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Fission Time Scales from Prescisson Charged-Particle Multiplicities
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Prescission charged-particle multiplicities, following fusion of ' ' " Er+ Si, have been measured.
The multiplicities at the lowest bombarding energies limit the statistical model level density parameters.
More importantly, the a data restrict the time spent near equilibrium and suggest evaporation occurs
predominantly from larger deformations.

PACS numbers: 25.70.Jj

The role played by nuclear viscosity or dissipation in

the fission process, particularly following heavy-ion
fusion, is currently a subject of great interest. The inabil-
ity of a nucleus to undergo rapidly the large shape
changes involved in fission manifests itself in the unex-
pectedly large number of particles [1-4] and electric-
dipole y rays [5] emitted before scission.

The interpretation of excess particles in terms of the
time evolution to scission is an extremely complex prob-
lem. However, some insight has been obtained from pre-
scission neutron multiplicities (vv„,) evaluated in terms of
a presaddle delay, related to the transient time zt„re-
quired to establish the quasiequilibrium population at the
saddle [6], and the time r„, to descend from saddle to
scission. Particle emission during the presaddle delay is

usually assumed to be associated with the equilibrium de-
formation and aA'ects the fission probability. Within this
simple picture a large body of data on v~„, has been used
to suggest an overall time scale [2] of order 50&&10 ' s,
although the calculations are insensitive to the individual
time regimes. In this Letter we demonstrate that
charged-particle multiplicities limit the presaddle delay
and ofIer some hope of better defining the time evolution.

Multiplicities for protons and e particles have been
measured for fission of the compound nuclei ' Pb, ' Pb,
and ' Pb formed in ' ' ' Er+ Si reactions. The
Australian National University 14UD pelletron, operat-
ing at voltages up to 15.5 MV, was used to provide 1-ns-
wide beam pulses of Si ions, every 106 ns, at energies
between 140 and 185 MeV. The targets were isotopically
enriched, self-supporting foils of =700 pg/cm" in thick-
ness. Fission fragments were detected in three position-
sensitive avalanche detectors, each subdivided into ten re-
gions, and were identified by their energy loss and time of
Aight relative to the beam pulse. Charged particles were
detected in a CsI crystal with a photodiode readout, lo-
cated at either 90 or 150' to the beam direction, and
protons and a s were identified using pulse-shape discrim-
ination. This detector was calibrated using proton and
a-particle beams from the 14UD with energies in the
range 2-24 and 6-36 MeV, respectively. Thirty par-
ticle-fission correlation angles were measured for each
particle type and the fission detectors were arranged such

that both in- and out-of-plane angles were measured.
The geometry is illustrated in Fig. 1.

Multiplicities were extracted from the measured spec-
tra assuming emission from either the compound system
prior to fission or from fully accelerated fragments after
fission. In the case of a emission it was also necessary to
include near-scission emission, a phenomenon well estab-
lished in low-energy fission [7]. Typical examples of the
measured spectra and the fitted components are shown in

Fig. 2. The fits to all thirty spectra are good, implying
that other sources of emission are not important. The
prescission a intensity varies rapidly with spin direction,
determined from the fragment direction, and near-
scission emission is evident at correlation angles near 90'.
The prescission proton and a multiplicities, n~„and a~„,
respectively, for ' Pb are shown in Fig. 3 as a function of
beam energy. A paper describing details of the experi-
mental methods and analysis is in preparation.

Statistical model calculations were performed using the
codes ALERTl [8], PACE2 [9], and JOANNE [10]. Initially
parameters were taken from Ref. [11] where fission cross
sections in the A —200 region were fitted. The level den-
sity at equilibrium was taken as a„=A/10 MeV ', that
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FIG. 1. Schematic arrangement of the fission fragment

detectors (FFD) located in three orthogonal planes which inter-
cept at the target.

1078 Q& 1991 The American Physical Society



VOLUME 67, NUMBER 9 PHYSICAL RREVIEW LETTERS 26 AUGUST 1991

I
I

I
I

500—

i
I

I I
I

I
I

'
I

0

500

0.10—

~J-
I

I
I

I

0

C4
0.05—

0

p 500

0.00 I

I I

I
I

I
I

I

90o 900

0
0

0.05—

20 0

M

10
energy

10 20
alpha energy

30
proton 0 pp i T i l i I i I i I

140 150 160 170 180

FIG. 3. Statistical model fits to a
beam energy (MeV)

s to a~„and x„„data for ' Pb
/.

( eV)

epresentative proton and a-

in FFD h d d 1

sion h

am irection. The res
'

s ectpec ively. The short-dashed
e s own as the dashed

near-sc' ission component Th
or - as ed lines in the a

contributions.
~ ~

s. e solid
spectra show th

lines are the sums of these
e

Ref. [17], the ae ap„, data cannot be re
voking delays to fission.

e reproduced without in-

The Mo
cl

'
e wa

nte Carlo code JOA

d, i i I d
NNE was

e way, clays to fission
presa le region w p

h'" 'h' nu'1
ssion and the

eus is assumed to be co
ion

d 'nl '""1'd ecay is considered.
n the presaddle region statistical

, a i s equilibrium deform o
cu ate using a formalism similar to that

Id=0
I

'
I

(b)
160(a)

160--
-.80

Td

2.00

80

SSC

1.00
20

.--- 20 ——

0
I

. 20

0.00
I

I
I

, 8

0

160 80160
0.10

0.05

SSC

...20

0

0.00 I

160: /'80
/

/
/

/
/

/'

/

. 20

0'

SSC

0.05 .-160

---20

0.00

0
I I

180 140
beam energy (MeV)

140 160 160 180

FIG. 4. Com aris
ties for Pb with th

p on of the ex crim u ip kel-p ental particle mult l

td and & d d
va ues of r,„,with r

e in units of 10 ' s

1079

at the saddle point a =
the rotating finite

in af =a„and fission barriers were from
ni e range model [12].

transmission coeecients T were c
1"oti 1 dl

the diA'erent codes
o e potentials [13 1, 4]. The results of

o es are consistent with

rge -particle multi lic'
1 1va ues at low ener ies a

e

them at high en
energies and underestimat

energies (see F'ig. 3). The
low energies cannot b

he discrepancy at
no e explained in te

on y increase the ca
b

the level densit
may e obtained b c

si y parameters. The fo
y changing the T oI or

rmer are derived
e parameters which p o goo

g ata from Pb at
C'ul' b b""" Th

h'""1 n"'lei 'nd h

'
r. ey are therefore

gn any changes nece
e expected to incr

multiplicities. H
o increase the calculated

owever, the level densit
e used to deer se the mult'

ence the low-ener v

t'nt'n 1' 't thi ing t e ranges of the
pl e re

Th 1 fi'll
' ~ P ~

. [ ],
s na y used were based

d d o 1angu ar momentum. Va
to tll fi

d d idf
mean ssioning an ul

e rom 1.08 at 140 M
ere

MVTh 1va ues also reproduce
evaporation-residue

the experimental
ev

' - '
ue cross sections [16i

fun""n' f g.'ons or zero dela tim
o experiment at the

ever, the d ta a increase with ener c
e .owest energies. H

'dl h h 1 yp

d nay amical constraint C
i ssion proceeds slowl y as a result of

in s. ontrar toy o the suggestion of



9126 AUgVST l9W LETTERPH YSICAL REVIEW

sipn of ~results in

an order o
the suppre

f
eformation

mpre than a
he

1ssipn,
re ipn, t e

e tp n

ntrast to t e
neutron em

he presaddle gjtudc No

limited by p«.

ow 1nCpn . .
v

the ob-
time ~sse '

re roduce e
mum delay

s required to P
'

h &OA

ated in Fig
n functipns a

are illu
d excita ' "

quircs
0, the &p«a p — ' s whereas vp«

R re

v rcpduced wi

d f magnitude
d ta if Parti-

ys almpst
t descriptip

r near its
in a consisten

nucleus at pr
le to pbtain a

nl from the nu
alculatipn.

~

n occurs on y
ed in the c

emission
n as assumedeformation

e consistent
uilibriu

~ „, are
'

excess «
C V re an p« .

ValueS in e
r ~d

—0 t p

~ „, requires
d be made

r
i s whereas &P«

coul
x10

values o
ore comp . f rd and risc g h, n Fig. 5.

atible by t e
iving acceatipns o ~d

'
are sh

The combina
ultiplicities a "

f ~d and

calculatipn o .
n of all multip '

d. the pverall
delays. T e

ass is well r p
gests that

he variation o .
re roduce ',and target

r analysis
ing energy "

nt Thus pur
p ' s and i d is

agreemen
'

time scale is-the pvera
' s.

11 fi sion im

e
lpx 1

an prder o)f m agn itu

imited to-
's almost an

er it is un-
vaiue

.
l st,'mates rl8 .

pf & sc&

. Howe
ver simple

n theoretica es
'

ed from a very
longer than

times, derive
d saddle-to-f thdel in terms o

they each suggess
'

. N verthelessscission tim .e. ev

NUMBER 9VOLUME 67, N

I
I

I

3.00

creaseound-nuc eus decay is
relativ

PACE2, u pot" fpr 'd

value for longer

hat serve
y

1

it would vary m
wou

s more rapiidly an
an ular m

increases
'

n For
h valu'of QT c v

ressio n of fission F
s or

V re and &pre

tes of higher a
dela

les f
Wi

steeper a
allows em
momentum,

thant eore angu ar m
'th delay time

eqer limit to
yp

deformed F0

cles.

T'f
th

&d~rd. an evenn stricter imi

20is comm'i mitted toa die region the
are use .

nucleus 1 mp
p
du"n 'h

1d alculates parsc' . he co ec
' nan ro

e saddle point
assuming t e

f those at the sa
operty of

e ualtot e
the liqui - rp

formation energy,l ding the deformae uefined i'nc u in
d f

1 result, due
g

hd articles. T is

p d pendence u
g P

s
shape e

ies to mo
main

b' ding energie

q
articles in

ion these ecstsaddle regi~ porespectively.

d '"" 'f
d'h b ' f

'n binding
tor ofthe particle decay wi t

100

80—
I

CO

60 —-.

O

40—

20—

I
I
1
I
I
1

1
I
1

1

I
1
1
1

1

1
1
1
l

1

'1

1
1

'l

neutrons
rotons

== alpha particles

0.00
X

I

I
I I

0.05

2.00

F 00

0.00

1920.10
19

0.05—

3020

10 sl

10 40

rors.

(xd

z r
'

to provide ac-
cep a

1 1'"""1ns of sim& arThe separations o

0.00
130

- -- ---
rI. ----r

140 150 160 170 180 190

beam energy (XeV)

inu ip
'

for ' 'Pb (squares) and
192

PF'IG. 6. mu ip
' "Pb (triangles . T e

x]0and ' Pb (dashed line use
x]0—2l

1080



VOLUME 67, NUMBER 9 PHYSICAL REVIEW LETTERS 26 AUGUST 1991

cle emission originates predominantly from nuclei wtth
deformations significantly larger than the equilibrium
value. This conclusion would not be aff'ected if values of
T( appropriate to deformed nuclei were used.

A detailed interpretation of the data must await the de-
velopment of sophisticated models which combine eva-
poration with dynamics. The apparent sensitivity to de-
formation of the diff'erent evaporated particles will be a
useful test of any such development.

"' Present address: Institute of Heavy Ion Physics, Peking
University, Beijing, People s Republic of China.
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