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Light-charged-particle emission in Ar-induced reactions: A probe of the very early
evolution of the collisions
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Charged-particle emission was studied for the reactions 222, 274, and 340 MeV "Ar+'"Sn, '"Sm, ""Dy, and
'"Au. Energy and angular distributions were measured for H and He and angular distributions for Li, Be, B, C,
N, and 0, fissionlike fragments and evaporation residues. For H and He the data are consistent with a low-

temperature evaporative component and a high-temperature forward peaked component. For Li through 0 the
forward-peaked emission was studied for 340 MeV "Ar only. The evaporation residue cross sections decrease
strongly with increasing Z reflecting the increasing fissionability. However, the cross sections for 'H and "He in

coincidence with fission are essentially constant with Z. Coincidence measurements, energy spectra, and 'He/'H
ratios indicate that most H/He evaporation precedes fission. This implies that the energy thermalization is very
rapid indeed and that the light particle spectra can probe the very early history of the composite systems.

NUCLEAR HEACTIONS Sn, Sm, Dy, Au ( Ar; H/He, fission and

evaporation residues), E= 222, 274, and 340 MeV, measured energy and angu-
lar distributions in singles mode. For E= 340 MeV, coincidence measurements
between H/He and one fission-like fragment, and angular distributions for Li,

Be, B, C, N, and 0 in the singles mode.

I. INTRODUCTION

This paper is one of a series in which we study
heavy-ion reactions by measurements of the light-
charged particles (H/He) along with the heavier
fragments such as evaporation residues (ER) and
fission fragments. ' Our emphasis here is on the
attempt to form various compound nuclei 68Er,
'80Hg, 84Po, and ~~Bk at excitation energies up to
200 MeV and spins of a hundred or so. At these
very high ene'rgies the concept of "fusion" is com-
plicated by the occurrence of complete and partial
or incomplete fusion and by the similarities of
"true fission" and "fission-like" reactions. '

These complications impinge on the utility of the
of t-used sharp- cutof f approximation for /„«, the
critical It value for fusion. Nevertheless we try to
extract fusion cross sections, l„«values, and the
temperatures of the composite nuclei. The thermo-
meter we use is the high-energy part of the H/He

spectra at backward angles. ' Evidence is pre-
sented that much H/He evaporation precedes fis-
sion; therefore, the maximum and the low-energy
part of the evaporation spectra reflect the Coulomb
barriers of the newly born composite nuclei and
thus give some ideas on their shapes or identities.
The competition between fission and particle evap-
oration is reflected by the relative cross sections
for H/He, ER, and fission. The importance and
the nature of direct H/He emission is viewed by
the angular and energy distributions, particularly
at forward angles. ' In other papers' we have
explored in a similar manner the energy and spin
dependence of deexcltatlon of 184Hg and i56Er. Al-
so, we have presented in Ref. 2 a somewhat more
detailed study of one reaction, 340 MeV Ar
+ Au.

In 1961 Britt and Quinton showed that both direct
and evaporative components could be identified in

H/He spectra from reactions between complex nu-

clei. Galin et al. e demonstrated for the composite
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I

system "~Te that the direct components were much
less important for Ar than for N induced reac-
tions (excitations of 71 and 107 MeV), and this sug-
gested 4OAr (or similar projectiles) as particularly
useful for producing compound nuclei after com-
plete fusion. The preponderance of deeply inelas-
tic collisions for even heavier projectiles, for ex-
ample 'Kr, also argues for 'Ar as a good choice
of projectile for systematic studies of compound
nuclei.

Fusion cross section measurements at low en-
ergies make it possible to estimate the fusion bar-
riers. ' ' These barriers and semiempirical the-
ories allow estimates of the critical / values for
fusion. Recently the evidence has been mounting
that forward peaked He emission is often corre-
lated with Paxtia/ fusion reactions ' 5 '~ rather than
projectile breakup, 5 and thus the notion of straight-
forward identification of "evaporation residues"
after truly complete fusion has been put in ques-
tion. One of our objectives in this study is to de-
termine the magnitude of such forward-peaked
H/He particles and therefore their possible influ-
ence on the concept of complete fusion and l„«.
A preliminary discussion of this question has al-
ready been published. 3

To the extent that "complete (and incomplete) fu-
sion" can be identified, we seek its dependence on

target and energy. Particle evaporation has been
shown to precede fission in substantial amounts
for 340 MeV Ar + 9 Au. Here we seek the Z de-
pendence of this fission-evaporation competition.
Standard parametrizations of the statistical model
indicate that with increasing energy, charge, and

spin, fission should increasingly dominate H/He
emission from an equilibrated system. The ex-
perimental data seem to be inconsistent with this
prediction of the equilibrium statistical model.
Thus we feel that the whole question of energy
equilibration and the power of "available phase
space" as a driving force must be studied by sys-
tematic experimentation for nuclei at high excita-
tion and spin.

In Sec. II we sketch the experimental techniques
and in Sec. III we present the results. Some of the
relationships to earlier experiments and simple
reaction models are discussed along with the data
presentation. In Sec. IV we set some time limits
on the decay of composite systems prior to equilib-
ration. We discuss the spin zones for fission and

evaporation and some misleading features of
"sharp- cutoff" thinking. Evidence is presented for
the breakdown of phase-space equations for fis-
sion-evaporation competition in reactions of 340
MeV Ar. Finally a flow chart of the cross sec-
tions and mehn spins is presented along with some
suggestions for future experimentation.

II. EXPERIMENTAL ARRANGEMENT

Beams of Ar were provided by the SuperHILAC
at the Lawrence Berkeley Laboratory. They were
defined by two four-jaw collimators upstream of
the 75 cm diameter scattering chamber. Self-sup-
porting targets were used of "6Sn, '5 Sm, '6 Dy,
and ~ Au (0.85, 0.67, 1.00, and 1.25 mg/cm, re-
spectively); each contained &95% of the isotope in-
dicated. The thickness of the Au target was mea-
sured by weight and the other target thicknesses
were determined relative to it by elastic scatter-
ing. The mean charge states of the beam were
taken to be 16.3, 15.3, and 15.0 at 340, 274, and
222 MeV, respectively. These values are consis-
tent with the assumption of Rutherford scattering
from Au at small angles. The beam intensity was
limited by the dead time of the system (= 10-20%).
Elimination of the buncher was found to allow a
significant increase in beam intensity, and the in-
troduction of a new and faster ADC and multiplexer
system allowed significantly higher counting rates
for the last run (some of the 340 MeV data). Dead
time was measured by a pulser triggered by one of
two beam monitors and passed through the test in-
put of selected preamplifiers.

The basic detection scheme has been described
elsewhere'2'4: gas ionization telescope (GT) (=20
Torr of methane and 300 p. m Si stopping detector)
for ER and fission products, solid state telescope
(SST) (45 p. m, 500 p. m, 5mm Si detectors) for light
charged particles (H, He, Li, . . .0) and in some
cases fission products. For the SST, cover foils
of either 10 or 50—70 mg/cm2 Pb were used (the
latter was chosen to stop completely the elastically
scattered 4~Ar at the more forward angles). Nor-
mally an SST was mounted such that &~ = 8 msr
which allowed appr. oach to about 20 from the beam
axis. For the 340 MeV experiment, one SST was
mounted at a much lower geometry (&0= 0.8 msr)
which allowed measurements to be made as close
as 5' to the beam. Energy calibrations and pulse
height defects for the QT were made by the elastic-
ally scattered beam and by a source of" Cf; for
the SST, sources of ThB were used. For light-
charged particles that barely enter the third mem-
ber of the SST, a small experimental problem
arises. If less than =0.5 MeV is deposited in this
third detector, then the processing of this pulse is
nonlinear. At worst this results in the assignment
of an apparent energy for this particle from only
the first two members of the SST. This effect can
be seen as an apparent discontinuity in the 4He

spectra in Figs. 1 and 2 (e~ =6 and 18 ). A cor-
rection could be applied by averaging the one high
point for &,.~ = 24 MeV with the one low point for
e~ .= 25 MeV. We have no reason to believe that
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the spectra are distorted outside this very narrow
zone. .

One set of measurements was made for coinci-
dence between fission and H/He (emitted in the
backward direction) from 340 MeV cAr+ "cSn,
'5 Sm, and ' Dy. Similar measurements had al-
ready been made for ' Au. Fission fragments
were recorded in the GT at &0=1 msr and 8&,~
= 51' (8, ~ = 90 ); and H/He were recorded at 8,~
of 79, 104, and 129' (8„~= 90, 120, and 140')
in the reaction plane. A time to amplitude con-
verter (TAC) was used to record the spectrum of
time delays between pulses from the GT and SST.
This spectrum gave a true coincidence peak of
about 30 nsec width and a small flat tail indicating
a negligible rate of random coincidences. Single
events were prescaled by a factor of 100 and re-
corded simultaneously with the coincident events.
One set of measurements was also made (340 MeV

Ar beam) of Li, Be, B, C, N, and 0 a.t jab angles
from 6-40'. Energy thresholds for these particles
of Z(3-8) were rather high and thus we could ob-
serve them only at forward angles.

III. EXPERIMENTAL RESULTS

FIG. 1. Singles energy spectra (cm. ) for 4He and ~H

at various argyles. The average c.m. angle is indicated
and the corresponding multiplier is on the same hori-
zontal line. Parameters describing the spectra are
given in Table I, and one indication is shown for &~.
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FIG. 2. Spectra for 4He at a forward and a backward
angle and their difference.

A. Qualitative features

The overall features of the energy and angular
distributions in the singles mode are illustrated in

Figs. 1-4 and in Table I. For 8 ~40 the spec-
tra exhibit one broad peak and an exponential high-
energy tail that depends on angle (Fig. 1). For the
smallest angles the spectra often break into two

components. The low-energy peak is of similar
energy to that observed at large angles while the
high-energy component is much broader as shown

in Fig. 2. If one assumes that an evaporative com-
ponent is present then it can be identified with the
observed spectra at backward angles. The sub-
traction of this component from the observed spec-
tra at forward angles can expose the spectra
from direct processes (see Fig. 2);6 they are very
broad with no obvious connection to the beam vel-
ocity. The energies and the cross sections de-
crease rapidly with increasing angle as shown in

Figs. 1 and 3. The characteristics of this direct
component will be discussed later in Sec. IV and
in more detail in future publications.

In Table I we characterize the shapes of these
c.m. spectra by three parameters, the full width
at half maximum (FWHM), the mid point of this
width (c ~), and the temperature (T). The latter is
obtained by fitting to the function

& (~) ~ (e —&)

exp�(-~/~)

with the value of the barrier parameter 8 taken
from Ref. 7. The & parameter obtained at back-
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FIG. 3. Measured angular dependence of (do/d~) and & for He and H. The incident energies are indicated at the
upper left. Different symbols are for different experiments; filled triangles are from Ref. 2. See Table II and its foot-
notes.

ward angles may be taken as a crude approximation
to the nuclear temperature. For forward angles
the T parameter simply gives a description of the
spectral shape and has no obvious physical inter-
pretation. The values of & ~, FWHM, and T are
given for typical forward and backward angles of
each set in Table I.

For all targets and Ar beams of 270 and 340
MeV (Fig. 3) the spectra at back angles relax to a
constant temperature with angular distribution con-
sistent with evaporative decay (flat or slowly ris-
ing toward 180'). The magnitude and shape of the
evaporative components were determined from the
angular distributions for 8„&120 with the as-
sumption that the direct component vanishes beyond
this angle. The energy spectra were totally relaxed
in this region, and thus we have used afitting func-
tion f rom the equilibrium' statistical model'~'":

W(8~~) =Woexp[-(P2/2) sin 8~ ]ID[(P2/2) sin28~ ],

where W, and P, are free parameters and I, is the
zerothorder modified Bessel function. The fit was
made by a least squares technique using the code
MINUIT. The anisotropy parameter P, will be related
to the spins of the emitters in subsection C. After
subtraction of this evaporative component (symme-
tric about 90 ) the remaining forward-peaked
(direct) component was fitted to the function

W(8) =4 exp(-b8 —c8 ) .
The total "evaporative" and "direct" components
were determined by integration of these functions.
The smooth curves in Fig. 3 show the results of
the fits, and the integrated cross sections are
summarized in Table II. For 222 MeV 4~Ar reac-
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FIG. 4. Argular distributions for the fission-like pro-
ducts (upper) and for Li, Be, B, C, N, 0 (lower). En-
ergy thresholds and integrated cross sections are
given in Table II.

sively lose their "preference" for more forward
angles (for the angular range of this study). For
these cases the evaporative component was as-
sumed to be isotropic and dujdQ was identified with
the smallest measured value. Therefore these
cross sections should be taken as upper limits for
evaporation. By contrast, for the Sn target the
evaporative component is considerably larger than
the direct component. Apparently this trend con-
tinues for the even lighter target ' Se as Galin et
al. observed essentially pure evaporative emis-
sion for this case. Note, however, that angles
smaller than =20' were not explored for excitations
of «140 MeV in either this work or in Ref. 8.

We were able to make some initial observations
of Li, Be, B, C, N, and 0 products with the same
SST and absorber foils used primarily for 8jHe
measurements. As the energy thresholds were
rather high we did not study the possibility of
emission at back angles. Nevertheless these prod-
ucts were clearly identified at forward angles and
their angular distributions and integrated cross
sections are given in Fig. 4 and Table H. We have

TABLE I. Parameters that describe the energy spectra for iH and He.

4He

E lab

{MeV)

Oc.m.

(deg)
FWHM

(Me V)

a
~mP

(deg) (Me V)

FWHM
{MeV)

T
{MeV)

220

271

221

272

270

iieSn

"4Sm

i840

142
31

147
32

155
19
6.5

135
30

163
30

153.5
18

6

134
29

152
30

153
49

138
29

162
29

150
18

6

19.9 +1
20.3 + 1
20.2 +1
19.5 + 1
27.2 + 1
27.5 + 1

19 +1
23.5 + 1
20.7 + 1
23.5 + 1
20.35+ 0.5
29.8 ~1
32.5 + 1

19.3 + 1
25.2 + 1
21.9 + 1
25.6 +1
21.2 + 0.5
19.6 + 0.5

21.2 + 1
27.2 + 1
22.6 + 1
27.3 + 1
23.0 + l
27.4 + 1
25.4 + 1

12.8 +2
10 +2
13.3 + 2

9 +jL

30 +1
31 +1

10.3+2
15.2 +2
11.7 +2
16.6 +2
9.3 +1

29.6 +1
35.0 ~1

11.4 + 2
16.2 +2
12.2 +2
16.8 +2
10 +1
16.5*1
15.8 ~2
16.7 + 2
14.5 +2
16.4 +2
11 ~2
21.9 + 2
18.6 + 1

2.09 + 0.05
3.76+ 0.3
2.76+ 0.05
5.63+ 0.19
3.04+ 0.11
6.45 + 0.3
7.0 + 0.2

2.29 + 0.30
6.00 + 0.50
2.69+ 0.30
5.61~0.5
2.86 + 0.11
7.0 +0.3
6.68+ 0.25

2.12 ~ 0.10
5.41 + 0.16
2.70 + 0.10
5.66+ 0.30
2.57 + 0.10
4.64 ~ 0.14

5.78 + 0.22
2.87+ 0 ~ 23
6.91 + 0.38
2.4 +0.2
6.4 ~0.5
8.5 +0.5

134
44

163
30.5

153
18

6

132 ~ 5
29

162
29

151
18

6

133
28

142
42.8

151

137
27

161
28

150
17

6

8.5+ 1
8.2 ~1
9.3+1
8.8+1
9.4 ~ 0.5

11.4+1
11.2 + 0.5

9.3+1
9.3+1
9.8+1

10.3 + 1
10.5 + 0.5
13.6 + 1
14.1+ 0.5

10.3+ 1
9.8 ~1
9.1~1
9.5 ~ 0.5

10.2 + 1

11.1~1

11.2 + 2
12 +1
13.6+ 0.5
12.8 + 0.5

9.2 +2
7.6 +2
8.9+2

11.5 +2
8.8 + 0.5

12.2 + 1
12.6 + 1

9.6 +2 .

9.6 +2
10.8 +2
10.4 +2
9.8 +1

13.3 +1
13.8 + 1

11.4 +2
11 +2-
12.2+ 2

10.2 + 0.5
11.3 + 1

12.6+ 2

12.5 + 3
12 x2
12.7 + 1
13.8 +1

1.77 ~ 0.02
1.85 + 0.08
2.03 + 0.05
3.31 ~ 0.28
2.18 + 0.03
4.0 +0.1
3.56 + 0.15

1.75 + 0.30
3.41 ~ 0.50
2.2 ~0.3
4.0 + 0.5
2.21 ~ 0.05
3.8 ~0.5
4.1 + 0.2

1.57+ O.ll
3.31+ 0.29
2.04 + 0.10
3.13+0.36
2.37+ 0.06
2,47 + 0.09

2.29 + 0.30
3.93 + 0.48
1.87 + 0.10
4.05 + 0.22
2.5 +0.2
3.4 + 0.3
3.55 ~ 0.11

The full width at half maximum is FWHM and its midpoint is & &. For those cases with no entry the spectrum did
not fall to half height at low energies and therefore FWHM could not be fixed.
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TABLE II. Integrated charged particle cross sections (mb).

Eiah
(MeV) Tar get He

Symmetric
'H 'H H

Forward peaked
'He

185
220
271
339

~~8Sn

194
315
555

1158

453
628
956

1697

9.1
19.7
57.4

155

2.5
3.V 93

17.7 228
56.6 495'

31 7.1 2.1
155 21.6 7.6
466 75 21 6

221
272
340

221
272
340

219
270
339'

Sm

184Dy

1 7AU

77
232
624

56.4
176
478

18.8
96

359

,73.5
242
703

91.4
205
553

31.7
106
386

67 29 83
31.4 15.6 195

108 66 566

4.8 2.1 151'
24.7 13.7 235
83 46 5 386

1.7 0.90 58
11.8 7.7 122
50 33 204

90 8 23
123 18.3 7.3
392 77 36

151 14.3 3.3
190 21.8 9.5
251 45 26.5

54 6.6 1.4
83 10 5 3 9

127 29 13

Detection threshold
(Me V, lab)

3 14-18 3-5 5-6 6-7b b b

Li Be
Forward peaked

B C 0

339 "'Sn 7.2
~548m 11.6
184Dy

197A

2.8
2.9
2.8
1.1

2.4
4.1
2.5
0, 94

2.1
4.1
2.7
1.11

0.45
1.1
0.47
0.21

0.19
0.4
0.18
0.17

Detection threshold
(Me V, lab)

57 78 105 125 160

c.m. energy &10 MeV for Sn and &12 MeU for Sm, Dy, and Au. Substantial emission was
also observed at lower energies for 40'& 9~m ~ 90'.

b 'The variation is due to the different beam stopping foils used.
Data from Ref. 2 were used along with new data from this work.

not made a serious attempt to measure the isotope
distributions at each angle as this would require
considerably more beam time. Nevertheless one
can get a feeling for these distributions from the
results shown in Fig. 5.

The fission-like products as identified by the QT
could include contributions from deeply inelastic
collisions and nonequilibrium fission as well as
from equilibrium fission. 28 Jt has often been said
that for the higher energies and the lower Z tar-
gets, this distinction is particularly difficult. 27 In
Fig. 4 we show the angular distributions of gross
fission-like products (ER and guasielastic products
excluded} transformed to c.m. with the assumption
that all fragments have the average c.m, velocity
of a symmetric fission product. These angular
distributions seem to become more asymmetric
with increasing beam energy and decreasing Z of
target. At forward angles it is especially difficult
to distinguish fission products from target-like
products of lower Z and the projectile-like prod-
ucts of higher Z. In addition, at back angles the

lp
e

(nI- l6p

h.p.K.
0 ~LI

47'/
Cl
X
X

~ 6Li
42'A

IO-

340 MeV Ar+' Dy

(7deg, lab)
57%,

'Be
68%
I

'OBe
26%

I I 8
5I%"B

40%

l3(

30%

lt, „, 1

2 2.5 3 5 6 8 9
PI,

l2

FIG. 5. Example of an isotope distribution of the par-
ticles with 3& Z& 8. The number of events is plotted
versus the value of the "particle identifier function, "
Pl: PI= [{E2+E() -E2 "l/e&. (E~ and E2 are the en-
ergies deposited in the first and second members of the
SST; e& is the thickness, in pm, of the first detector. )
Mass number and percentage occurrence are indicated
for each species.
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heavier fission products are easily lost below the

energy threshold due to the large velocity of the
center of mass. However at c.m. angles of =90 the
energy distributions have a clear valley between
broad peaks that one can identify with deeply in-
elastic and fission reactions. Thus we estimate the
fission cross sections to be 2m (da'/dA)». , (as-
suming an angular distribution of 1/sin8, ) as giv-
en in Table III.

Measurements of evaporation residue cross sec-
tions were made relative to elastic scattering as
they were simultaneously observed in the same
GT. The "true" direction of the beam axis was de-
termined by obser vations of elas tic scat ter ing to
the right and left sides successively. Rutherford
scattering formulas were used for elastic scatter-
ing as the angles where ER's were measured are
well below the grazing or quarter-point angle. As
the recoil energies of heavy residual nuclei after
massive transfer are also well above the threshold
for GT detection, we would probably include prod-
ucts from most such incomplete fusion reactions
as well as those from complete fusion. Therefore
the values of ER and fusion cross sections (and the
associated values of Isa and I„«) in Table III
should be interpreted as representing complete
plus incomPlete fusion. " As discussed previously'
the contribution from incomplete fusion could be
very large for reactions induced by 340 MeV "Ar.

B. Magnitudes of the cross sections

The fusion cross sections of 0.5 to 1.6 b follow
the trends of other published data for similar re-
actions. ~' ' ~' 8 They imply that very large en-
trance-channel l waves are involved in the fusing
collisions; l~«values range from 65 to 149 (Table
III). However, the large cross sections for for-
ward peaked, lig-ht-charged particles (Table II and
Fig. 2) also imply significant mixing of complete
and incomplete fusion. ' '~ Thus the energy and
spin values of many heavy nuclei after the fast im-
pact part of the collision may be reduced by sever-
al tens of MeV and tens of 5 units compared to
those which would have resulted from complete fu-
sion. Cross sections for the less abundant light
chargedparticles H, 'H, I i, Be, 8, C, N, andOare
also reported in Table II for the 340 MeV "Ar reac-
tions. As these cross sections are rather small
these products probably do not play a major role,
in. the overall mass or energy balance for the
reactions. But they may turn, out to be useful
probes of the role of clustering phenomena in the
evolution of the composite system.

The major competitors for the exit channels after
equilibration are fission and emission of neutrons,
'H, and He. As the evaporative H/ He cross sec-

tions and decay fractions (Table II and III) seem
quite large, it is natural to explore the possibility
of evaporation both before and after scission. In
another paper2 we have presented strong arguments
against Q, evaporation from fission fragments for
340 MeV 4oAr+ 'Au. Briefly the arguments pre-
sented there are as follows: (1) The observed
singles spectra are not as wide as those from kine-
matic simulations of post fission evaporation. (2)
The mean energies and the cross sections of He
are nearly identical in singles and in coincidence
at several angles with respect to the fragments.
(3) The observed cross section ratios for He to 'H

are much larger than those expected for evapora-
tion from fission fragments. Each of these argu-
ments also applied for the evaporative H, but with
much less force. Therefore the possibility re-
mained for some significant evaporation of 'H from
the fission fragments.

In this study we have measured the spectra of H

and He in coincidence with one fission product for
three geometrical configurations. The shapes of
some of these spectra for the ' Sm and "Sn tar-
gets are given in Fig. 6 in comparison -to a kine-
matic calculation. The results for '

Dy are very
similar to those for ' Sm. The calculation was
made to simulate evaporation from fission frag-
ments with an angular distribution of 1/sin8„
The assumed mass, charge, and kinetic energy
distributions of the fragments were taken from em-
pirical systematics. All fission fragments were
assigned the same multiplicity for light-charged-
particle emission (taken to be isotropic). 54

The evaporation spectrum was assumed to follow
Eq. (1) with T =2.0 MeV and barrier parameters
from Ref. 7. The energy spectrum for He ob-
served in the singles mode is much more narrow
than the calculated one. Also the observed spectra
for He in coincidence are very similar to those in
singles and do not exhibit the high-energy peak ex-
pected for evaporation from the moving fragments.
We conclude that He evaporation from the frag-
ments is rare for "Sm and ' Dy. The data for
"'Sn [Fig. 6(b)] allow more room for post fission
evaporation, but this is surely not the preferred
mechanism. The calculated and observed spectra
for 'H in singles at &y b 104 differ only in some
details of their shape. However, the observed co-
incidence spectra exhibit a single peak again very
similar to the singles spectrum and qualitatively
different from the double-peaked curve expected
from two separate fission fragments. We conclude
that 'H evaporation for the fission fragments is al-
so rare for ' Sm and '

Dy; similarly for " Sn this
seems not to be the preferred mechanism.

The ratios of evaporative He to 'H also provide
a test for the extent of post scission emission. This
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FIG. 6. Spectra for He and H in singles and in coincidence with one heavy fragment (with the laboratory configura-
tion as shown). The smooth curves were calculated by a Monte Carlo kinematic simulation for evaporation for the fis-
sion fragments. (a) Ar + Sm. (b) Ar + Sn.

point is discussed more fully in Refs. 2 and 25 so
we only mention it here. Examination of Table III
shows that the measured ratios of He and 'H are
all greater than 0.5. (Neglect the data for 222 MeV

Ar+Sm, Dy, and Au as large uncertainties re-
sult from the dominance of the direct component. )

Comparison of these ratios to those for the com-
pound nuclei Br* or."'Te* would imply implaus-
ibly large spins for the fission fragments if they
were to be the emission sources. ' 5

What about evaporation from the fragments after
deeply inelastic reactions'P' " The H or He evap-
orated from the rapidly moving and forward-peaked
projectile-like product would be included in the
group that we call direct. The kinematics is such
that H or He evaporated from the slowly moving
target-like product could possibly be included with
those we assign to the evaporative component. For
the similar reaction 373 MeV ~ S+' 'Au, Gamp et
a/. have made a detailed study of He emission in
coincidence with projectile-like fragments. 3 They
find integrated He production in coincidence to be

less than 5% of the inclusive cross section. In
addition they can exclude emission from the target-
like fragment as a prominent mechanism. For 222
and 274 MeV Ar reactions the excitation of this
target-like fragment is expected to be too low for
it to dominate the evaporative H/He. For 340 MeV

Ar +"Sm, ' Dy, and ' 'Au the coincidence data
(in Ref. 2 and in this work) indicate that the major
(but not exclusive) correlation of coincident events
is with fission rather than deeply inelastic reac-
tions. For 340 MeV Ar + " Sn the evaporative
'H/ He cross sections (singles) are so large that
contributions are rather likely from severa, l
sources; the evaporation residues, the ta.rget-like
fragments, and the composite systems prior to
scission. We will discuss this in connection with
Table V later.

C. Anisotropies for H/He and coincidence between
fission and iH and "He

From Fig. 3 we see that the cross sections for
'H/4He at back angles increase strongly with inci-
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dent energy. Also an increase of do/dQ toward
180' becomes apparent at 340 MeV for both He and
'H. This back-angle anisotropy is also measurable
for He for 274 MeV incident energy and for the

Sn target even at 222 MeV. Anisotropies for the
evaporative components are very useful as they can
provide information on the root mean square spins
of the emitters, J,m, .2 ' '3' The value of J, , for
all fusion reactions is expected to increase with in-
cident energy over the fusion barrier. However,
the particular nuclei that evaporate H or He could
have J, , values very different from those for all
fusion reactions; for example, they could be heavi-
ly selected by competition with fission. We have
assigned values to the anisotropy parameters P2
from the fits of Eq. (2) to the data at backward
angles (Fig. 3); then we have estimated J, , from
these values of p2.

Catchen et a/. have discussed the equations
from the statistical model that relate these p2 pa-
rameters to the spins of the emitters

h'(J +-')2 pR'
p

P 2

28T

where Jp is the spin of the emitting nucleus, 4 and
T are the moment of inertia and temperature that
characterize the level density of the residual nu-
cleus. The exit channel II values are controlled by
the centrifugal barrier for particle emission of re-
duced mass p, [centrifugal barrier =}22l(f + 1)/pR2].
The symbol 5~ represents 4+ pR . References 7,
10, and 25 use experimental data on fusion and

evaporation to examine the choice of parameters &,

T, and pR necessary for estimation of (Jo+ 2)
from p2. Values of p, and the associated rms spin
[((Jo+2) )' =J, ,] deduced by their method are al-
so listed in Table IV. See the Appendix for details.

One usually assumes that fission from high-spin
nuclei occurs predominantly perpendicular to the
spin axis (K«J}.' Thus the detection of a fission
fragment establishes a reaction plane approximate-
ly normal to the spin axis of the fissile nucleus.
Particles evaporated prior to fission are expected
to have an angular correlation with the spin axis
gT(y) 24' 25

W&,,»(y) ~ exp(P, sin'y) . (5)

The determination of p2 from the angular distribu-
tion in singles along with the differential cross
section for coincidence between fission and evap-
orative 'H or He (d o/dQodQz} permits one to in-
tegrate and obtain the total cross section for such
coincident events. 5 The last two columns in Table
IV give the measured differential cross sections
and the integrated coincident cross section (o'„„,).
The integrated coincident cross sections have un-

certainties of =35% due to the statistical signifi-
cance of the coincidence data and uncertainties in
the values of P2. Nevertheless these estimates can
be quite informative as discussed later with Table
V. (See the Appendix and Ref. 25 for details of the
integration to give & &„.)

IV. DISCUSSION

A. Some simple estimates of the time scales

One of the primary aspects of any reaction mech-
anism is the relative time scale for the chain of
events. Here we consider four kinds of happenings:
(l) emission of forward peaked particles H/He,
etc. , (2) fusion (complete or incomplete), (3) emis-
sion of H/He into the backward angles, and (4} fis-
sion. The first two must occur in times consider-
ably smaller than a rotation period for the compos-
ite system. The latter two are usually thought to
require something akin to half a rotation period or
even much more. We must resort to some kind of
reaction model if we are to set any more stringent
limits on these times.

For the forward-peaked H/He we could envisage
their prompt ejection after one or a few collisions
in much the same picture as the nucleon-nucleon
collision model of Serber. 3~ Then a typical time
would be ~R/v where a nuclear radius R is taken
as a typical traversal distance and v the mean vel-
ocity during the traversal. For nucleons one would
estimate v to be of the order of the Fermi veloc-
ity; for heavier particles ( He, etc.} the whole no-
tion of the Serber model seems rather unnatural.
Nevertheless such a picture should lead to =1 &&10

sec for a nuclear traversal time in a collision cas-
cade model.

One might argue that the colliding nuclei must
move toward one another for some significant dis-
tance (e.g. , 2R) in order to provide the initial col-
lisions needed to cut away the light-charged parti-
cles from their sisters. 3 Hence another 2-3 &&10

sec would be a reasonable mean induction time for
a collision cascade model.

The hot-spot model provides another simple
means to estimate an upper limit for the mean de-
cay time. '" One can visualize a small hot zone on
the nuclear surface that emits a narrow beam of
particles. Then the mean decay time is given by
the mean decay angle divided by the angular veloc-
ity u. The former can be taken from the data in
Fig. 3 (for 7 vs 8„~)after subtracting an assumed
symmetric component, The angular velocity can be
obtained if one can estimate a mean / value and a
moment of inertia. From reactions induced by
lighter projectiles, gamma ray data in coincidence
with forward-peaked He seem to indicate that the
value of / « is probably near to the relevant mean
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TABLE IV. Summary of anisotropy parameters, J, , for the emitters and integrated coin-
cidence cross sections (evaporative component).

Eras
(Meg Target

b
~rms d'&/d~ad~g'

(mb/sr')

d
+CONC

(mb)

220
271
339

272
340

272
339

270
339

116Sn

"4sm

164Dy

'"Au

1.49 + 0.57
1.98 + 1.03
1.70 + 0.70

{1.58+ 0.84
1.89 + 0.55

1.33 + 0.62
1.05 + 0.57

{0.28 + 0.28
1.11+ 0.58

4He

52+ 12
65+17
66+13

74 ~17
89+13

73*16
72 +27

38+38
82 +20

3.50

4.3

4 4

2.8 0

232 + 82

287 + 94

406 +48

252 g

339
340
272
339
339

220
271
339
340
339
339

339
272
340
339
339

116Sn

Sm

164Dy

116Sn

"4sm
164Dy

"Au

'"Sn

Sm

164Dy

197Au

0.95 + 0.82
0.78 + 0.39

(
0.19+0.19

0.98 + 0.69

1.48 + 0.65
1.89 + 1.11
2.50
1.04 + 0.42
0.50 + 0.45
1.49+1.00

2.88
0.76 + 0.51
0.97 + 0.42
0.75 + 0.51
0.76 + 0.76

97 ~40
115+ 20

6p+ 30

140 +40

H

67+ 14
82 +20

92 +18
70+31

124+ 35

3H

55+ 18
68+14
64+20
72+36

4 4
4 p

3.0
1.6 g

0.55
0.85
0.54

0.20

0.28
0.32

356 + 85
348 +49

346 + 39
145 g

34 ~17
71 +20
53 + 24

11.3 + 2.3

24 +16
29 +25

' From fits of Eq. (2) to data in Fig. 3.
See discussion of Eq. (4) and Ref. 25 for tests of the parameters used.' The average of the c.m. cross sections observed for the three configurations in Fig,
From the integration of Eq. 5 as described in the Appendix and in Ref. 25.
Uncertainties estimated from maximum and minimum values of P2 that give an acceptable

fit (by eye) to the data in Fig. 3.
Uncertainty from reproducibility of d 0/d ~qd ~ q only.

~ Data from Hef. 2, normalized to singles data from this work by the factor 0.71.

/ value. ' '~ A configuration of two touching spheres
probably provides a reasonable estimate of the rel-
evant moment of inertia (possibly this should be
considered as an upper limit). Mean decay times
so estimated are =3-8 x 10 " sec. The precision of
the data in Fig. 3 and the crudely estimated values
of Sand (d preclude any discussion of Z or energy
dependence of these times. The important point is
simply their very small values 5+3~10 sec.
(These times may even be overestimated by our
parameter choices and the model of a narrow
emission cone from the hot-spot zorie. For ex-
ample a smaller moment of inertia would give
even shorter times. )

It is interesting that the mean times from the
hot-spot and traversal models are so similar. The
implication is that the emissions occur so rapidly
that rather little rotation of the composite system
occurs; hence an essential distinction between the
two models is nearly removed for the forward-
peaked component. Also interesting is the impli-
cation that these forward-peaked particles are
ejected so rapidly that the fusion decision I.s yet to
be made. For entrance channel / values near to
or less than l «most fusion models' ' visualize
the partners approaching one another with a very
small radial velocity. Thus the traversal of the
real potential barrier toward fusion is explored
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TABLE V. Flow chart for singles and coincidence cross sections {mb) for 340 MeV Ar+X. '

ii6Sn "4sm i64~ '"Au

~„(im-)

&gE+ODr

Direct

2483

1360

495 (4IIe)
97 (2y 3H)

(168) 2565

1002

(1so)

466 (iH) 566 ( He) 392 ( H)

15 (Li-0) 113 ( ' H) 24 (Ll-

2530

1305

386 ( He)
0) v1 ("H)

(1v9) 2407

830

(180)'

251 ( H} 204 ( He) 127 ( H)

16 (Li- 0) 42 ( ' H) 7 (Li- 0)

Oc F(& crit)

Evaporative
(~, ,)

1123

»58 (4He)

(66)

(112)

1697 ( H)

(1oo)

1563 (142)

624 (4He) VO3 ('H}
(89) (115)

1225 (127) 1577 (149)

478 (4He) 553 (iH) 359 ( He) 386 {H)

(72) (s2) (14o)

Evaporative in
coincidence
with fission

232 {He) 356 ( H) 287 ( He) 348 (iH) 406 ( He) 346 ( II) 252'{ He) 145'( H)

Fission 707 1439 1194

Evaporative but
not in coincidence 926 {4He) 1341 (iH)
with fission

337 ( He} 355 ('H) V2 ('He) 2OV {'H} 107 {H ) 241 ( H)

OE~ «E~) 416 (6s) 124 (39) (19) (o)

These results include additional and updated results compared to those reported at the International Conference on

Continuum Spectra, San Antonio, Texas, 1979.

with this slow radial motion, and the time for the
double nuclear system to rotate =1 rad may give a
rough estimate of the time to decide for or against
fusion. For these systems rotation through 1 rad
(for touching spheres at I,„) requires 6—20x 10 "
sec. We conclude that the ejection of forward-
peaked H/He (for I = I «) probably occurs concur-
rently with or prior to the fusion decision and
should be allowed for in a useful reaction model. 3

This point is addressed in an extension of thesharp
cutoff classification by Siwek-Wilczynska et al. ,
but not in the models that focus on an a Priori
potential. ""

The apparently slower decay modes, H/He evap-
oration and fission, also provide an interesting in-
sight into the relative decay times. The values of
I„,q for 340 MeV DAr reactions (109-145 h) are
considerably larger than the calculated stability
limits in the liquid drop model (=80 h). Several
authors have proposed the transient stability of a
doub1. e-nucleus system for =1&&10 ' sec. 6 Such an
entity could indeed be responsible for the large ob-
served values of /~&q. It is especially interesting
that evaporative H/He emission precedes the scis-
sion of even such short lived species. Extensive
energy mixing and evaporative decay must occur
on a time scale comparable to scission. This im-
plication of extremely rapid energy thermalization
is.encouraging for diffusion models that have as-
sumed thermal equilibration at each step in deeply
inelastic reactions.

B. The charge and energy dependence of various
processes

In Fig. 7 we show the Z dependence of the cross
sections for each process we study at three excita-
tion energies for the compound nucleus. The fu-
sion cross sections are rather insensitive to Z for
each energy; by contrast the fraction of ER de-
creases by more than tenfold from Z =68 to 84 and
by much more from Z =84 to 97. This decrease is
generally attributed to a decreasing fission bar-
rier ' which rapidly increases the number of avail-
able channels to fission. As the direct H and He
are expected to be emitted before equilibration they
should not be affected by the number of available
fission channels and indeed they are relatively con-
stant with Z (e.g. , =100 mb at E*=100 MeV, 100-
250 mb at 140 MeV, and 150-500 mb at 190 MeV).

On the other hand if the low-temperature H and
He are evaporated from a completely equilibrated
compound nucleus, then their abundance (Fig. 7)
and the values of J, , for the emitters (Table IV)
should reflect thy Z and J dependence of the fis-
sion barrier. The expected decrease in cross sec-
tion is indeed observed from Z =52 to 68 to 80.
However, for Z =80 to 84 and even 97 there is
scarcely any change. (Recall that in Sec. IIIB we
showed that there is very little H/He emission
from fragments after scission. ) These low-tem-
perature H/He emissions seem to precede scission
and are characterized by J, ,= 50-100 h (or =I «/
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FIG. 7. Integrated cross sections at three excitation
energies for fusion, fission, He, H, and ER vs charge
of the composite nucleus, &cN. Data for a target of ' Se
are from Ref. 8. Data for Sn, +Sm, and 64Dy were
taken directly from the measurements; those for Au197

were interpolated and extrapolated to the indicated ex-
citation energies (see Table III).

/

~2) regardless of Z and the number of open fis-
sion channels. The rapid increase of these evap-
orative emissions with energy (Fig. 7 and the cum-
ulative decay fractions in Table III) suggests that
they become exit channels of major importance.
This is not easy to rationalize with a standard sta-
tistical model that utilizes similar energy depen-
dence for the level density of saddle-point and
evaporation daughter nuclei. 2' We conclude that the
dynamics of the intrinsic rates of the emission
processes control their abundance relative to fis-
sion rather than the available phase space. The
scission time has been estimated to be ~3 &&10

sec ' whereas the time for thermal equilibration
and subsequent evaporation 3 seems to be even
shorter (or at least comparable). This we feel is
a. very important result as it implies that the H/He
spectra might give a running record of the extent
of the thermalization processes before scission.
It also implies that the sharp-cutoff approximation
for fission evaporation competition [1&/I t,t- 1 for
J'& J& where B&(J~)=B„]is simply not va.lid for high
excitation energies. We discuss this point more

fully in Ref. 4.
There are several additional important implica-

tions of a shift from control by phase space to con-
trol by dynamics. Our equations based on equilib-
rium statistical mechanics surely lose their gen-
erality, and the regal position of the fission saddle
point is threatened. Evaporation of H or He could
conceivably occur either before or after traversal
of the saddle point as discussed above. But also
the fissile system may not have enough time to ex-
plore all its E states as assumed in an equilibrium
model. s Such a situation would severely shake the
foundations used for exploring angular momentum
transfer via sequential fission studies. 5' 6 Recent
results from the Heidelberg group do indeed sug-
gest the demise of equilibrium theory for the angu-
lar correlations observed for sequential fission in
the reactions U+ ' U and U+"'Cm.

An additional consequence of a shift to dynamic
control is the possibility of invalidati. on of the Bohr
independence hypothesis for the excited "com-
pound" nuclei. ~ "Fission" probability could depend
on mass asymmetry of the collision partners in
addition to spin and excitation energy. ' As the
limits for complete equilibrium are approached
and passed it is likely that some decay modes will
retain the features of equilibration longer than
others. 4' The angular distributions and tempera-
tures shown in Fig. 3 suggest that H and He emis-
sion at backward angles may be clinging tenacious-
ly to their evaporative character. However, the
collective motion toward fission may well be too
slow to explore all the open channels that are
available.

The forward-peaked emission of the various light
particles clearly does not originate from evapora-
tion. From Table II we see that there is relatively
little dependence of these cross sections on target

Also it is interesting that one observes so much
of the loosely bound H and H and even the more
complex ions Li, Be, B, C, N, and O. It would
seem likely that such particles would be ejected
either at impact or at scission. ' The similarity
of their angular distributions to those for protons
could be said to suggest similarity in their mech-
anistic origin. This reasoning argues against re-
action models which employ long mean free paths
insi. de the nucleus. ""

C. A flow chart to summarize our findings for 340 MeV
Ar + Sn, Sm Dy, and Au

In Table V we present a summary of many of the
cross sections and spin values that we have taken
from experimental observations or systematics.
Let us follow down the column for the target "BSn.
From systematics of elastic scattering data one
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estimates a reaction cross section (os) of 2483 mb
and E,„=168.5 Subtraction of the measured fis-
sion and ER cross section leads to 1436 mb for
quasielastic and deeply inelastic reactions (o~s
+a'»}. Direct (or forward-peaked) emission of
light-charged particles gives a comparable sum,
some of which surely accompanies the so-called
"fusion" cross section (oo F) and complicates its
common designation "complete fusion". The evap-
orative cross sections for He and H are as large
or larger than the fusion cross sections and values
of J, , (from the angular distributions) are very
similar to l qt/~2. This result is consistent with
a constant probability of emission from entrance
channel waves of 0& E & l„«. Normally one expects
fission competition to eliminate the evaporative
emission from the higher spin states. For the Sn
target about one fourth of the evaporative 4He and
H (232 and 356 mb) are found in coincidence with

fission. Presumably most of the rest (926 mb He
and 1341 mb H} comes from the ER products. The
implied charge loss for the ER products (4Z = 7
units) is consistent with that observed by other
workers. 4 The observed cross sections for evap-
orative He and 'H in coincidence with fission are
about the same for all targets in spite of the very
large difference in fissionabilitjes. One possible
interpretation of this result is that the time for
motion to the scission point is sufficiently long to
allow essentially complete energy thermalization
and a rate determined evaporation probability of
=3 to & for 'H or 4He. By contrast, the evaporative
He not in coincidence with fission decreases rap-

idly with Z following the decrease in- evaporation
residues. Possibly this result reflects rather con-
stant values of I' /1"„ for each of the evaporation
chains. The corresponding Z dependence for evap-
orative 'H not in coincidence with fission is not as
strong with apparently =200 mb remaining even for
Dy and Au targets. Presumably these protons were
evaporated from target-like products after deeply
inelastic reactions. More extensive coincidence
measurements are required to explore this point.

D. Suggestions for further experimentation

It is very interesting that the direct component of
the charged-particle emission seems to be emitted
so rapidly that very little rotation of the composite
system can occur. If a "hot spot" is formed3 and
emission occurs at the touching poirits one would
expect a decided energy dependence of the angular
distribution. At near barrier energies one would
expect the grazing angle to move aft, and along
with it the direct emission of H/He to move away
from zero degrees. Such a change is not apparent
in Fig. 3, but one should make measurements at

still lower energies to force a large increase in
the angle for the grazing collisions. If the direct
emission becomes more forward peaked at near
barrier energies than at higher energies one might
infer that high velocity particles traverse the nu-
cleus similar to the "promptly emitted particle"
mechanism. ' In that case the source of cluster
emission (e.g. , 2H, 3H, 4He, . . .} is both very puz-
zling and interesting. The similarity of the angular
distributions for protons and all the other light-
charged particles is consistent with a single mech-
anism for their production.

For the evaporative H/He emission it would be
very interesting to obtain more extensive coinci-
dence data (with fission, '2 deeply inelastic reac-
tions, 3 and with specific residual nuclei'8 after
evaporation). This could allow much more detail
in the discussion of the angular momentum deposi-
tion for individual exit channels. Experimentation
in both of these directions has been undertaken.

V. SUMMARY

We have presented a systematic pattern for light-
charged particle emission, fission, and ER prod-
uction in several Ar reactions. The spectra and

angular distributions of H/He are consistent with a
low- temperature evaporative component at back
angles and a high-temperature direct component at
forward angles. Forward-peaked emission of I i,
Be, B, C, N, and 0 was also observed for 340
MeV Ar. Fission-like products were observed
with a gas ionization detector; their angular dis-
tributions approach 1/sin8„. for the ' Au target,
but become forward-peaked for lighter targets.
Energy spectra and cross sections measured in
both singles and coincidence modes indicate H/He
emission prior to scission. From the anisotropies
in the backward hemisphere one can estimate the
rms spin of the emitting nuclei to be =50-100. Co-
incidence measurements for 340 MeV Ar show
that 200-400 mb of evaporative 'H and 4He are
emitted in coincidence with fission for all four
targets. The large amount of evaporation in com-
petition with fission is difficult to explain with
phase-space models. The large amount of for-
ward-peaked light-charged particles implies sig-
nificant energy dissipation concurrent with the fast
impact period of =5 &10 sec. The presence of a
significant number of complex particles 2H, 3H,

Li, . . . provides a probe of nucleonic clustering in
the very early life of the composite nucleus.
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APPENDIX

In order to obtain an integrated cross section
o'„„,for a light particle (I ) in coincidence with a
heavy fission fragment (H) we must adopt a reac-
tion model and its associated angular distribg. tions.
We use the equilibrium statistical model for evap-
oration of the light-charged particle' followed
by fission in a plane perpendicular to the spin
vector. Our detection of the fission fragment then
fixes a reaction plane and the spin of the composite
system perpendicular to it. In Ref. 25 the expected
angular correlations with respect to the spin vec-
tors were discussed. Here we restate the equation
used and the choice of parameters as taken from
that study. 2' The angular correlation of particle L
with respect to this spin vector is WJ,qr(p) as giv-
en by Eq. (5). Its integration over the directions of
the light particle gives (do~/dA„)

«/2
do~/dQ„= 4v W(y) sinrpd p

0

U =aT'

with "a"=(&/10) MeV ' and

U =E+ —(e) —S —E„,.

(8)

The separation energy of the emitted particle is S
and its average kinetic energy is (e),

tion of c.m. angular distribution proportional to
1/sin8~. We have used values of P2 determined by
fits to the angular distribution as measured in
singles (see Table IV). To the extent that fission
selects a high-spin fraction of these events we
underestimate P2. To the extent that our model
ignores misalignment of the spin vector from the
normal to the reaction plane, 36 we overestimate
the effective value of P2.

From Eq. (4) it is clear that if one seeks to es-
timate ((So+2 ) )' 2 from the measured value of p2
then he must assign numerical values to &, T, and
p,B . We have taken the value of p.A from empir-
ical studies' of fusion of He and 'H,

pR'= p(1.42A. 'i'+R~ or R )',
with B~ =1.44 fm and 8 =2.53 fm. The moment of
inertia 4 was taken to be that of a rigid sphere of
radius 1.20A' 3 fm. The temperature is related to
the average energy available for thermal excita-
tion:

(e)=B+2T. (10)
=2«(90 )( /Pv, )'"-f(P, '"),

where W(90') is the in plane coincidence cross sec-
tion do~'/dQ~d&~. Then the integration over all fis-
sion fragment directions is made with the assump-

In Ref. 25 a detailed comparison is made of
measured values of P2 to values calculated by this
parametrization, using available data for 5Br* and
f17T g Se 53
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