asymmetry coordinate, can be treated in an equivalent
way. 2?7
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