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A two-body final state with a mass distribution centered about half the mass of the compound system and
with an average kinetic energy distribution equal to the Coulomb energy of the final system is observed

following the fusion of "Cl with 'Al at 170 MeV incident energy. Such a process is consistent with the onset
of a fissionlike process resulting from the lowering of the rotating liquid drop fission barrier as a function of
angular momentum.

NUCLEAR REACTIONS, FISSION Cl+ YAl fusion, E=170 MeV; measured frag-
ment-fragment (E; A).

It is well known that the s-wave fission barrier
is well above the particle emission threshold for
nuclei with A ~ 210. However, cross sections in-
terpreted as fissionlike processes have been ob-
served for medium' and light' mass systems
formed in heavy-ion reactions. A lowering of the
fission barrier B& with increased angular momen-
turn has been suggested as an explanation of such
fission widths. "

The present communication reports data for the
"Cl+ "Al system at Ec,(lab) =170 MeV in which
the energy and mass of one particle are measured
in coincidence with the energy of the second parti-
cle. These coincidence measurements indicate a
two-body final state with kinetic energies corre-
sponding to the Coulomb separation energy of the
two fragments. The mass distribution of the two
correlated fragments is symmetric about half the
mass of the composite system. Such data support
the suggestion' ' that a fissionlike process corn-
petes in the deexcitation of the compound system
when sufficient angular momentum is present.

The experiment was performed using the "Cl
beam of the Brookhaven tandem facility and an
800 gglcm' self-supported foil of natural Al. The
time-of-flight (TOF) system' and the data acquisi-
tion and analysis techniques ' are described else-
where. Two-dimensional plots of laboratory ener-
gy ETOF vs mass for the TOF singles data are
shown in Fig. 1. At the forward angle 7.2'(lab)
[Fig. 1(a)] the elastic peak, along with neighboring
quasielastic mass lines and the fusion group

(A =49-58), dominates the spectrum. At 20' in
the lab there is still a remnant of the elastic peak
and the fusion products. In the 20' spectrum, how-

ever, a significant cross section is observed over
a wide range of particle energies and masses
(19 ~A s 44) centered about A =31, which is half
the mass of the "Zn compound nucleus. There are
also reaction products of mass 44-52 that prob-
ably correspond to a compound system which has
evaporated more than two n particles. A coinci-
dence measurement between the two final-state
particles distinguishes the events which belong to
fusion proceeding to multiple light particle evapo-
ration from those corresponding to fusion fission.

The energies of particles in coincidence with the
events in the TOF spectrometer were measured
using" second silicon surface-barrier detector to
cover all possible two-body kinematic coincidence
angles for a given TOF angle defined to +1'. The
coincidence events are shown as a function of the
recoil energy in the second detector (E„vs ETor)
in Fig. 2(a) (e»r= 15' lab). Also shown in Fig.
2(b) is the corresponding E»r vs M plot. In the
mass spectrum, the fusion group and the lower
mass higher energy continuum of interest are
clearly distinguishable. When the fusion group is
removed from the TOF spectrum by setting an
upper level discriminator on the mass signal (in-
dicated by the vertical line and cross-hatched
area), the portion of the E„vs E»~ coincidence
spectrum indicated in Fig. 2(a) by the cross-
hatched area disappears. Consequently, these cor-

14 334



TWO- BOD Y FINAL- STATE COIN CIDEN CE ME ASU REMEN TS. . . 335

l60-

I 00-

80-

40-

20-
LL.

Z~

UJ

30

25
get

~ ~

MASS = 2000

~0

~ ~ ~ ~

~ H ~00\
g

~0 ~ ~ ~
~ ~

~ ~

000~\

~ ~~ ~

gss

SYMMETRIC
FISSION MASS

I35
:,:Ii, Pgq

"j»!I'.j)OI 1 I

~ te ~ I ~ ~~I

gtI g
a

g
g

~ ~
0

Hee
~ 0 ~~ ~00

0

8),b
= 7.2'

~ ~0
~0

I
I

~ ~

~
il

0

!
0 00

~ ~

g ssit 0 'i

~ ~

ts
t e,

gt
~ ~0'
tsg

0 ~

~ ~I ~
I

~ 1
~ ~ 10

I~ '

~~ gs
~0

~01~~ gs ~~ H

I

g
~ ~ ~~ ~~0

~i .gi H

40

0 "t Ot t

~H

J i„s' " ii.i'!

I SHS ~ ~ 00 ge
~ ~ 000 ~

g
~ sg

~ ~0 0gl

~0 ~ ~001 ~ ~

~1

I 01 ~
~ 00~ ~ ~

4000 ~ ~ 00

Iii.- g
~1 gL ~ Is

ig

tg

g

~

» gs ~
~ ~ 00~ H ~ I

$ IE!,',':'.,:.:

. COMPOUND'i gLH ~

NUCLEUS
~ ~

~ ~I

0
g ~

~ ~

~i t I» sg I 00 ~I~g 0
00 t»0

l20—

IQQ—

80-

MASS = 20

~ He
~ t~0

~ ~

0

00

~ ~ e ~ H
t'. . I

g
~

~ i is

~ st
~ ~

~ ~

~ ~

~ t ~0
~0

~ ~

~ t

~ ~

0
~ ~ ~

~ ~
~ ~

~ ~ 00 ~
~ ~~ ~

~ ~

~ ~
I ~

)
~

~0

~ 0

~ ~
~ ~~ ~

~1 I'

~ ~
~ 0

50

el b= 20'

00
~ ~

~ 0~ ~
~ Sge 0

SYMMETRIC
FISSION MASS

~00 ~

~ ~ ~

~\

0 '~

~ 1
~0

~ ~ ~~ ~
~ 0

~ ~ 0~ ~0 ~I
~0 ~

0 0 0
I

~0
~ 0

~ g

&I~

I
~ ~

I

0
I

~0

\ ~

0 ~ ~

20-

20 40 60
I l I

80 IQQ l20

CHANNEL NUMBER

I40 l60 I80 200

FIG. 1~ Comparison of ETpf Jab) vs ~ p'& mass) spectra for 170 MeV Cl incident on Al at lab angles of (a)
7.2' and (b) 20 . Mass lines established as described in Ref. 6 are shown. The compound nucleus and symmetric fis-
sion masses are indicated.

related low energy events observed in the E~ vs

ETpp spectrum correspond to the light partielesa
emitted in the deexcitation of the fused compound
SyStems

An E„vs ETpF coincidence spectrum obtained at
8»r = 25'lab (where essentially no fusion products
were detected) and its corresponding mass spec-
trum are shown in Fig. 3. The measured energies
of the two coincident fragments as a function of
mass, are in agreement with the kinetic energy
centroid for two fragments separating with the
Coulomb energy in the center-of-mass system.
The calculated centroid-energy curve is shown as

solid line in Figs. 3(a) and 3(b). The Eror vs M
spectrum is centered about A =31, which is the
symmetric fission mass of the ' Zn compound sys-
tetn [see Fig. 3(b)].

Two-body final states having a mass distribution
centered about the symmetric breakup mass of the
composite system and with an average kinetic en-
ergy distribution of the Coulomb energy of the
final system are characteristic of fission. The
present datae do not distinguish between the fission
of a fully equilibrated compound system and pre-
equilibrium fission. The observed fission, how-
ever, can be understood in terms of the fission
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FIG. 2. (a) Ez(lab) vs ETO„(lab) coincidence spectra
for 170 MeV Cl incident on Al at 8TOF =15' lab. (b)
Corresponding ETO& (lab) vs M spectra for events which
are in coincidence with the recoil detector 0& ——28—72'
lab. When an upper level mass discri~&»tor is set as
shown by the cross-hatched area to eli~&~~te the fusion
products from the ETo„vs M coincidence spectrum,
the low energy TOF recoil events [cross-hatched area
in Fig. 2(a)] are eli~i»ted.
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barrier of a rotating liquid drop. '4 The liquid
drop fission barrier calculated for the present
case using the code ALICE '" is shown as a func-
tion of angular momentum l in Fig. 4. Also shown
are partial cross sections o, vs l for 145.6 and
170 MeV "Cl on "Al (F., = 63.4 and 'l4.0 MeV,
respectively). Fission should compete with parti-
cle emission for those partial waves where the
fission barrier is comparable with the lowest par-
ticle emission threshold plus the Coulomb barrier
for particle decay. Indeed a fission cross section
-l.5% of the total reaction cross section is predicted

FIG. 4. Predicted partial cross section population o;
as a function of l for 145.6 and 170 MeV 35Cl incident on
YA1. The partial fission cross section of predicted from

the competition between particle evaporation and fission
through the rotating liquid drop barrier (shown as a
function ofl by the dashed curve labeled Bf) also is
shown for 170 MeV. The values of of are the product
of the ratios of fission to total decay widths lf / I'&„and

(+f / I l l was calculated using the code AucE —see
Refs. 4 and 10.) Therefore, second chance fission
(which would be negligible in the present case near the
fission threshold) is not included in of. The excitation
energies of the n, p, and u particle emission thresholds
in 6 Ni are indicated by B„, B&, and B~. The cross
section scale on the left hand side of the figure applies
to o& and of, whereas, the energy scale for Bf, B~,
B&, and B~ is shown on the right hand side of the figure.
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FIG. 3. (a) Ez(lab) vs ETOF(lab) coincidence spectrum and (b) corresponding ETO„(lab) vs mass spectrum for 170
MeV Cl on Al (OTOF=25', 8z =28-72'). The predicted coincident laboratory kinetic energy centroid and ETO„(lab) vs
mass centroid for two fragments separating with the Coulomb energy of two touching spheres is indicated by the full-
drawn lines in (a) and (b), respectively. A radius 1.3(A, +A2' ) was assumed in the Coulomb energy calculation.
The predicted kinetic energy centroids shown have been corrected for kinematics and energy losses in the target and
in the TOF system.
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for the present system at an incident "Cl energy
of 170 MeV (see Fig. 4). For Eo, =145.6 MeV, a
much smaller fission cross section is predicted,
since those partial waves for which fission com-
petes are not populated. Such fissionlike cross
sections were not observed in similar TOF data
measured for this system at incident energies up
to 145.6 MeV.

Note added in proof: We should like to thank
M. Blann for pointing out an error in the normal-
ization of I'f in the code ALICE which cIIanges the

present values for the calculated fission cross
section from those previously reported. " Data in
which the mass of one fragment is measured in
coincidence with the charge of a second fragment
have recently been reported" establishing a fis-
sionlike binary mass division for the composite
system formed by 140 MeV "S incident on "Ti.

We would like to thank the authors of Ref. 2 for
discussing the results of their work with us prior
to publication.
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