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The excitation functions for neutron emission following fusion of 3He, He, and C ions
with a variety of heavy target nuclei, as determined in the previous communication, are
compared to the statistica1, exciton, and hybrid reaction model predictions. An initial exci-
ton number of 5 is determined for O. -particle-induced reactions by the simp1e exciton model.
The initial exciton number of 7 is consistent with the He-induced reactions by the exciton
mode1. The hybrid-model predictions are found to be consistent with the He- and 4He-in-
duced reactions using the initial exciton numbers of 3 and 4, respectively. The initial pre-
equilibrium exciton states are assumed to be 2p-1n and 2p-2n pure particle states, respec-
tive1y. The models permitting pre-equilibrium particle emission are not consistent with the
data on C-induced reactions; however, a statistica1 model calculation with level density
parameter e =A /20 yields reasonable agreement with the cross sections. Angular momentum
effects are discussed in terms of the model predictions and the isomer ratio for helion popu-
lation of i88Ir and Ir are determined.

NUCLEAR REACTIONS ~9~Au(~2C, xn), 209Bi(3He, xn), 209Bi(a,xn), ~8~Re-

( He, xn), ~ YRe(e, xn), ~SYAu(3He, xn) statistica1 model, exciton model, hybrid
mode), optical model, angular momentum; predict 0(E) for (xn) reactions.

I. INTRODUCTION

The experimental excitation functions for the
neutron-emission reactions "'Au("C, xs)'09 'At,
"'Bi('He xn)'" 'At, "Bi('He xn)'" 'At, "'He-
(BHe xs)&90 "jr &87He(~He xs) 9&-*fr and '97Au

('He, xn)~' 'Tl given in the previous paper, ' are
compared to the predictions of various nuclear
reaction models. The statistical model, with' and
without' the inclusion of angular momentum, is
compared to the experimental excitation functions.
The predictions of the equilibrium model with
intermediate structure (exciton model), originally
proposed by Griffin~ and later modified by Blann, '
are compared to the experimental excitation func-
tions and the best value of the initial exciton num-
ber (N, ) is deduced. The equilibrium model per-
mitting pre-equilibrium particle emission was
later extensively modified by Blann' (the hybrid
model), and is used to predict the above reaction
excitation functions. The hybrid-model modifica-
tions included particle-hole distinguishability,
proton and neutron distinguishability in the initial
exeiton state, and an energy-dependent pre-equi-
librium emission fraction.

Due to the experimental errors described in Ref.
I, a comparison of the magnitudes of the predicted
and experimental reaction cross sections could
not always be used as the principal criterion for
the model fits. In many cases, the best agreement

is based on a comparison of the energy maximum,
the full width at half maximum, or the general
shape of the predicted versus experimental exci-
tation functions.

II. REACTION MODEL CALCULATIONS

A. Predictions of the exciton model

The original equilibrium model with inter-
mediate structure" was used in order to deter-
mine the most probable initial exciton number for
the helion- induced nuclear reactions. This model
involves the combination of the cross sections
predicted by the statistical model and the cross
sections predicted by the pre-equilibrium emis-
sion code. v ' The parameters involved in the pre-
equilibrium calculation are the form of the parti-
cle-hole level density and the initial exciton num-
ber (N, ). The particle-hole-state density expres-
sion used in this calculation was based on the
equal-spacing model where particles and holes
were assumed indistinguishable. " In the statis-
tical-model code, the form of the level density
used in these computations is given by:

&o(E*)~ —
~ exp(2 v'aE*),1 2

where E* is the excitation energy and the level-
density parameter s was taken as A/8 consistent
with a degenerate Fermi gas. The total reaction
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TABLE I. Optical parameters used in the computation of the total and inverse reaction cross sections.

Projectile

Neutron b

Proton ~

nd
3He'

12C f

-Vp
(MeV)

49.66 —0.424 E
-0.0042 E
49.66 —0.434E
0.0042 E2

50.0
160-0.152 E
+35(N -Z)/A

41.8

WS 1.25 0.65.

WS 1.25 0.65

WS
WS

1.17 0.567
1.22 0.72

WS 1.26 0.49

Form rp a b

factor ~ (fm) (fm)
-Wp

(MeV)

1.5+4.35 InE

1.5+4.34 InE

21.0-23.0
20,0-21.0

16.4

G 1.25 0.95

G 1.25 1.2

WS
WS

1.17 0.567
1.5 0.86

WS 1.26 0.49

Form rp ab
factor (fm) (fm)

-Vga.
(MeV)

12.0-
1.79 InE'

12.0-
1.79 InE
0.0
0.0

0.0

WS stands for the Woods-Saxon form factor and G stands for the Gaussian form factor.
b From Ref. 12.

From Ref. 13.
From Ref. 14.

~ From Refs. 15 and 16.
f From Ref. 17.

cross sections and inverse reaction cross sec-
tions were computed by standard optical-model
codes, ABACUS" and SIGGMOPP. The optical-
model parameters used in this study were taken
from the literature" "and are reproduced in
Table I. The 'He parameters are a combination
of those reported in Refs. 15 and 16. The ' C-
induced total reaction cross sections were com-
puted by the square-well approximation given by
Thomas" and found to agree with the optical-model
prediction using the Auerbach and Porter param-
eters. " The separation energies of the emitted
particles (restricted to p, N, and o, particles) were
computed using the table of nuclidic masses by

Myers and Swiatecki. " The excitation energies
at various bombarding energies are computed
using the same mass tables.

The initial exciton number was varied between
N, =3 and N, =9 for all reactions systems studied
and the pre-equilibrium cross sections were de-
termined. The statistical model calculation was
also performed for all reaction systems. For
each system studied, the statistical model and
pre-equilibrium model predictions were combined
by multiplying the pre-equilibrium cross sections
by a constant fraction, referred to as the fraction
of pre-equilibrium particle emission (FPE), and

adding the result to the statistical model cross
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FIG. 1. The excitonmodel prediction of the Bi-
( He, 5n) At reaction for initial exciton numbers 3, 5,
and 7. The experimental curve is the solid line connect-
ing the experimental data points.

FIG. 2. The exciton model prediction of the Be-
(&,3n) At reaction for initial exciton numbers 5 and 7
as compared to the experimental excitation function.
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sections. The best value of the FPE for each re-
action system was found by normalizing the pre-
equilibrium cross sections to the experimental
data at excitation energies where the equilibrium
cross sections were very small, This normaliza-
tion procedure was continued for each, value of the
initial exciton number for each reaction system
studied. Detailed descriptions of these calculations

are given in Refs. V-9. The cross sections for all
possible reactions were computed using the best
values of N, and FPE. In general, as the initial
exciton number increased, the pre-equilibrium
prediction approached the statistical model pre-
diction; simultaneously, the FPE decreased.

Figure 1 shows the variation of the pre-equi-
librium prediction of N, =3, 5, and 7 for the re-
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FIG. 4. A comparison
of the experimental excita-
tion functions for the F878,e-
{3He, xn)~80 "Ir.reactions to
the hybrid-mode1 predic-
tions using Ã~ =3.
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action '~Bi('He, 5n)'~At. It can be seen that the

energy maxima of the predicted cross sections
are approximately the same for each value of the
initial exciton number. The best agreement with

the shape of the experimental excitation function
is clearly the N, =7 prediction. Continuing this
general procedure of optimization of parameters,
led to the conclusion that ¹

= 7 gave consistently
the best agreement to the 'He-induced reactions.

For the o.-particle-induced reactions, the same
fitting procedures were used comparing the com-
puted cross sections to the experimental excitation
functions. Figure 2 shows the predictions of N,
=5 and 7 for the '~Bi(n, 3n)'"At reaction. The
figure indicates that N, =5 shows the best agree-
ment to the experimental excitation function. In
this case, the energy maximum of the excitation
function is best reproduced by the N, =5 calcula-
tion. For the a-induced reactions on '~Bi and
'"Re, the best agreement was found for N, =5.
Lanzafame and Blann' and LeBeyec, Lefort, and
Sarda" obtained the excitation functions for +-
particle irradiations of '"Au, '~Pb, and" Pb,
respectively. These investigators found that an
initial exciton number of 5 yielded best agreement
to the experimental excitation functions. Cline
and Blann' have shown that with the inclusion of
particle-hole distinguishability in the initial exci-
ton state, most 4He-induced reactions are best
described with an initial exciton number of 5.
This conclusion was based on fits to excitation
functions and emitted-particle energy spectra.

The excitation functions for the "C-induced re-
action on '9'Au were computed via the above tech-
nique. In general, there was poor agreement be-
tween the predicted and experimental cross sec-
tions. The trend was for a small value of FPE and
large initial exciton number. The best agreement
was found by just considering the pure statistical
calculation without a pre-equilibrium emission
component (cf., Sec. C).

B. Predictions of the hybrid model

Blann'" modified the simple exciton model by
including neutron-proton and particle-hole dis-
tinguishability in the initial exciton state using the
intermediate-state densities given in Ref. 21. The
FPE was eliminated as a parameter by including
an energy-dependent FPE. The pre-equilibrium
model cross sections and the statistical model
cross sections, using a=A/8, are then combined
formally. This combined calculation, referred to
as the hybrid model, was used to compute the
cross sections for the reaction systems reported
in this study.

Blann and Mignerey ' have shown that the hybrid

model can be successfully applied to emitted-
particle kinetic-energy spectra. It was reported
that the a-particle-induced reactions were best
described with an initial exciton number of 4. The
initial exciton state was a pure four-particle state
composed of two protons and two neutrons. The
hybrid-model code was used to compute the cross
sections for the 'He-induced reactions observed in
this study using this type of initial exciton state
(i.e., a pure four- particle state comprised of
two protons and two neutrons). For the 'He-in-
duced reactions, the initial exciton number was
takin to be a three-particle state with two protons
and one neutron. The predicted excitation func-
tions and experimental cross sections for each
helion-induced reaction reported in Ref. 1 are
shown in Figs. 3-7.

Figure 3 shows the predicted and the experi-
mental excitation functions for the ' Bi('He, xn)-'" "At reactions where +=3, 6 using an initial
exciton number of 3. The over-all agreement
between the hybrid-model predictions (shown by
dashed curves) and the experimental cross sec-
tions is good with the exception of the ('He, 4n)
reaction. There is a significantly large high-
energy tail to this excitation function, which cannot
be simply an error in the branching ratio.

Figure 4 is a graph of the xn reactions induced
by 'He ions on '"Re. The hybrid-model calcula-
tion with ¹

=3 is shown with the experimental
data for the 3n, 4n, 5n, and 6n reactions. Con-
sistently low values of experimental cross sec-
tions probably reflect errors in the branching
ratios of the isotopes.

Figure 5 shows the excitation functions for the
3g, 4n, 5n, and 6g reactions produced by the
bombardment of '9'Au with 'He ions. The hybrid-
model predictions with N, =3 are shown. The
magnitudes of the cross sections are not in good
agreement which again could be due to branching
ratio errors. The energy maxima and shapes of
the experimental excitation functions are well re-
produced by the hybrid-model calculation.

Figure 6 displays the experimental excitation
functions for the '"Re(a, xn)"' 'Ir reactions where
x = 3-. V. The hybrid-model prediction is shown
with N, =4. Of these excitation functions, only
that for the 3g reaction seriously deviates from
the model predictions of energy maxima and gen-
eral shapes. The experimental 3n excitation func-
tion seems to be seriously affected by the Coulomb
barrier. The peak of the experimental 4n excita-
tion function is somewhat broader than its pre-
dicted value. The 5n cross section is systemati-
cally high but fits the position and shape of the
predicted excitation function. There is good agree-
ment for the 6N reaction.
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Figure 7 shows the e-induced neutron-emission
reactions on ~Bi. Except for the 2@ reaction,
the experimental cross sections are in good agree-
ment with the hybrid-model prediction using N, = 4.
The low value of 2g reaction cross sections is
most certainly h branching-ratio problem. The 3g,
4n, Sn, and 6n reactions show reasonable agree-
ment to the hybrid-model prediction of exeitation-
function shapes and energy maxima.

No attempts were made to fit the experimental
excitation functions with variation of parameters
in the hybrid-model calculation. Blann and
Mignerey ' show that for proton-induced reactions,
the best fit to emitted-particle spectra was found
when N, =2, a pure two-particle state. A more
reasonable initial excitation state was taken to be
N, = 3, a two-particle-one-hole state using free-
scattering (e, p) and (p, p) cross sections to ob-

24 28 32
I I I

~ ' Re(a, 3n)' Ir

Re(a,4n) Ir
l87 )87

'8'Re(a, 5n}86Ir

LABORATORY ENERGY (MeV)

40 44 48 52 56 60 64 68
I I I I I I I I I

~ Re (a,6n) Ir —EXPERIMENTAL

0 Re(a, 7n) Ir
l84

——CALCULATED

72 76
I I

IOOO-
JD
E

Z.'
O

UJ
(A

(f)
g) ~ IOO-
O
fZ
C3

x ~x

~)&
I 0

I
X

~~
I ~ i'

I I
W /

~ l

0

FlG. 6. A comparison
of the experimental excita-
tion functions for the Re-
(m, xn)~@~Ir reactions to
the hybrid-model predic-
tions using N&

-—4.

I I I I I I I I I I I I I I
ZO 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80

EXCITATION ENERGY (MeV)



COMPARISON OF 'He-, 'He-, AND "C-INDUCED. . .II. . . 1077

24 28 32 36
I I I I

~Bj(o,2n) "At

~ 209Bj (0 3f))2IOAt

v ~~Bi(t2 4n) ~At

LABORATORY ENERGY (MeV)
40 44 48 52 56 60 64 68 72 76 80

I I I I I I I I I I I

209Bj ( 5')208At ——CALCUL ATE 0
Bj(o,6n) 2 At—EXPERIMENTAL

O
I-
O
UJ
(A

O IOO-

:I

E l000- /
I

I
I I

r. ~/
y ~ V ~Q X.

FIG. 7. A comparison
of the experimental excita-
tion functions for the SBi-
(n, xn) ~ ~At reactions to
the hybrid-model predic-
tions using N& =4.

I I I I I I I I I I I I I
IO l4 I8 22 26 30 34 38 42 46 50 54 58 62 66 70

EXCITATION F NERGY (MeV)

tain the division between neutrons and protons in
the initial 2plh state. Such a state was used in
their hybrid-model code, however the predictions
did not agree with the data reported in Ref. 22.

Because of the experimental errors associated
with the cross sections reported in Ref. 1, no in-
formation on the character of the initial exciton
state could be deduced by variation of parameters
in the hybrid model. For example, the 'He-in-
duced reactions were compared to hybrid-model
predictions using N, = 5 where the initial exciton

state was 4p1h in nature and the particle state
was assigned 40%%u~ neutron and 60% proton char-
acter. The predicted results showed the tails of
the excitation functions were lowered ( 30%) and
the balance of the cross section was put in the
lower portion of the excition function. The magni-
tudes of the changes, in light of the experimental
errors, were such that no definitive conclusion
could be drawn regarding the quality of fit.

C. Predictions of the statistical model

~098i(o,4n)~09 At

Zl
E IOOO-

z
O
I-
LLI
M

CA
Vl
O loo-

I
I
I
I
I
I
I

\ 0

' 0RA/20
sA/e

I I
30 40 50 60 70 80

BOMBARDING ENERGY (NIeV)

FIG. 8. The experimental excitation function for the
Bi(n, 4n) At reaction as compared to the statistical-

model predictions with a =A /8 and a =A /20.

All experimental excitation functions were com-
pared to the statistical-model predictions using
the form of the level density given by Weisskopf
and Ewing. ' The same criteria (cf., Sec. I) were
used to fit the data to the model predictions. The
level-density parameter was varied for values be-
tween A/4 and A/25. Figure 8 shows the results
of the statistical-model calculation for a=A/8 and
a =A/20 as compared to the experimental data for
the '~Bi(o., 4n)'~At reaction. The fit to this
excitation function is typical for the helion-induced
reactions reported in this study. As can be seen
from the figure, the level-density parameter
a =A/20 gives best agreement to the experimental
data. The inclusion of angular momentum in the
statistical-model calculation for helion- induced
reactions produced a slight energy shift in the peak
of the excitation function to higher energy and in-
creased the full width at half maximum (FWHM).
The magnitudes of these changes were well within
the experimental-data error limits. The high-
energy tailing of the experimental data has long
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been attributed to a direct-reaction component.
The statistical calculation could not reproduce the
hard component in the excitation functions. In
order to fit our helion-induced cross-section data,
a level-density parameter of a =A/20 was required
to best reproduce the energy maxima and FTHM
of the excitation functions. The resulting reduction
in level density is not consistent with a degenerate
Fermi gas. It appears that the fermi-gas statis-
tical model can only be confidently applied to
helion-induced nuclear reactions when a pre-
equilibrium emission component is added to the
initial state.

As mentioned previously, the "C-induced re-
actions on "'Au did not seem to follow the pre-
dictions of the pre-equilibrium models. The
statistical model with the angular-momentum-
dependent level density given by Lang and LeCou-
teur' was used to predict the cross sections for
the (xn) reactions. The level-density parameter
of a =A/20, used in the statistical-model compu-
tation, was found to best fit the experimental
data for the 3n, 4e, 5n, and 6g excitation functions.
Figure 9 is a comparison of the experimental
data ta the statistical-model predictions using
a=A/20. As can be seen from the figure, the
over-all agreement between the experimental
cross sections and computed excitation functions
is very good. There does not seem to be signifi-
cant high-energy tailing to the experimental
excitation functions suggesting a small direct-
reaction component to the (xn) reactions. This

can be qualitatively understood from the stand-
point of the high angular momentum brought into
the compound nucleus. Levels are populated
above the yrast line and significant rotational
energy becomes unavailable for nucleon emission
and must be carried off by photons. "

It appears that the helion- and "C-induced re-
actions reported in this study are bath consistent
with a =A/20. This reduction in the number of
degrees of freedom for the equilibrium system is
not consistent with the pure statistical model.
While pre-equilibrium particle emission can suc-
cessfully account for the hard component of the
helion-induced reaction data, the (~C, xn) data
show no such component. It is planned to de-
termine the effect of changing the moment of
inertia from its rigid-body value, assumed in
these computations. It has been reported by Obst
et al ."that "0-induced reactions on medium-
mass targets can be described by a pure statis-
tical-model calculation when the moment of inertia
is one half the rigid-body value. Another approach
would be to use the Hauser-Feshbach method as
described by Eberhardt et e/." Both of the com-
putations mill be performed and presented in a
subsequent communication. "

D. Angular momentum effects

At one given excitabon energy, the angular mo-
mentum transferred into the fused nuclear system
by the- incoming projectile will increase in the
order: 'He, 'He, ~C at energies above the Cou-
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lomb barrier for the systems under investigation.
The ratio of the experimentally measured cross
sections for each system studied were computed.
In Fig. 10 is shown a comparison of the '"Re-
('He, 5n)"'Ir and the '"Re(n, 5n)"'Ir reactions.
As can be seen from the figure, there are no ap-
preciable differences in the shapes of the excita-
tion functions. Using the procedure of Alexander
and Simonoff, "the average excitation energies
for the 5n reactions induced by 'He and 'He on
'"Re were found to be 56.2 and 58.9 MeV, respec-
tively. The average angular momentum brought
into the nuclear system by the 'He and 'He at these
excitation energies are 12.0 and 17.6 units. In
Fig. 11 is shown the "'Au('He, 4n)"'Tl and '"Au-
(n, 4n)'97TI reactions. The data on the n-particle
irradiation of '"Au were taken from Blann and
Lanzafame. ' Again, there seem to be no appre-
ciable differences in the shapes of the excitation
functions. The average excitation energies are
49.7 and 50.8 MeV for the 'He and u-induced re-
actions, respectively. This corresponds to an
average spin of the compound nuclei of 10.3 and
15.6 units.

In Fig. 12 is a comparison of the '~Bi('He, 5n)-
'"At, '~Bi(o., 5n)'"At, and "'Au(~C, 5n)'~At re-
actions. Once again the shapes of the helion-
induced 5n reactions are similar while the ("C,5n)
reaction is shifted to higher energy and is much
narrower in shape. The average excitation ener-
gies of the compound nuclei following fusion with

I.O
's7Auis, Sot"n TABLE II. A comparison of the average excitation

energies (E*), the energy available for nucleon and
photon emission ((E*l Q;B;), and th-e average angular
momentum (J) of the compound system for the 4n and
5n reactions observed in this study.
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FIG. 11. A comparison of the ratios of the experi-
mental functions to the total reaction cross sections for
the 9~Au(3He, 4n) 8 Tl and 9 Au(n, 4n) 97T1 reactions.

Computed by the technique described in Ref. 24.
Computed from the cross sections reported by Blann

and Lanzafame (Ref. 8).
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'He, 'He, and C ions are 54.6, 55.3, and 58.6
MeV with average angular momenta of 12.8, 18.7,
and 27.2 units, respectively.

The systematic trend suggested by these data is
that the average excitation energy for a particular
xg reaction increases in order: 'He, ~He, 2C.
Table II gives the average excitation energy (E*),
the energy available for neutron and photon emis-
sion ((E*) g,-B,) (B, is the binding energy of the
evaporated neutron), and the average angular
momentum for the compound nucleus (4) for the
4g and 5n reactions observed in this study. Using
the rigid-body moment of inertia, the magnitudes
of the energy shifts can be accounted for by sub-
tracting the rotational energy from the available
excitation energy. The relatively small amounts
of angular momentum brought in by the 'He ion
could efficiently be carried off by neutron evap-
oration. " The data would also suggest that
(2He, xn) reactions should not show a strong popu-
lation of the ground-state rotational band of the
product nuclei. The n -particle-induced reactions
may have significant y-ray competition early in
the decay cascade due to the low density of residual
states and the y rays preferentially seek out the
ground-state rotational cascade. The "C-induced
reactions should have more y-ray competition
early in the decay cascade and consequently popu-
late levels high in the ground-state rotational band.

Isomer ratio results were measured for helion
population of "'Ir (spin 5)" and "Ir" (spin 2)"

8( He,5' At

by the '"Re('He 422)'"Ir and '"He(a 522)"'Ir re-
actions. Plots of the isomer ratios are given in
Fig. 13. The slopes of the lines are consistent
with the increased population of the high-spin iso-
mer with increasing angular momentum of the
compound system. The slope of the 'He-induced
reaction is much less, qualitatively suggesting
that the neutrons carry off much of the angular
momentum brought in to the system. Other iso-
topes which have metastable states had isomeric
radiations which were contaminated with radiations
from other isotopes or the half-life was too short
to be detected under the conditions of this study.

E. Total reaction cross sections

A sensitive test of the optical-model parameters
chosen for computing the total reaction cross sec-
tion would be to measure the cross sections for
all possible reactions. The experiments described
in this study were not optimized to measure the
cross sections for all reactions, however. A

comparison of the fusion cross sections which
lead to neutron emission is typically made to the
predicted total reaction cross section. Such a
comparison of these data was made and systematic
deviations were observed at high excitation ener-
gies. The cross sections for many of the 6, 7, and
8n reactions could not be determined due to the
short half-lives of the product isotopes and would
cause such a deviation.

Table III gives the fraction of the total reaction
cross section (f22) which proceeds by neutron

He

~b 0.2-
E

0.I-

Re (a, 5n) Ir

I
60

I I
70 80

1872 (3He 4n)l86I

II~
I}

I I I I I I I I I
35 40 45 50 55 60 65 70 75 80 85

EXCITATION ENERGY (MeY) 30
I I

40 50
EXC I TAT lON ENERGY (MeV)

I
60

FIG. 12. A comparison of the ratios of the experi-
mental excitation functions to the total xeaction cross
sectj022s for the 20$I}j(2He 5N}202At 202+1(~ 522}202At

and YAu( 2C jn)204At reactions.

FIG. 13. A comparison of the isomer ratios for popu-
lating "'Ie' (spin 2) and 'sslr(r (soin 5) by the 'svae(u, 5n)-
iseIr and is&Re( He, 4n~f s Ir reactions.
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TABLE III. A comparison of the fraction of the total
reaction cross section which proceeds by neutron emis-
sion (fn) versus the fraction computed by the statistical
[fn(S)] and hybrid [fz(&)] models.

Reaction
E4

(MeV) fn fn(g) fn(Q)

'9~Au( 2C, xn) 60.7
60.7
60.3
50.8
37.5
42,2
61.2

2~9BiPHe, nn)
"'Re (He, nn)
~97Au(3He, xn )
"'Bi(~,xn)
'8'Re(e, xn)

0 31(7)c

0.54 '
0.84(12)
0.60 (10)
0.77 (13)
0.62(11)'
0.83 (12)

0.73

0.67
e.75
0.98
0.75
0.68

0.70
0.84
0.78
0.84
0.80

~ Computed by dividing the Q a (nn) by the total reac-
tion cross section.

Computed using a =A./20.
The total reaction cross section was corrected for

fission competition by subtracting the fission cross
sections reported by G. E. Gordon, A. E. Larsh,
T. Sikkeland, and G. T. Seaborg, Phys. Rev. , 120, 1341
(1960). The number in parentheses is the experimental
error in fn.

d Fraction computed from the ( C, xn) data of
R. Bimbot, M. Lefort, and A. Simon, J. Phys. (Paris)
29, 563 (1968).

The total reaction cross section corrected for fission
cross section from A. Khodai-Joopari, R. C. Gatti, and
S. G. Thompson, UCRL Report No. UCRL-16580, 1966
(unpublished).

emission. In cases where the total fission cross
sections had been measured, the total reaction
cross section was corrected for fission compe-
tition. The resulting fraction is then a measure
of the number of neutrons emitted per reaction
cascade. Because of the systematic deviations
reported previously, the excitation energies
chosen for each reaction were based on the maxima
in the total neutron-emission cross sections. Also
reported in this table are the results of the statis-.
tical- and hybrid-model predictions of the neutron-
emission fractions. As expected, the statistical-
model calculation predicts high neutron-emission
probability at low excitation energies and de-
creases appropriately with increasing excitation
energy.

As stated in the previous paper, there are prob-
ably significant errors in the branching ratios of
the isotopes produced in this study which would

seriously affect these computations. The trend
in the data, however, would suggest that charged-
particle emission competes at low excitation
energies, consistent with the hybrid-model pre-
dictions.

III. SUMMARY AND CONCLUSION

The helion-induced reaction systems presented
in this study show good agreement to the equi-
librium reaction models with intermediate struc-
ture. The simple exciton model is found to fit
the 'He- and 4He-induced reactions using initial
exciton numbers of 7 and 5, respectively. The
hybrid-model predictions, where the initial
exciton state is given more definite structure, are
consistent with the experimental helion-induced
excitation functions when the initial exciton state
is given the particle character of the incident
helion. The equilibrium models permitting pre-
equilibrium particle emission do not describe the
"C-induced reactions, probably because of the
high angular momentum of the compound state.
A statistical-model calculation including angular-
momentum-dependent level densities with a =A/20
reproduces the shapes and energy maxima of the
("C,xn) reactions. Comparing the He-, n-, and
"C-induced reactions suggests that angular mo-
mentum effects are playing an important role in
the deexcitation of the fused state. Isomer ratio
studies are in progress to reveal differences in
the 'He and 4He reaction paths to deduce the angu-
lar momentum of the final product state. If the
neutrons carry off almost all of the angular mo-
mentum brought in by 'He ions, then the popula-
tion ratio of two isomers, which differ by several
units of angular momentum, should be relatively
insensitive to excitation energy.
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