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Charged particle multiplicities in heavy-ion-induced fission
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Pre- and post-scission protons and a particles are measured in the ' 0+ ' 'Au, ' F+ '"Ta, ' 'Au and
Pb, and Si+ ' Au and Pb reactions in the compound nucleus excitation energy range of 43 to 117

MeV. The angular correlation measurements between a particles and fission fragments suggest that the
pre-scission a particles seem to be mainly emitted from spherical compound nuclei or nuclei in an early
stage of the fission process before saddle. The pre-scission multiplicities of protons and a particles are
compared to the statistical model calculations and are reproduced by assuming the ratio af /a„of the
saddle point deformation to the ground-state deformation within the limit of 1.00 to 1.02. The post-
scission protons and e particles are consistent with the evaporations from the fission fragments whose
excitation energies are considerably reduced by the pre-scission neutron emissions.

PACS number{s): 25.85.Ge

I. INTRODUCTION II. EXPERIMENTAL METHOD

The time scale for excited heavy nuclei which result
from a heavy-ion-induced fusion reaction to undergo
fission has been studied extensively by measuring multi-
plicities of neutron [1—11], charged particles [12—15],
and electric dipole y rays [16—18]. From these, it has
been inferred that the fission dynamics is a relatively slow
process (10 —10 ' sec) even when the reaction leads
to highly excited compound nuclei [10]. The fission time
scale is generally believed to consist of two major parts:
the transient time for the initial configuration to reach a
stationary value at the saddle point and the descent time
from saddle to scission. Thus it is very desirable to study
both of these parts to better understand the fission dy-
namics. Although results from neutron and charged par-
ticle measurements are both useful to the time scale issue,
owing to the added Coulomb repulsion, which can
significantly affect the energy and direction of charged
particles emitted in the early phase of fission, charged
particie measurements can provide information pertain-
ing to the first part of the fission time scale that is either
difBcult to obtain or unobservable from neutron results.

In this article we present the energy and angle distribu-
tions of protons and a particles observed in coincidence
with fission fragments that result from fission of com-
pound systems formed by

' 0, ' F, and Si bombardment
of selected heavy targets at a number of energies with an
emphasis on the time scale. Some parts of our findings on
these systems have been published previously [19,20].
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TABLE I. Target thicknesses and bombarding energies used
in the present experiments.

Reactions

16O+ 197A

' F+' 'Ta
' F+' Au
»F+»8Pb
"Si+'"Au

8Si +z08Pb

Target thickness
(mg/cm )

1.2
0.8,1.2

1.2
0.78

1.1,1.2
0.78,1.6'

Bombarding energies
(MeV)

94.0—149.3
109.1-162.0
92.0—162.0

114.6—162.4
147.2—194. 1

156.7—188.8

'With carbon backing of 10 pg/cm'.

Protons and a particles were measured in coincidence
with fission fragments for the ' 0+' Au; ' F+' 'Ta,

Au, and Pb, and Si+' Au and Pb systems at a
number of incident energies. Some results from the
' 0+' Au and ' F+' Au systems have already been re-
ported [19,20]. Since the experimental arrangement and
procedure for particle-fission correlation measurements
are the same as those given in Refs. [19 and [20], only a
brief description is given here.

Thin, self-supporting ' 'Ta, ' Au, and Pb targets
were bombarded with ' 0, ' F, and Si beams from the
Japan Atomic Energy Research Institute (JAERI) tan-
dem accelerator. Table I gives details of the targets and
beams. Figure 1 give a schematic view of the detector
placement for particle-fission correlation measurements.
Four solid-state detector telescopes (hE and E) for light
charged particles and two Si(Au) detectors for fission
fragments were used. Solid angles subtended by fragment
counters and telescope counters were about 50 and about
6 msr, respectively. Only large backward angles
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Experimental Setup

FIG. 1. Schematic diagram of the present experimental setup
showing the fission detectors F& and F2 and charged particle
detector telescopes hE;-E; (i =1,2, 3,4). The reaction plane is
defined by the beam and F& detector. F2 and telescope 1 are
placed in the reaction plane, and the other telescopes are placed
out of the reaction plane.

(ef =123'—158') were covered by the Si(Au) detectors in
order to emphasize fission fragment yield, not other reac-
tion products. Pulse heights from these detectors showed
no indication of significant contamination from deep-
inelastic and other reactions at these backward angles for
all cases. Telescope counters covered a number of angles,
both in plane (OL = —125' and —135') and out-of-
reaction plane (ItlL = 15'—90'), which were chosen to pro-
vide differential as well as angle-integrated multiplicities.

The relative time intervals (50—80 nsec) of the signals
from the telescope counters and fission counters were
recorded to identify coincidence events. Protons and a
particles that were in coincidence with fission fragments
were selected from telescope events (particle
identification was effected from the b E-E relation). Coin-
cidence charged particle spectra obtained with the
above-described arrangement after suitable intensity nor-
malization to differential multiplicity are shown in Figs. 2
and 3 for illustrative cases. Normalization was effected
by dividing coincidence intensities by corresponding sin-
gles fission fragment yields measured at the same angle as

I I I

Proton ~FF=

FF

t= 81' =

8( =125'—
ep=-134 =:

10 =
I

(dl

10

-S-e, = 99''l
:==e,=125' ~

li

I I 11

I II I%I

ll(' ll II (I

CL
UJ

OJ

10e=
::(b)

1 O =& t
'&

/

10 , I I III

I
I

I

10&

I I I I I

I I I IP I

FF +8)

et= 72' =-

et =-128':
8 =-123 =

P

I I I I I

5

FF

8)= 38' =-

et =-128'—
ep=-134 =:

10
0 4 8 12 16 202428 3236 4Q

Energy { MeV)

I I

I I

a ~F7
8,:

FF—

6

48
FF

et= 54=
ef=-123-
e =-I35'

Energy ( MeV)

8,- SS-
8,=-~2~"

IJJ 8 =-128~

10~ I I I I

:: i'f)

10
/

41 ii
il I IIII

I I II I

1O =- It

1/

I I 1 I I I 1 I I

Q 4 8 12 16 20 24 28 32 36 40

FIG. 2. (a)—(c) energy spectra of protons and (d) —(f) a particles in coincidence with fission fragments in the ' F+ "'Ta reaction
with a bombarding energy of 146 MeV. The directions of the charged particles and fission fragments are shown schematically togeth-
er with the angle 0, between the charged particle and fission fragment in the c.m. system, the laboratory angle of the fission counter
Of, and the telescope counter 8~ or 8 . The negative angles mean the angles at the side opposite to the F, detector with respect to the
beam. The calculated energy spectra of protons and a particles emitted from the compound nucleus (CE) and fission fragments (FE)
are shown as the dashed and dot-dashed curves, respectively. The low-energy thresholds of the telescope counters were about 1 MeV
for protons and 5 MeV for a particles. The high-energy cutofF of the proton spectra was due to the insufficient detector thicknesses to
stop protons in the telescope counters.
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FIG. 3. Same as Fig. 2 but for the 'Si+ ' 'Au reaction with a bombarding energy of 172.4 MeV.

TABLE II. Fission cross sections, average angular momenta,
and Ko parameters measured in the ' F+ ' 'Ta reaction.

Elab cr f,„(mb) II 0

in the correlation measurements. The relative angle 0,
between charged particle and fission fragments in the
center-of-mass (c.m. ) system are schematically shown in
these figures, where the angles of telescopes, OL, are
denoted as 0 for protons and 0 for aparticles. The
curves accompanying the data are calculated spectra to
be explained later.

Detailed singles angular distribution of fission frag-
ments for the ' F+ ' 'Ta reaction were measured for the
same energy region covered in the correlation measure-

ment. Values of the angular momentum fluctuation pa-
rameter Eo and the average angular momentum l for
fission that are needed for later discussion are obtained
from analyzing results from this measurement. In order
to identify and select fission fragments at more forward
angles, the gas-ion chamber plus Si(Au) telescope that
was used for the work reported in Ref. [19] was used.
Measured angular distributions after conversion into the
c.m. system by using the total kinetic energy of the fission

fragments predicted by the systematics of Viola, Kwiat-
kowski, and Walker systematics [21] are shown in Fig. 4.
Solid curves shown are fits to the data in terms of Legen-
dre polynomials (even terms up to sixth order). Table II
gives fission cross sections obtained from these
differential cross sections. Our values agree well with
those given by Refs. [22] and [23] earlier.

99.2
109.2
114.2
119.2
124.2
129.3
135.3
143.5
151.3
159.3

152+23
428+43
578+58
721+70
835+84
937+90

1054+160
1262+130
1331+130
1434+140

34.7
41.3
43.8
45.6
47.7
49.2
51.2
54.6
56.1

58.1

97+ 10
110+10
118+12
128+15
147+15
157+15
174+15
195+20
205+20
220+20

III. EXPERIMENTAL RESULTS

A. Coincidence energy spectra

Energy-integrated differential multiplicities for protons
and a particles were obtained from experimental coin-
cidence spectra, such as those shown in Figs. 2 and 3, as-
suming emission from either the compound system (CE)
prior to fission or from fully accelerated fission fragments
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TABLE III. Emission barrier reductions for protons h~ and
for a particles 5 .

Barrier reductions (MeV)
Reactions

)0

16O+ 197A

F+ Ta
' F+' Au
19F+208Pb

28S)+ 197A

i+208pb

1.0
1.2
1.0
1.6
2.0
2.0'

1.8
1.8
2.0
1.8
2.5
2.5'

E
)0

'The statistics of the measured energy spectra was not enough
to determine the emission barrier reductions. The measured

values in the "Si + '"Au reactions were used in the calculations
of energy spectra and pre-scission charged particle multiplici-

ties.
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FIG. 4. Center-of-mass angular distributions of fission frag-
ments measured in the ' F+' 'Ta reaction.

(FE) after fission. Small contributions from the near-
scission configuration (NSE), which is sharply peaked in
the direction perpendicular to the fission direction, are
considered and are dealt with only as a contaminant in
this paper. It will be the subject of a separate future pa-
per.

Measured spectra were fitted to statistical-model calcu-
lations using the code pACE2 [24]. Details of the calcula-
tion are given in Sec. IV B. Here we just discuss how cal-
culated emission spectra are utilized to obtain separate
CE and FE contributions from measured coincidence
spectra. Transmission coefficients needed to calculate CE
and FE emission spectra were generated using the
optical-model potentials of Percy [25] for protons and
Huizenga and Igo [26] for a particles. However, as noted
earlier in Refs. [19] and [20], emission barriers predicted
by these optical-model potentials had to be lowered by
certain amounts in order to fit the data well. The amount
by which the barrier heights for CE emission were
lowered in order to fit the data are given in Table III.
The calculated CE spectra are shown in Fig. 2 and 3 as
the dashed curves.

The FE energy spectra were calculated for particle eva-
porations from excited symmetric mass fragments by as-
suming the emission barrier lowered by an amount of

0.25 MeV for protons and 0.5 MeV for a particles com-
pared with the emission barriers predicted by the
optical-model potentials [25,26]. The reason for using
these lowered emission barriers is explained in Sec. IV B.
The calculated energy spectra were converted from the
fragment-rest system to the laboratory system using the
total kinetic energy of the fission fragments predicted by
the systematics of Viola, Kwiatkowski, and Walker.

The shapes of the calculated FE spectra may be
changed because of the mass and velocity distributions of
fission fragments. This was checked by taking into ac-
count the measured fragment mass and velocity distribu-
tions in the ' F+' 'Ta, ' Au and Si+' Au reactions.
The fragment mass distribution was divided into five
mass bins with an equal width, and five representative
masses from each mass bin were selected. The FE spec-
tra calculated for these fragments were summed with
weights proportional to the measured mass distribution.
The velocity distribution and opening angles of the fission
counters (see Sec. IIIB) were taken into account in the
system conversion from the fragment-rest system to the
laboratory system. Finally, we obtained a spectrum
which was only few percent wider in shape than the one
calculated for symmetric mass fragments. Thus, for sim-
plicity, the FE spectra calculated for symmetric mass
fragments were used in the present analysis.

The calculated FE spectra are shown in Figs. 2 and 3
as the dot-dashed curves, which show two components
(low- and high-energy components) corresponding to
emissions from two fission fragments. The calculated
peak energies of these two components strongly depend
on the relative placement of the telescope counters (AE
and E) and fission counters. These two components com-
pletely overlap each other to make one peak for the
detector placement shown in Figs. 2(a), 2(b), 2(d), and
3(a).

The calculated CE and FE spectra were fitted to the
measured coincidence spectra by adjusting the respective
normalization constants NCE and N„E. The same nor-
malization constant for each NcE and NF„was used for
all coincidence spectra measured at various angles OL, ef,
and 0, within a fixed bombarding energy and reaction
system. The XcE and NFE for CE and FE components
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thus obtained were used to get energy-integrated
differential multiplicities for both components. For the
later discussion, we call CE the pre-scission component
and FE the post-scission component.

Only in a-particle coincidence spectra were the NSE
components observed at the angles near 0, =90' in the
energy region between the FE and CE components as
shown in Figs. 2(d) and 3(d). The angle- and energy-
integrated NSE were only about 10% of angle- and
energy-integrated CE multiplicities.

B. Pre- and post-scission multiplicities

The energy-integrated differential CE and FE multipli-
cities were converted by using Jacobians from the labora-
tory system to the c.m. system and the fragment-rest sys-
tem, respectively. Here we consider the errors of the
Jacobians originating from the system conversion pro-
cesses due to broad energy distributions of protons, a
particles, and fission fragments. In the case of the CE
multiplicities, the conversion errors were less than 3%
when the Jacobians were calculated by using the most
probable velocity of the pre-scission protons and a parti-
cles. This is because the observed pre-scission proton and
a-particle velocities were about an order of magnitude
larger than the center-of-mass velocities of the present re-
action systems. On the other hand, in the case of the FE
multiplicities, the conversion was ambiguous, because the

velocities of the fission fragments were broad in addition
to broad energy distributions of the FE components and
the large opening angles (+7.5') of the fission counters.
The velocities of fission fragments have been measured by
a time-of-flight method as reported in Ref. [27] in the
' F+ ' 'Ta, ' Au and Si+ ' Au reactions with the same
bombarding energy range as listed in Table I. The mea-
sured widths [full width at half maximum (FWHM)] of
the velocity spectra of fission fragments were 35—40% of
the most probable velocities in these reaction systems.
Using this value, the conversion error was estimated for
the FE component measured at angles near 8, =90', be-
cause the FE component separated enough from the CE
component at these angles in the coincidence spectra [see
Figs. 2(a) and 2(d) and also Figs. 3(a) and 3(d)] so that the
FE component was identified definitely. By taking into
account the broad velocity distributions of fission frag-
ments, post-scission protons, and a particles and the
opening angles of the fission counters, the conversion er-
ror was estimated to be +20%. This error was added to
the experimental errors of the FE multiplicities.

Typical out-of-plane angular distributions of the c.m.
differential multiplicity dM/dQ, for pre-scission pro-
tons and a particles are shown in Fig. 5 for the
' F+' 'Ta reaction. The out-of-plane angular distribu-
tions were fitted by the expression
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FIG. 5. Out-of-plane angular distributions of protons and a
particles measured in coincidence with fission fragments in the
' F+ ' 'Ta reaction. The angular distributions are fitted by Eq.
{1)as shown by the solid lines.

0.02—

0
0

I I I

20 40 60 80

1.02

I I

100 120

1.00
1.02

I I I I I

0 20 40 60 80 100 120 140

U (MeV j

FIG. 6. Pre-scission proton multiplicities as a function of the

compound nucleus excitation energy U. The reaction types and

fissility X of the compound nuclei are shown. The dotted and

solid curves represent the two statistical-model calculations,
where the ratio af /a„was assumed to be 1.00 and 1.02, respec-

tively.



46 CHARGED PARTICLE MULTIPLICITIES IN HEAVY-ION-. . . 1927

W,„,(P, ) = Woexp[P2sin (P, )],
where P, is the center-of-mass angle of PL. The nor-
malization constant Wo and anisotropy parameter P2

were obtained by the g fitting procedure and are listed in
Table IV. The out-of-plane angular distributions for the
pre-scission protons were isotropic in the present reac-
tions except the ' F+' 'Ta and ' 0+' Au reactions.

TABLE IV. Anisotropy parameters and pre- and post-scission multiplicities of protons and a particles.

E»b
(MeV)

94.0
104.1

116.1
124.1

132.5
141.2
149.3

109.1
113.9
119.2
128.1

146.0
162.0

92.0
99.0

101.8
106.1
108.9
114.2
118.9
124.9
131.0
137.0
143.0
146.0
162.0

114.6
146.4
162.4

147.2
152.78
160.4
165.5
172.4
173.9
177.7
182.5
189.5
189.9
194.1

156.7
166.4
168.8
174.4
181.8
188.8

U
(MeV)

48.3
57.6
68.7
76.2
83.9
91.9
99.4

68.9
73.2
78.0
86.1

102.3
116.8

43.4
49.8
52.3
56.2
58.8
63.6
67.9
73.4
78.9
84.4
89.9
92.7

107.2

55.2
84.3
99.0

45.5
50.4
57.1

61.6
67.6
68.9
72.2
76.4
82.6
82.9
86.6

45.5
54.1

56.2
61.2
67.7
73.8

0.0
0.0
0.0
0.12
0.0
0.12
0.12

0.0

0.0
0.71
0.50
0.56

0.0
0.0

0.0
0.0
0.0

0.0
0.0

0.0
0.0

0.0

0.0
0.0

0.0
0.0
0.0
0.15
0.18
0.16
0.24

0.28
0.16
0.69
0.54
0.61
0.79

0.0
0.0
0.0
0.0
0.0
0.10
0.17
0.25
0.21
0.24
0.13
0.25
0.49

0.0
0.69
0.31

0.07

0.40
0.36
0.47

0.43
0.12
0.25

0.47

0.17
0.47
0.0
1.3
0.0
0.08

M pre
P

16O+ '"Au
0.003(1}
o.oo7(2)
0.018(4)
0.025(5)
0.038(8)
0.051(8)
0.064(10)

' F+' 'Ta
0.006(1)

0.014(2)
0.023(4)
0.040(4)
0.070(10)

19F+197Au

0.039(7)
0.054(11)

19F+208Pb

0.015(5)
0.026(6)
o.o37(8)

28S1+ AU

0.018(4)
0.019(5)

0.029(7)
0.040(7)

Si+ ' Pb

0.005(2)

0.014(3)
0.017(4)

Mpre
a

0.012(3)
0.018(4)
0.033(7)
0.041(6)
0.049{7)
0.063(9)
0.083(12)

0.008(1)
0.014(2)
0.017(3)
0.031(5)
0.050(7)
0.079(11)

0.014(3)
0.019(4)
0.017(3)
0.025(5)
0.021(4)
0.026(5)
0.026{5)
0.035(6)
0.047(7)
0.054(10)
0.066(10)
0.060(10)
0.075(11)

0.028(9)
0.038(7)
0.052(8)

0.012(3)

0.024(5)
0.023(3)
0.025(4)

0.047(7)
0.035(5)
0.051(7)

0.065(10)

0.010(2)
0.009(3)
0.015(4)
0.016(5)
0.029(7)
0.032(8)

M post
P

0.004(2)
o.oos(2)
0.009(3)
0.011(3)
0.014(4)
0.017(5)
0.018(5)

0.008(2)

0.010(3)
0.014(4)
0.018(5)
0.024(6)

0.024(7)
0.032(9)

0.012(6)
0.023(7)
0.023(7)

0.014(4)

0.025(6)
0.029(8)
0.027(7)

0.040(10)
0.055(13)
0.045(11)

0.013(4)
0.022(7)
0.014(4)
0.019(6)
0.019(6)
0.023(6)

M post
a

0.009(3)
0.010(3)
0.011(3)
0.014(4)
0.017{4)
0.026(7)
0.019(5)

0.010(2)
0.011(3)
0.009(2)
0.012(3)
0.016(4)
0.027(7)

0.008(3)
0.009(3)
0.008(3)
0.010(3)
0.011(3)
0.012(3)
0.013(3}
0.015(4)
0.019(5)
0.018(5)
0.020(5)
0.018(5)
0.030(7)

0.013(3)
0.019(5)
0.019(5)

a
0.015(4)

a
0.029(7)
0.029(7)
0.033(8)
0.045(10)
0.050(12)
0.059(15)
0.046(11)
0.061(15)

0.015(4)
0.020(6)
0.020(6)
0.026(8)
0.027(8)
0.034(10)

'The threshold energies of the telescope counters were too high to detect the post-scission charged particles.
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The pre-scission multiplicities M~" of protons and a par-
ticles were obtained by integrating the out-of-plane angu-
lar distribution.

The post-scission differential multiplicities of protons
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FIG. 7. Same as Fig. 6, but for the pre-scission a-particle

multiplicities.
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FIG. 9. Same as Fig. 8, but for the post-scission a-particle
multiplicities.

and a particles were isotropic in the fragment-rest sys-
tem. The angle-integrated multiplicities M "' were the
sum of two contributions from both fission fragments.

The obtained pre- and post-scission multiplicities (M "
and M "I) are listed in Table IV and plotted in Figs. 6—9
as a function of the excitation energy U of the compound
nucleus,
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where E, is the center-of-mass bombarding energy and

Mp, M„and M,„are the mass excesses of the projectile,
target, and compound nucleus, respectively. The mass
excess M,„was taken from the liquid-drop mass and M
and M, from the experimental ground-state masses.

IV. DISCUSSION

A. Out-of-plane angular distribution
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FIG. 8. Same as Fig. 6, but for the post-scission proton mul-

tiplicities. The two statistical-model calculations are shown as
the shaded area and dashed curves, where the pre-scission neu-
tron multiplicity v„was taken from the observed data
(v„=v'„') and calculated (v„=v'„') by FAcE2, respectively.

Before discussing the pre- and post-scission multiplici-
ties, we would like to discuss where pre-scission charged
particles are emitted in the fission process (the pre- or
post-saddle regions). Since out-of-plane angular distribu-
tions and energy spectra of charged particles are affected
by the amount of emitter deformations when they are
emitted, we investigated these effects in detail by analyz-

ing the measured out-of-phase angular distributions and
energy spectra of the pre-scission a particles in the
' F+' 'Ta reaction.

It is important to take into account the angular
momentum fluctuation of the compound nucleus in the
particle-fission correlation measurement, because a wide
E distribution considerably smears out the out-of-plane
angular distribution, where K is the angular momentum
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projection on the symmetric axis of the saddle point de-
formation [28]. The E distributions in the ' F+' 'Ta re-
actions were obtained by fitting the measured fission frag-
ment angular distributions shown in Fig. 4 with the ex-
pression [28]

8'(8) ~ g (21+1)Tt
ER

K= —1

(2l +1)~do x(8)~ exp( K —/2Ko)

t exp( K /—2KO )

where do+(8) is the symmetric top wave function. The
E distribution is assumed to be a Gaussian distribution
with parameter Eo. Vfe used the transmission coef5cient
Tt for fission, which was obtained by Hinde et al. [22] in

the ' F+' 'Ta reaction. The obtained It, o values are list-
ed in Table II. The average angular momentum l for
fission listed in Table II was obtained from the measured
fission cross sections and TI.

The out-of-plane angular distribution of emitted a par-
ticles due to a finite Ko value has been studied by Schmitt
and Srivastava [29] in the particle-fission correlation mea-
surements. By using the expressions (3) and (4) of Ref.
[29], the observed Ko values, and the average angular
momenta l, the anisotropy parameter p2, which is expect-
ed in the ideal spin orientation (ED=0), was obtained
from the observed out-of-plane angular distributions.
The obtained anisotropies A —= W,„,(90')/W, „,(0')
=exp(Pz ) are listed as A,„,in Table V.

For comparison, the anisotropy A,~h =exp(p2~") for a
spherical emitter was calculated by using the expression
[30,31]

(1+0.5) pR
2TS g+pR 2

where T and 2 are the nuclear temperature and moment
of inertia of the spherical daughter nucleus, p the re-
duced mass of the daughter nucleus and a particle, and R
the barrier radius [32]. The moment of inertia was calcu-
lated with the radius parameter ra=1.225 fm. The nu-
clear temperature T was calculated as

anT = U Er Es Ea
where the level-density parameter a„=19.6 MeV ' was
used for the daughter nucleus ' Hg, and with E„ the ro-
tation energy, E, the a-particle separation energy, and
E the kinetic energy of the a particle. The separation
energy E, was —3.3 MeV, and E was calculated by

pAcE2. The rotation energy E, at the average angular
momentum I was calculated by the rotating finite-range
model [33]. The calculated anisotropies A»h are shown
in Table V and are close to the observed value A, pt.

For the a-particle emissions from deformed nuclei, the
anisotropy 3 becomes larger than A ph because the
emission barrier height for u particles becomes small at
the tip of the long axis (P, =0'), and the spinoff energy
[34] ( -0.2 MeV) is very small for the present heavy com-
pound nuclei; thus, low-energy a particles can be emitted
to the direction (P, =0'). This is simulated by statistical-
model calculations for a deformed emitter [34]. For ex-
ample, in the case of the saddle point deformation of

Hg, the emission barrier height for a particles at the
tips of the long axis is expected to be 7-8 MeV smaller
and slightly higher ( & 1 MeV) at the short axis than the
barrier height predicted for the spherical nucleus [35]. If
the pre-scission a particles are emitted from a highly de-
formed shape such as the saddle shape or the shapes in
the saddle-to-scission region, we expect a large energy
difference in respective a-particle spectra emitted at the
long and short axes. The energy spectra measured in the
geometry closest to P, =0' are shown in Fig. 2(f), where
one of the telescope counters and the fission counter F2
(see Fig. 1) were placed so that the low-energy tail of the
CE component did not overlap with the FE components.
If the 1ow-energy a particles as mentioned exist, they
could be observed in the energy region from 8 to 16 MeV
in Fig. 2(f). Although the small yields are observed in the
energies from 6 to 12 MeV in these figures, the low-
energy regions (8—16 MeV) of the measured spectra are
excellently reproduced all over by the calculated CE
components.

As shown in Figs. 2 and 3, the measured coincidence
energy spectra of the pre-scission protons and a particles
were well reproduced by statistical-model calculations
with the slightly lowered emission barriers as listed in
Table III. The causes of the barrier lowering have been
extensively studied in relation to emitter deformation
[41]. The problem is still unresolved. Emitter deforma-
tion alone cannot give a consistent explanation for pro-
tons and a particles [42]. Here we emphasize that the
out-of-plane anisotropy of the pre-scission a particles is a
quantity sensitive to the moments of inertia and thus to
deformation of the emitter, and based on the observed an-
isotropies, the pre-scission a particles are seen to be
mainly emitted from the spherical or near-spherical com-
pound nucleus. This is consistent with the statistical-
model prediction for a-particle emissions, which shows
that e particles tend to be emitted from the early decay
steps of the compound nucleus.

TABLE V. Anistropies measured in the ' F+ "'Ta reaction.

El~b
(MeV)

128~ 1

146.0
162.0

U
(MeV)

86.1

102.3
116.8

T
(MeV)

1.61
1.79
1.95

48.7
54.6
58.6

155+15
196+20
225+20

~ expt

2.2+0.2
2.5+0.2
3.5+0.5

~ ph

2.3
2.6
2.8
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For the pre-scission protons, we could not specify
where they emit. This was because the CE and FE spec-
tra of protons were so close in energy that it was impossi-
ble to observe the low-energy protons emitted at the long
axis of deformed nucleus.

B. Statistical-model calculations

The measured pre- and post-scission multiplicities of
protons and a particles were compared with statistical-
model calculations using the code PACE2. The level-
density parameter a„ for the ground-state deformation
was assumed to be A /10, where A is the mass number of
the nucleus. The same values for the fission barrier
height 8f and the diffuseness parameter 5 for the
transmission coefficient T& as those used in Ref. [5] were
used for the ' F+' 'Ta and ' +0+' Au reactions. For
the other reactions, 8f was calculated with the rotating
finite-range model and 5=6% was assumed. The calculat-
ed values of the multiplicities are sensitive to the emission
barrier heights for charged particles and also the level-
density parameter ratio af /a„of the saddle point defor-
mation to the ground-state deformation. The neutron
multiplicity data [36] measured at low excitation energies
limit the value of af /a„within 1.02+0.02. Therefore the
ratio was changed within this limit in the present calcula-
tions. The lowered barrier for proton and cz-particle
emissions as mentioned in Sec. IV A were taken into ac-
count.

As for the proton and a-particle ernissions from fission
fragments, it was difficult to obtain the precise emission
barrier heights for these particles in the present measure-
ments because of the insufficient statistics for the FE
components and also the partial overlap of the CE and
FE components in energy. These emission barriers were
estimated from the proton and a-particle evaporation
spectra observed in the decay of the compound nucleus

Mo produced in the Kr+' C reaction [37], because
the masses of symmetric fission fragments produced in
the present reactions are close to the mass of Mo. We
fitted the reported evaporation spectra of protons and a
particles with spectra calculated by adjusting the emis-
sion barriers for these particles by using PACE2. The best
fit was obtained by assuming small barrier lowering
(b~ =0.25 MeV for protons and 6 =0.5 MeV for a par-
ticles) compared with the emission barriers predicted by
the standard optical-model potential parameters of Percy
for protons and Huizenga and Igo for a particles. These
barrier lowerings are smaller than those of Ref. [37], but
rather consistent with the results of Fornal et al. [38].
These lowered barriers were used to calculate the post-
scission multiplicities. This modification of the barrier
heights causes the 20—30% increases of the calculated
values of M '" and M "'

compared with the calculations
with no barrier lowering, 6 =5 =0.

C. Pre-scission multiplicity

The calculated pre-scission multiplicities M~" and
M~" are shown as the dashed curves (af /a„=1.00) and

solid curves (af /a„= 1.02) in Figs. 6 and 7. As shown in
these figures, the calculated results are very sensitive to
the values of af /a„especially at high excitation energies.
The calculated results increase more rapidly with de-
creasing af /a„values. Almost all the data points are in
between these two curves, and the observed trends as a
function of U are nearly reproduced by the present calcu-
lations. In the Si-induced reactions, however, the ob-
served data tend to increase more rapidly than the calcu-
lated results. The calculated results slightly overestimate
both charged particle multiplicities at low excitation en-
ergies in the ' F+' 'Ta reaction. In this reaction the
pre-scission neutron multiplicities have been measured by
Hinde et al. [5] and Newton et al. [8] and the statistical
model calculations assuming the values of
af/a„=0. 98—1.02 are in good agreement with the pre-
scission neutron data at low excitation energies U~70
MeV [8]. Although in the ' F+ ' 'Ta reaction the calcu-
lations with af /a„=1.04 agree better with both the pre-
scission proton and a-particle multiplicity data at low ex-
citation energies, these calculations fail to reproduce the
pre-scission neutron multiplicity at the same low excita-
tion energies.

On the other hand, it is well known that, although the
pre-scission neutron data [5,6,8] agree with statistical-
model calculations (assuming af /a„=1.00) at low excita-
tion energies U ~60 MeV, these are considerably larger
(2 times or more) at U~60 MeV than the statistical-
model predictions. (The present statistical-model calcula-
tions give the same results as those of Refs. [5,6,8].)

The calculated charged particle multiplicities are also
very sensitive to the values of their emission barrier
heights. As shown in Ref. [9], the calculated results ob-
tained by assuming the normal barrier heights that are
predicted by the optical-model potentials mentioned in
Sec. III A considerably underestimate the pre-scission o.-

particle multiplicity even at low excitation energies
U 60 MeV, ~here the effect of fission dynamics on the
pre-scission particle multiplicity is negligible [5,8]. We
emphasize that only if the observed lowered barriers are
used in the calculations with the limited values of
af/a„=1. 00—1.04 are the low-energy multiplicity data
of protons and e particles reasonably well reproduced.

The excess pre-scission neutrons over the statistical-
model calculations have been considered to be due to a
long transient time or a long saddle-to-scission time or
the sum of both time intervals. If the whole excess pre-
scission neutrons are, for instance, caused by the long
transient time of 7 X 10 sec [5], the calculated M "
and M " become larger by an amount of more than 2
times at the excitation energy range U ~60 MeV [19].
This is contrary to the present results of the charged par-
ticle data.

As mentioned in Sec. IV A, the pre-scission a particles
are seen to be mainly emitted from spherical nuclei or nu-
clei in early stage of the fission process before saddle, and
then the pre-scission o. particle multiplicities may be in-
sensitive to the saddle-to-scission time, suggesting that
the multiplicities are only affected by the transient time.
Here we estimated the upper limit of the transient time
from the pre-scission charged particle data by taking into
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account the experimental errors of these data and the un-
certainty (+0.02) of af/a„ in the calculations. The
statistical-model calculations taking into account the
transient time have been reported in Ref. [19]. The es-
timated upper limit is 1.0X10 sec for the ' 0- and
' F-induced reactions and 3X10 sec for the Si-
induced reactions. The absolute value of these values are
ambiguous (factor of 2 or so) because of ambiguities in
fission barrier heights, particle emission barrier heights,
and level-density parameters (a„and af ) in the
statistical-model calculations. However, we emphasize
that the pre-scission neutron multiplicity data increase
more rapidly with U than statistical-model predictions,
while the pre-scission charged particle multiplicity data
follow the predicted trends as a function of U. Therefore
the pre-scission neutron data need longer fission time
scales (10 —10 ' sec [1—18]) than the present upper
limits in order to reproduce the neutron data by the same
statistical-model calculations as shown here. The present
analysis suggests that the major part of the excess pre-
scission neutrons over the statistical-model predictions
may be emitted from the saddle-to-scission region. A
similar conclusion has been reported by Lestone et al.
I L5], where the pre-scission a-particle multiplicity data
limit the transient time to —1X10 sec, and a long
saddle-to-scission time of -5 X 10 sec is needed to ac-
count for the pre-scission neutron multiplicity data.

D. Post-scission multiplicity

The post-scission charged particle multiplicities con-
tain an important information about the residual excita-
tion energy of fission fragments. The post-scission neu-
tron data indicate that the fragment excitation energies
are about 50—60 MeV [7,11] irrespective of the com-
pound nucleus excitation energy U. This was checked by
comparing the observed M~"' and M~"' to statistical-
model calculations. At first, the fragment excitation en-
ergies were estimated by subtracting the energies re-
moved by the pre-scission neutron emissions from the ini-
tial excitation U. After that, the statistical-model calcu-
lations for excited fission fragments were carried out to
see how well the calculations reproduce the measured
post-scission charged particle multiplicities.

The sum of the excitation energy, E, +Ez, of both
fission fragments is written as

E, +E2 E, +Q,s —v„—k„,
Q,~=M~+M, —M, —Mq —v„M„—TKE,

where M, , M2, and M„are the mass excesses of the two
fission fragments and neutron. The liquid-drop mass
excesses were used for M, and M2. The total kinetic en-
ergy (TKE) of the fission fragments produced after emis-
sions of some pre-scission neutrons was estimated by the
systematics of Viola, Kwiatkowski, and Walker [21]. v„
is the pre-scission neutron multiplicity. The average neu-
tron kinetic energy k„was calculated by PACE2. The par-
ticle evaporations from the symmetric mass fragments
were calculated by assuming EI =E2. The neutron to
proton ratio N/Z of the fission fragment was assumed to

be the same as the compound nucleus before fission. The
angular momentum of each fission fragment was estimat-
ed to be 1(Hi from the y-ray multiplicity data [39]. The
angular momentum distribution was also taken into ac-
count in the calculations by assuming the Gaussian distri-
bution with a FWHM=4. 3A' [40]. The calculated results
were not sensitive to the distribution. The pre-scission
neutron multiplicities v„were taken from Ref. [6], where
the observed v„are compiled every compound nucleus
fissility. The linear dependence of v„on U was assumed
to estimate v„at a certain value of U. The experimental
errors (+0.3 to +0.5 amu [5,6]) of v„were also taken
into account in the calculations. The calculated results
are shown in Figs. 8 and 9 as the shaded areas.

The excitation energy of the fission fragment increases
slowly, for instance, from 23 to 30 MeV as U increases
from 70 to 117 MeV in the ' F+' 'Ta reactions, while
the calculated post-scission multiplicity increases very
rapidly by 6—8 times in the same excitation energy re-
gion. This rapid increase is due to the fact that the Q
values for the proton and a-particle emissions from the
fission fragments increase as the mass number of the
fission fragments decrease with increasing pre-scission
neutrons without changing the atomic number. lt turns
out that the emission probabilities of protons and a parti-
cles increase with v„.

As shown in Figs. 8 and 9, the overall trends of M~"'
and MI"" as a function of U are reproduced by the
present calculations. There are some discrepancies be-
tween the data and the calculations in the low-energy re-
gions of the ' 0+' Au and ' F+' Au reactions. These
discrepancies could not be dissolved by changing the pa-
rameters used in the present calculations within a reason-
able range. The calculations for asymmetric mass frag-
ments were also carried out, but the calculated results for
M~'" and M "' became even smaller.

For comparison, the calculations for M '" and M~"'
by using v'„"', which was estimated by PACE2 without
taking into account the fission time scale, were carried
out. The calculated results are plotted as the dashed lines
in Figs. 8 and 9. It should be remembered that the v'„"'
considerably underestimate the pre-scission neutron mul-
tiplicity data at U ~ 60 MeV. In fact, the calculated re-
sults (dashed lines) considerably overestimate the post-
scission multiplicities for all reaction systems studied
here. This result suggests that the excitation energies,
more than predicted by the statistical-model calculation,
are in fact removed from the compound nucleus by the
pre-scission neutron emissions, and then few excitation
energies are left at scission. Hence the observed post-
scission charged particle multiplicity data are consistent
with the observed pre-scission neutron multiplicity data.

V. SUMMARY AND CONCLUSIONS

The pre- and post-scission protons and a particles have
been measured in the ' 0+' Au; '9F+' 'Ta, '97Au, and

Pb; and Si+ ' Au and Pb reactions. The emission
mechanism of the pre-scission a particles were studied in
detail in the ' F+' 'Ta reaction. The observed out-of-
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plane angular distributions for the pre-scission a particles
were close to those expected in emissions from the spheri-
cal compound nucleus. The measured coincidence ener-

gy spectra of the pre-scission protons and a particles
were well reproduced by statistical-model calculations
with slightly lowered emission barriers. We did not ob-
serve the extremely low-energy a particles (except the
NSE), which may be emitted from deformed nuclei such
as the saddle shape or more deformed nuclei in the
saddle-to-scission region. The observed out-of-plane an-
isotropies suggest that the pre-scission a particles are
seen to be mainly emitted from spherical nuclei or nuclei
in an early stage of the fission process before saddle.

The observed pre-scission multiplicities for protons
and a particles were compared with the statistical-model
calculations. Both multiplicities nearly agree with the
calculations with af/0„=1.00 and 1.02 without taking
into account the transient time in the calculations. It
seems that the transient time is rather short. On the oth-

er hand, the pre-scission neutron data reported up to now
suggest a long transient time or a long saddle-to-scission
time. The reason for this contradiction is not clear.
However, if the charged particles (especially a particles)
are more likely emitted in the pre-saddle region than the
post-saddle region, as inferred from the observed out-of-
plane anisotropy, the major part of the reported excess
pre-scission neutrons over statistical-model calculations
may be emitted in the saddle-to-scission region.

The observed post-scission multiplicities for protons
and e particles are analyzed by statistical-model calcula-
tions, where the excitation energies of the fission frag-
ments were estimated by using the observed pre-scission
neutron multiplicity data. The observed trends as a func-
tion of U were roughly reproduced by the calculations,
suggesting that the post-scission charged particles are
emitted from the fission fragments whose excitation ener-
gies are considerably reduced by the pre-scission neutron
emissions.
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