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Excitation functions and mean projected recoil-ion ranges of the isomeric nuclei produced in

proton-, He-, and a-particle-induced reactions on ' 'Au were measured by an activation technique
for bombarding energies E~ 50 MeV, and E3 &40 MeV. Isomeric yield ratios (0. /o„) were

He, a
determined as a function of the incident particle energy. The experimental excitation functions and

isomeric yield ratios were compared with those from statistical model calculations based on the

Hauser-Feschbach formalism. From the analysis of excitation functions, recoil-ion ranges, and

isomeric yield ratios, the observed reactions were able to be grouped into three distinctly different
ones in the energy region studied: (i) compoundlike reaction for (p, 3n), ( He, 4n), (a, 3n), and

(p,pn)' Au, (ii) one-neutron stripping reaction for { He, 2p), and (iii) nonequilibrium one-neutron
knockout or pickup reactions with transfer of a small amount of angular momentum for the ('He, a),
(a, an), and (p,pn)' Au that are intermediate between (i) and (ii). We propose a semiempirical
method which predicts isomeric yield ratios in the compoundlike reactions, within a factor of 0.7 to
1.4, from the spin distribution of the compound nucleus.

I. INTRODUCTION

According to the theory of compound-nuclear reac-
tion, residual nuclei are formed as a result of evaporation
of light particles from a compound nucleus. If the residu-
al nucleus has a low-lying isomeric state whose spin
differs significantly from that of the ground state, the rel-
ative population of the isomeric and ground states is
determined by the initial excitation energy and spin dis-
tribution of the compound nucleus, and the number and
the type of emitted particles that carry away energy and
angular momentum. Deexcitation of the residual nucleus
by y-ray emission finally determines how the two states
are populated. ' The cross section ratio of isomeric pairs
(cr /os) has been measured to study the level density
and the discrete level structure of the residual nucleus.
The o /o. ratio also allows an estimation of the amount
of angular momentum transferred into the entrance chan-
nel over a wide range of the incident particle energy.
Recently, an attempt has been made to qualitatively ex-
plain tr /0 for some reactions with considerable pre-
equilibrium contributions. '

The aim of the present work is to study reaction mech-
anisms by the observation of excitation functions and
mean projected recoil-ion ranges of high-spin (rn) and
low-spin (g) isomers produced in the reactions induced
by proton, He and a particles on ' Au. In particular,
we pay attention to the difference in the isomeric yield ra-
tios between the products of the same fina spins and par-
ities; (i) ' Tl ' (7+,2 ) and ' Tl ' (7+,2 ) produced by
the processes of neutron emission, ( He, 4n) and
(a, 3n) reactions, and (ii) ' Au ' (12,2 ) and

Au 's(12, 2 ) produced by the charged particle emis-
sion, ( He, 2p), (p,pn), ( He, a), and (a, an) reactions.
Also studied are ' Hg 's (13/2+, 1/2 ) produced by the
(p, 3n ) reaction. Observed excitation functions and

isomeric yield ratios are compared with a statistical-
model calculation. The recoil-ion ranges are compared
with those expected for the full linear momentum
transfer. Dependence of isomeric yield ratios on the in-
cident particle energy and the angular momentum in the
entrance channel is discussed. A simple method to esti-
mate isomeric yield ratios from the spin distribution of
the compound nucleus is proposed for the o. /0. ratios
produced by the compound nuclear process.

II. EXPERIMENTAL PROCEDURES

The excitation functions were obtained by the stacked-
foil technique. The mean recoil-ion ranges projected to
the beam direction were measured by the thick target-
thick catcher-foil method. The target assembly was con-
structed with ' Au foils (5—10 mg/cm thick) and Al
catcher foils (about 10 mg/cm ) placed downstream of
the beam. An Al energy degrader of an appropriate
thickness was also inserted in the target assembly.

The proton bombardment was carried out using a cy-
clotron of the INS (Institute for Nuclear Study, Universi-

ty of Tokyo) with an initial energy of 50 MeV, and the
He and e bombardments were performed at the RIKEN

(Institute of Physical and Chemical Research) cyclotron
at 40 MeV. The average beam current, monitored with a
Faraday cup connected to a current integrator, was typi-
cally about 0.5 electrical pA. The energy-range data of
Williamson et a/. were used to estimate the particle en-

ergy at the half-thickness of each target foil.
After bombardment, the y rays of Tl isotopes were

directly measured with a Ge(Li) detector. For Hg and
Au isotopes, y-ray spectrometry was carried out after an
appropriate chemical separation. The cross section for
a given reaction was evaluated from the sum of the ra-
dioactivity of the product nuclei observed in the target
and the catcher foil. The product was identified from the
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TABLE I. Relevant nuclear properties used in this work.

Nuclides

198T}m

198T1

196T1m

Tl

7+

2
7+
2

Half-life

1.87 h
5.3 h
1.41 h
1.84 h

y-ray energy
(keV)

587.2
675.8
695.4
610.6

Intensity

0.52
0.108
0.905
0.164

1 95Hgm

1 95Hgg

13+
21—

2

40 h

9.5 h

261.8
207. 1

0.341

0.0175

198A

u
196A m

196A g

12
2
12
2

2.27 d
2.696 d
9.7 h
6.18 d

180.3
411.8
147.8
355.7

0.52
0.947
0.446
0.88

y-ray energy and half-life. The nuclear data ' used for
the evaluation of cross sections are summarized in Table
I. The uncertainties in the determined cross sections,
recoil-ion ranges, and isomeric yield ratios were estimat-
ed to be 10—20% based on the uncertainties associated

with the current integration measured with a Faraday
cup (2%), target thickness (2%), detector efficiency (3%),
y-ray peak analysis (5—15%) and chemical yield (10%).
The uncertainty of the incident particle energy is within
the size of the symbol shown in Figs. 1 —7.
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FIG. 1. Excitation functions (upper), mean projected recoil-
ion ranges (bottom), and isomeric yield ratio (middle) for the
'"Au(p, 3n)' 'Hg reactions. Solid and open circles, and solid
triangles represent the experimental data. The dashed lines in
the upper and middle parts give the results of the compound
nucleus-model calculations. The theoretical predictions for the
preequilibrium process in combination with the compound nu-
cleus model are indicated by solid lines. The dashed line in the
bottom part indicates the predicted recoil-ion ranges for the full
linear momentum transfer (see text).
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FIQ. 2. Same as Fig. 1 for the ' Au( He, 4n)' Tl reac-
tions, but there are no recoil-ion range data. Results (0. /o.
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of model calculations with the preequilibrium model using two

q values are shown (see text).
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FIG. 5. Same as Fig. 4 for the '"Au(p, pn)" Au reactions.
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FIG. 4. Same as Fig. 1 for the '"Au('He, 2p)' Au reac-
tions, but the solid and dashed-dotted lines in the upper, and the
dashed line in the middle show the calculation with the pre-
equilibrium process.
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and for M1, E2, M2, E3, and M3 radiations, the
Weisskopf model was used.

The mass table reported by Wapstra and Audi was
used for the calculation of particle-separation energies.
For energies, spins, and parities of the discrete levels of
the residual nuclei, the lowest 7 to 15 levels in Ref. 38
were used. The level-density formalism of the back-
shifted Fermi gas model expressed by Lang was used for
the continuum excitation energy region. The pairing
correction in the level density was carried out by using
the method of Gilbert and Cameron. The level-density
parameter a = A /10 was used for all nuclei, where A is
the mass number of the nucleus. The spin distribution of
the level density is characterized by the effective moment
of inertia e,&, or by its ratio to the rigid body moment of
inertia 8„s (g=8,&/8„;s). The calculations were per-
formed with g =0.5 and 1.0. '

In the calculation of the preequilibrium emission of
particles, the following parameters were used. For the in-
itial exciton configurations (pp Ap), we used the global
parameters (2, 1} for proton and (4,0) for a particles. In
the case of the He induced reactions, the configuration
(3,0} taken from the semiempirical systematics was
used. The transition rates were calculated by the formula
of the Williams and Cline model. ' The average residu-
al two-body matrix element M that appears in the rate
formula is expressed as

FIG. 7. Same as Fig. 4 for the '"Au(a, an )'"Au g reactions.

III. STATISTICAL-MODEL CALCULATIONS

where E is the excitation energy of the composite system.
The quantity K is a constant with the dimension of
MeV, and generally treated as a free parameter ' ' to
get a good fit to the experimental data. The K values
were fixed as; K =400 MeV for proton induced reac-
tions, ' and K =725 MeV for He and a particles in-
duced reactions.

Theoretical cross sections and isomeric yield ratios
were calculated by using the computer code STApRE.
The reaction is assumed to proceed by, at first, a pre-
equilibrium particle-emission process, which is calculated
with the excitpn mpdel, ' fpllowed by the evappration
of particles and y rays. The evaporation was treated by
the Hauser-Feshbach formalism based on the angular
momentum and parity conservation. As the exciton
model, however, does not include the effect of angular
momentum, the cross sections of the high-spin and low-
spin states were calculated by assuming the spin distribu-
tion of the compound nucleus for the residual nucleus
formed after the nonequilibrium emission of proton or
neutron.

The parameters employed in the model calculation are
generally accepted ones. For the transmission
coefficient T& of neutrons, the optical-model parameters
of the Wilmore and Hodgson potential ' were used. For
proton, He, and a particles, the optical parameters were
used from Refs. 32—34. The T, for y rays with transition
energy e is expressed by the y-ray strength function

fxL(e~) for the multipole radiation of type Xl.. For the
E1-strength function, the Brink-Axel model was used,

IV. RESULTS AND DISCUSSION

A. Experimental results and discussion

The excitation functions of the products are shown in
the upper parts of Figs. 1 to 7. Reaction types were as-
signed from the threshold energies and Coulomb barriers
in exit channels. The isomeric yield ratios (cr /e ) are
depicted as a function of the incident particle energy in
the middle parts of Fig. 1 and Figs. 4—7, and in the lower
parts of Figs. 2 and 3. The mean recoil-ion ranges (R)
were evaluated by the following equation and plotted in
the bottom part of each figure, except for Figs. 2 and 3:

R =Nc. T/(Nc+Nr),
where Xc is the number of recoil atoms escaping into the
catcher foil, Xz the number of atoms remaining in the
target, and T the target thickness. The dashed curves for
recoil-ion ranges represent the theoretical ranges expect-
ed for the full-linear-momentum transfer process. The
range-energy calculation was carried out using the
Lindhard-Shaff-Schiott (LSS) theory with the relation-
ship of p=3.06m, where p and e are the dimensionless
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quantities corresponding to range and energy, respective-
ly. The recoil range R projected to the beam direction is
expressed by the fuH-momentum transfer range Ro as fol-
lows: (i) for isotropic particle emission

2 E-tR=Ro 1+—
3 E;„

2

15 E'.
(3)

and (ii) for particle emission into the forward direction
only

R =Ro 1—
1/2 2

out
(4)

where E;„ is the kinetic energy of the incident particle
and E,„, the average kinetic energy of the outgoing parti-
cle. If the observed R is smaller than Ro, the forward
particle emission is favored, as E;„ is generally larger
than Eout

The shapes of excitation functions of the
(p, 3n)' Hg ' reactions below Ez-40 MeV (Fig. 1) are
typical of the compound nuclear reactions. The slight
high-energy tail above Ez -40 MeV indicates the contri-
bution of a nonequilibrium process. The recoil-ion
ranges for E &40 MeV lie on the dashed curve. The
isomeric yield ratio increases with the incident particle
energy up to about 35 MeV, and decreases beyond that
energy.

Figures 2 and 3 show the excitation functions and the
isomeric yield ratios for the ( He, 4n)' Tl 'g and (a, 3n)

Tl g reactions, respectively. The present excitation
functions agreed with those reported in Refs. 50—54.
The o /og ratios monotonously increase with the in-
cident energy in these two reactions.

It is noted that the excitation functions for the
( He, 2p)' 'Au ' are quite diff'erent as shown in Fig. 4.
The shape of the excitation function for the low-spin
state nucleus ' Au indicates that the reaction is of the
nature of either direct or nonequilibrium reaction, the
cross sections being insensitive to the incident energy
after the sharp rise from the threshold. On the other
hand, the excitation function of the high-spin state

Au increases with the incident particle energy. The
isomeric yield ratio increases with the incident He ener-
gy. These cr (12 )/erg(2 ) ratios are three orders of
magnitude smaller than the cr (7+)/cr (2+) ratios ob-
served in the compoundlike reactions shown in Figs. 2
and 3. From the above discussion and from the short
recoil-ion ranges, it is likely that the ( He, 2p) reaction is
a direct one-neutron stripping process.

Excitation functions of both the (p,pn)' Au reac-
tions in Fig. 5 are similar to those expected for nonequili-
brium reactions. There can be contribution of a pickup
reaction (p, d), especially in the production of ' Aus.
However, a significant difference in the recoil ion range
between the products of high-spin state ' Au
(J =12 ) and low-spin state ' Au (J"=2 ) is ob-
served. The recoil-ion range of the nucleus ' Au agrees
with that expected for the full linear momentum transfer
reaction, while that of the low-spin product ' Au re-
veals smaller contribution of linear momentum transfer.

The ratio cr /a increases with the incident particle en-

ergy, and becomes constant beyond E -30 MeV.
In the case of the He induced reaction that produces
Au 's (Fig. 6), cross sections steadily increase with the

incident energy. The short recoil-ion ranges for ' Au '

indicate incomplete momentum transfer. The larger
mean ranges for the high-spin state ' Au above
E3 ~25 MeV indicates that the production of ' Au

He

becomes feasible only by a greater momentum transfer
compared with that of the low-spin state ' Au . Al-
though the degrees of linear momentum transfer are
different between the isomeric pairs, the incident energy
dependences of the cross section are similar between the
isomers and the o /og ratios are rather insensitive to
the incident particle energy. The contribution of the
compoundlike ( He, 2p2n) reaction that competes with

( He, a) is negligible judging from the recoil-ion range
and the theoretical calculation discussed below.

The excitation functions, isomeric yield ratios, and
recoil-ion ranges for the (a,an)' Au g reactions are
shown in Fig. 7. The (a,an)' Aug reaction was under-
stood as a neutron pickup direct reaction process from
the shape of the excitation function and the short recoil-
ion ranges. ' Although the measured excitation func-
tions and recoil-ion ranges are limited up to E -40
MeV, a similar trend is observed in the present study; the
cross sections sharply increase with the incident energy
up to E -40 MeV, and the recoil-ion ranges slightly de-
crease with the incident energy. No significant difference
in the mean recoil-ion ranges between ' Au and ' Au
is observed. The o /as ratio gradually increases with
the incident energy from 6 X 10 to 1.5 X 10

In Fig. 8, the isomeric yield ratios are summarized as a
function of the incident particle energy for various reac-
tions of ' Au. The 0 /erg ratios for the ' Au+d and

Au+t reactions are taken from Ref. 55. As shown in
this figure, the reactions via the compound nucleus for-
mation followed by multiple neutron emission give large
isomeric yield ratios (0 /crs 10 ) compared with
those of directlike reaction (cr /cr ~ 10 '). The trend
of decreasing 0 /0 ratios at the higher energy in the
(d, 2n) and (p, 3n} reactions may indicate increased con-
tribution of the nonequilibrium process.

In the (3He, 2p) and (d,p) reactions, the isomeric yield
ratios are extremely small (a /cr &10 ). If the neu-
tron particle states of ' Au are populated by a one-step
direct reaction, the isomeric yield ratios should strongly
depend on the transferred angular momentum and the re-
action Q value. In Fig. 9, the cr /o ratios are plotted as
a function of the incident particle energy per nucleon
E/A. One can see that the correlation between o log
and E/3 in the two reactions are quite similar. We con-
sider that the observed ( He, 2p} reaction is essentially a
one-step neutron stripping reaction similar to the (d, p)
reaction.

The isomer ratios in the reactions (p,pn), (a,an), and
( He, e) are within:he range of 1.5 X 10 to 1.5 X 10
and the last one is rather insensitive to the incident parti-
cle energy. These reactions of one-neutron pickup or one
charged particle and one neutron emission may proceed
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FIG. 8. Isomeric yield ratios as a function of the incident
particle energy for the various reactions of ' 'Au. The data for
the ' 'Au+ d and ' 'Au+ t reactions are taken from Ref. 55.

through some intermediate reaction process between the
compound nuclear reaction and the one step direct reac-
tion as revealed from the magnitude of the isomeric yield
ratios.

B. Comparison of experimental cross section
with calculated values

The results of the model calculation are plotted in Figs.
1 —7. The excitation functions for the (p, 3n), ( He, 4n),
and (a, 3n) reactions are relatively well reproduced by the
calculation. The isomeric yield ratio is expected to de-
pend strongly on e,&. A better agreement was achieved
with ran=1. 0 for the ( He, 4n) and (a, 3n) reactions as
shown in Figs. 2 and 3. The trend of the slight high-
energy tail of the excitation function observed in the
(p, 3n) reaction is reproduced by the inclusion of the pre-
equilibrium calculation. However, the feature of decreas-
ing o /Og at Ep ~ 35 MeV in the (p, 3n} reaction could
not be explained by this calculation. To study the
characteristics of cr /0 associated with the preequi-
librium process, measurements in an extended bombard-
ing energy range, and a further theoretical approach in-

cluding the angular momentum effect are needed.
In the (p,pn) reaction, cross sections and (T /r/ ratios

are reproduced by the calculation only near the thresh-
olds. The recoil-ion ranges observed for the (p,pn }'96Au

indicate that this reaction proceeds through the process
of the full linear momentum transfer as shown in Fig. 5,
and the cross section agrees within a factor of 2-3 with
the statistical-model calculation in the energy region ex-
amined here. To produce the high-spin state (J"=12 ),
a large angular momentum transfer from the incident
particle to the target nucleus is apparently required be-
cause of the large difference in spin between the high spin
of the product and that of the target nucleus ' Au
(J"=—,'+). From the single neutron states predicted by
the shell model, it is unlikely that the formation of the
high-spin state results from a one-step neutron pickup or
knockout reaction. Therefore, it is reasonable to con-
clude that the nuclide ' Au from the (p,pn) reaction is
mainly produced through the compoundlike reaction.
The cross sections of other reactions via charged particle
emissions were not reproduced (Figs. 4, 6, and 7) by the
calculation.

-5
10

~ ( He, 2p)

o(~, p)

10
5 10

E/t) (MeV}
15

FIG. 9. Relationship between isomeric yield ratio and the
incident particle energy per nucleon E/A in the one-step
direction reaction processes ' Au('He, 2p )' Au ' and

Au(y, p)

C. Relationship between angular momentum

in the entrance channel and isomeric yield ratio

In Figs. 10(a) and 10(b), relationships between the
isomeric yield ratio and the root-mean-square orbital an-
gular momentum I, , in the entrance channel are shown.
The tr /o ratios of the (d, 2n) and (t, 3n) reactions in
Fig. 10(a) are taken from Ref. 55, as mentioned above.
The l, , was calculated by the optical-model and
parabolic-potential subroutines of the ALIcE code. In
Fig. 10(a), the isomeric yield ratios o. /0 are plotted for
both the spin pairs of —",

+ —
—,
' and 7+ —2 . The figure

shows that the observed isomeric yield ratios are strongly
dependent on 1, , and not much on the number of neu-
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tron emitted, the final nuclide, and the spin difference of
the isomeric pairs. The deviation from the general trend
for the o /og ratio in the (p, 3n) reaction at larger /„, is
ascribed to the nonequilibrium process, the occurrence of
which is revealed in the recoil-ion range shown in Fig. 1.
The similar behavior for the (d, 2n) reaction at larger I„,

may also be related to the same reason. In Fig. 10(b) are
plotted the isomeric yield ratios observed in the reactions
accompanied by charged particle emission. The o. /o.
ratios for the (p,pn) and (a, an } reactions seem to exhibit
a dependence on l, , similar to those for the compound-
like reactions, but the o. /erg ratios are less than one
fiftieth of the latter when compared for the same I
This observation together with the results of the recoil-
ion range for the (p,pn)' Au and (a, an }' Au ' reac-
tions reveals that those reactions are nonequilibrium pro-
cesses with only a little angular momentum transfer. The
isomeric yield ratios in the ( He, a) reaction exhibit no
I, , dependence, which is completely different from those
of other reactions. Judging from the small isomeric yield
ratios in Fig. 10(b) compared with those in Fig. 10(a), it is
concluded that in the former reactions [Fig. 10(b)] the re-
sidual nuclei are formed with low angular momenta after
the nonequilibrium or directlike emission of particles.

Since the isomeric yield ratios in the compoundlike re-
actions [Fig. 10(a)] are strongly dependent on the spin
distribution of the compound nucleus as discussed above,
an attempt has been made to see how the initial spin dis-
tribution is divided to reproduce the observed isomeric
yield ratios. This kind of approach is useful for predict-
ing isomeric yield ratios without executing any compli-
cated calculation including the effect of angular momen-
turn in the deexcitation process of particle and y-ray
emissions. Taking a sharp dividing line at I =Id,„ in the
initial spin distribution, and assuming that compound nu-
clei formed with l~ld;„ lead to the formation of the
high-spin isomer while those with l &ld;„give the low-
spin isomer (Fig. 11). In Fig. 11 are plotted the observed
isomeric yield ratios versus the sums of the partial cross
sections o ( with I ~

~
J —J, ~

relative to the total reaction
cross sections o z, where J and J, are the spin of the
high-spin isomer and that of the target nucleus, respec-
tively. The solid curves show the ratio of the sum of par-
tial cross sections between the high-spin region and the
low-spin region:

div

1=0

10

p
QCD

p0
q, 4 k

where ld;„= ~
J —J, ~

—b, l with an empirically determined
parameter 51. The data points and the solid curves do
not necessarily show the same dependence on the abscissa
value, but it is noticeable that the solid curves are sensi-
tively dependent on the set of the angular momentum
window, especially in the region of small and large abscis-
sa values. The standard deviation of the observed
o /o ratios from the solid line with b, l = 1 is 0.16 in
terms of

10
4

IO
I I I I I 1

2 6 8 ~0 16

~rms (&~

FIG. 10. Relationship between isomeric yield ratios and the
root mean square orbital angular momentum I, in the en-
trance channel: (a) o. /erg = '2 +/2 and 7+/2 vs I, „and
(b) o. /og =12 /2 vs 1, , The I, , was calculated by using
the optical-model subroutines of the ALIcE code. '

log ( o /cr ), , o(
1 1.

dt v

1=0

This means that the isomeric yield ratios observed for the
Au target can be predicted within a factor of 0.7 to 1.4

by considering simply the spin distribution of the corn-
pound nucleus.
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FIG. 11. Relationship between isomeric yield ratios and the
sum of the partial cross sections cr, with I ~

~
J —J, ~

relative to
the total reaction cross section az, where J and J, are the spin
of the high-spin isomer and that of the target nucleus, respec-
tively. The solid curves show the ratios of the sum of the partial
cross sevtions of the high-spin region and that of the low-spin
region for various b l. In the inset, the partial cross sections for
the high-spin and low-spin are schematically illustrated as a
function of the compound nucleus spin 1. The data for the
' 'Au+ d and ' Au+ t reactions are taken from Ref. 55.

V. SUMMARY AND CONCLUSION

Excitation functions and mean recoil-ion ranges of the
isomeric residual nuclei in the reactions of ' Au+p, He,
and a at incident energies E 50 MeV, and E3H 40
MeV have been measured. The general features of the
excitation functions and isomeric yield ratios were ex-
plained based on the theory of the compound nuclear re-
action for the (p, 3n), ( He, 4n), (a, 3n), and (p,pn)' Au
reactions. On the other hand, the cross sections for the
other reactions through the charged particle emissions
could not be explained in the same manner. Comparison
of the experimental o /cr values between various reac-
tions showed that there was a clear difference between
the compound nuclear reaction and the direct reaction.
The reactions examined here were able to be divided into
three groups: (i) compoundlike reaction for the (p, 3n),
( He, 4n), (a, an), and (p,pn)' Au; (ii) direct neutron
transfer reaction for the ( He, 2p); and (iii) reaction with
a small angular momentum transfer for the (p,pn)' Au,
( He, a), and (a, an ). We have proposed a simple
method for estimation of isomeric yield ratios from the
spin distribution of the compound nucleus for the prod-
ucts via the compound nuclear reaction.
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