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The isomeric cross-section ratio g, /(g ,, + ) for the formation of 3meSe was determined in the
Ge(a,n) reaction over the energy range of 13-27 MeV, in the "*Ge(*He,xn) process over 13-24
MeV, in the 7As(p,3n) reaction over 25-45 MeV, and in the "*As(d,4n) reaction over 28-56 MeV.
Measurements were done radiochemically using the “stacked-foil” technique. In (@,n) and (*He,xn)
processes the ratio is relatively high at low incident particle energies but decreases with increasing
energy. In (p,3n) and (d,4n) reactions, on the other hand, it is practically constant. Statistical mod-
el calculations taking into account precompound emission were carried out on the four processes in-
vestigated in this work as well as on the "Se(n,2n) reaction reported in the literature. The total
cross section (0, +0,) is described well by the calculation. The calculated isomeric cross-section
ratio depends strongly on the input level scheme of the product nucleus. In general, however, the
statistical model, under a suitable set of global assumptions, can reproduce the isomeric cross-

section ratio in all the five nuclear processes.

I. INTRODUCTION

The isomeric cross-section ratio for a pair of isomeric
states is known to depend strongly on the spins of the iso-
mers concerned, as well as on the spins of the higher ly-
ing levels populating the isomers. Experimental and
theoretical studies on the isomeric cross-section ratios,
especially as a function of incident particle energy, should
therefore lead to useful information on the spin-cutoff pa-
rameter as well as on the level structure of the product
nucleus.

We chose to investigate the isomeric pair *™&Se. A
simplified decay scheme (cf. Refs. 1 and 2) is given in Fig.
1. The separation energy between the two isomeric levels
is only 25.7 keV but the spins differ considerably. Both
the states can be populated via five nuclear processes, viz.
0Ge(a,n), "Ge(3He,xn), "As(p,3n), As(d,4n), and
4Se(n,2n). The (n,2n) and (d,4n) processes were investi-
gated previously (cf. Refs. 3—-6). In the case of other re-
actions, however, measurements were reported only for
the 7.1 h 738Se (Refs. 7-9). We investigated the first four
processes experimentally over wide energy ranges of in-
cident particles and performed model calculations for all
the five reactions.

II. EXPERIMENTAL

Cross sections were measured as a function of incident
particle energy using the ‘‘stacked-foil” technique (cf.
Refs. 10-12). For studies of a- and *He-particle induced
reactions on germanium, thin samples were prepared by
electrolytic deposition of Ge on Cu backing (cf. Ref. 13).
Several stacks consisting of electroplated foils and vari-
ous absorber and beam current monitor foils were irradi-
ated for 20 min at 40 nA with 28 MeV a particles or 36

38

MeV 3He particles at the compact cyclotron (CV 28).
Beam currents were measured as described earlier.!? In
both *He- and a-particle induced reactions measurement
of the 7.1 h *#Se activity via y-ray spectrometry was rel-
atively straightforward and was done using the 361 keV y
line (I,=97%). The excitation function of the
°Ge(a,n )"*8Se reaction could be determined in absolute
terms since in the investigated energy range no other re-
action contributes. In the case of *He-induced process,
however, only the effective cross section could
be obtained due to the contribution of several reac-
tions like 7’Ge(*He,2n)*%Se 7*Ge(’He,3n)**Se, and
74Ge(*He,4n)"8Se.

Measurement of >"Se(T, , =40 min) in *He- and a-
particle induced reactions on Ge presented difficulty due
to the strong copper matrix activity. After irradiation
each electroplated foil was therefore treated with 3 ml of
warm 3% H,0,. The very thin layer of Ge and the ra-
dioselenium went in solution and thus got separated from
the Cu backing. The solution was then subjected to y-ray
spectrometry and the activities of *"Se and "38Se were
determined. A correction for the radiochemical yield
was not necessary since only relative measurements were
done. The activity of 3™Se was determined via the 254
keV y-ray. Since this y-ray has an abundance of only
2.5% (Ref. 1) the results were checked by an independent
method involving an analysis of the growth and decay
curve of 7*Se. The two results were found to be in agree-
ment. From the experimental data the isomeric cross-
section ratio o,, /(0,, +0,) was determined taking into
account the branching ratio of 3"Se.

For studies of proton- and deuteron-induced reactions
on arsenic, thin target samples were prepared by electro-
lytic deposition of As on Cu or Al backing (cf. Ref. 14).
Similar to studies described above, several stacks were ir-
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FIG. 1. Simplified decay scheme of isomeric pair *"™¢Se.

radiated for 20 min at 50 nA with 45 MeV protons or 56
MeV deuterons at the isochronous cyclotron (JULIC).
The details on the measurement of the 7.1 h *¢Se have al-
ready been described.'® In the case of *"Se electroplat-
ing was done invariably on Al backing to suppress the
matrix activity. Measurement could then be done
without chemical separation.

The total errors in the absolute cross sections for the
formation of the ground state were about 16% as de-
scribed in detail earlier.!*> The errors in the isomeric
cross-section ratios ranged between 10 and 209%. The
energy degradation calculation in the stacked foils also
contained some error. It was about 0.5 MeV up to a
projectile energy of 15 MeV, and about +0.3 MeV at
higher energies.

III. NUCLEAR MODEL CALCULATIONS

Nuclear reaction cross sections were calculated using
the statistical model taking into account the preequilibri-
um effects for the first chance emission of each particle.
Direct interactions were not considered. For the
nucleon-induced reactions a consideration of direct reac-
tions would reduce the cross sections by 5-10%. For
the composite projectiles, in particular for the loosely
bound deuteron and for *He, the effect of direct interac-
tions might be more complicated due to breakup fusion
contributions.

For calculation of transmission coefficients of various
particles, the following global set of optical model param-
eters were used:

n, Rapaport et al.'® This potential is based on data for
energies between 7 and 30 MeV. For energies <7 MeV it
was slightly modified;

D, Mani et al.;V

d, Hinterberger et al.;'®

3He, Becchetti and Greenlees;!®

a, McFadden and Satchler.?°

The transmission coefficients for photons were expressed
through the y-ray strength functions fy, (€,) for mul-
tipole radiation of type XL. For E1 radiation the Brink-
Axel model*! with global parameters was used and for
M1, E2, M2, E3, and M3 radiations the Weisskopf model
was used.?? In the latter case the strength amounted to
1.4 Weisskopf units (WU) for M1 and 1 WU for E2-M3.
With the help of an XL-independent factor the sizes of
fxi(€,) were so normalized that the available experimen-
tal s-wave radiation widths were reproduced.

In the calculations of emissions from equilibrated com-
pound nucleus the conservation of angular momentum
and parity was taken into account. For low excitation
energies of the product nucleus the known nuclear levels
(cf. Refs. 1 and 2) were used. In the continuum region,
however, a level density formula derived from a combina-
tion of ‘“constant temperature” form and the model of
Kataria et al.?® was applied. Its parameters were de-
duced from the number of low-lying levels and the densi-
ty of neutron resonances.?* The spin distribution of the
level density was characterized by the effective moment
of inertia O, or better by its ratio to rigid body moment
of inertia ©;,(n=06.4/6,,;). Since isomeric cross-section
ratios are expected to depend strongly on the effective
moment of inertia, all the calculations were performed
for n=1.0 and =0.5.

The preequilibrium emission of particles was treated in
the framework of the exciton model having the following
ingredients. The particle emission rates were determined
via the method of Gadioli et al.?* when nucleons were
used as projectiles, and via that of Kalbach?® in case of
composite particles as projectiles. The rates of particle-
hole pair formation were calculated by the method of Ob-
lozinsky et al.?’ including an expression suggested by
Kalbach?® for the average matrix element of the residual
interactions. A conventional pairing shift was applied to
all particle-hole state densities. The projectile-dependent
initial particle and hole numbers (p,h,) used were (2,1)
for nucleons, (3,1) for deuterons, (4,1) for *He particles,
and (4,0) for a particles. Because of their importance, for
isomer ratios the angular momentum effects in precom-
pound emission were also considered approximately. The
distribution of the emission spectrum do,g/deg (itself
calculated using an angular momentum independent
model) among the individual spins of the residual nucleus
was performed taking into account the conservation of
angular momentum and assuming spin-dependent level
densities for a given number of particles and holes with
spin-distribution parameters which depend?® on the num-
ber of excitons and not on the excitation energy.

The choice of discrete nuclear levels of >Se was rather
critical. According to the latest information? the level
scheme of "*Se contains two rotational bands: one with
levels of positive parity, which in y-decay primarily pop-
ulate the 2% ground state, and the other with levels of
negative parity, whose y-decays lead to the formation of
the 2~ isomer. We adopted the level scheme given in
Ref. 2 up to 998.99 keV. For levels where spins and pari-
ties are not established, the values suggested by Zell
et al.*® or from systematic considerations were used.
The y-branching ratios for all those levels were taken
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from Ref. 2. Between 1.0 and 1.58 MeV (continuum
edge) the number of levels given by the level density for-
mula were used. Their spins and parities were chosen
from a random distribution given by the formula. In ad-
dition to these generated levels two known levels (at
1179.9 keV, 1~ and 1553.14 keV, £ ) belonging to the
rotational band with negative parity were also intro-
duced. Thus the level scheme of "*Se used in calculations
consisted of 44 discrete levels. This is denoted as LS1 in
all the calculational results. Calculations were also done
using a slight variation in the level scheme. The third
level (at 26.4 keV, 3) suggested by Zell et al.®® and
shown in Fig. 1 was neglected and it was assumed that
the y transitions to this level populate the isomeric state.
The results obtained using this level scheme (43 levels)
are denoted as LS2.

All the calculations were performed using the code
MAURINA (Ref. 31) which can treat sequential emission
of up to six different particles and incorporates up to 50
discrete levels for each product nucleus.

IV. RESULTS AND DISCUSSION

Total cross sections

In order to demonstrate the reliability of the present
model calculations, at first total cross sections were con-
sidered. The excitation functions of the °Ge(a,n)’*Se,
SAs(p,3n)3Se, °As(d,4n)*Se, and "Se(n,2n)’*Se reac-
tions are reproduced in Figs. 2-5. The experimental re-
sults for the "Se(n,2n) process have been taken from the
literature.*> The data for the "*As(p,3n) and "°As(d,4n)
reactions are based on our recent experimental results,'®
adjusted for the branching ratio of *"Se. For the
7SAs(d,4n) reaction some available literature values® are
also given. The °Ge(a,n) reaction cross sections were
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FIG. 2. Excitation function of °Ge(a,n)*™%Se reaction.
Solid points describe the experimental data and curves give the
results of model calculations using nuclear level scheme 1 (LS1:
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text).
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FIG. 3. Excitation function of *As(p,3n)”>" *¢Se reaction.
Other details are the same as for Fig. 2.
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FIG. 4. Excitation function of "*As(d,4n)>™ *£Se process.
Solid points describe our experimental data and open points
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measured in this work. In the interactions of *He parti-
cles with "'Ge, due to difficulty in resolution of various
contributing processes, absolute cross sections could not

be determined.
The results of model calculations are also given in Figs.

2-5. The experimental and theoretical results for the
OGe(a,n) reaction (Fig. 2) are somewhat discrepant.
There appears to be an energy shift of about 2 MeV and
the cross sections at the maxima also differ. Experimen-
tally, the excitation function was obtained using eight
different stacks covering several overlapping energy re-
gions. Theoretically, a-transmission coefficients were cal-
culated using the optical model parameters described
above as well as the Huizenga and Igo parameters.> The
results were also similar. A calculation using the code
ALICE (Ref. 33) also gave similar results. The discrepan-
cy appears to be genuine but is presently not explainable.

For the ""As(p,3n) process (Fig. 3) the calculation
slightly overestimates the initial increasing part of the ex-
citation curve; the maximum and the tail, however, are
reproduced well. For the "*As(d,4n) reaction (Fig. 4) the
experimental and theoretical results are in good agree-
ment. A comparison of the experimental and theoretical
data for the 7*Se(n,2n) process (Fig. 5) also shows fairly
good agreement.

In Figs. 2-5 the results of model calculations obtained
using only one nuclear level scheme of the product nu-
cleus (LS1) are shown. Similar results were obtained us-
ing LS2. Furthermore, for each of the four processes
considered the total cross section was found to be practi-
cally the same whether 7=1.0 or 0.5 was used. The level
scheme and the effective moment of inertia have there-
fore no drastic effect on the total cross section of a pro-
cess which appears to be reproduced with good reliability
by the model calculations described here.

Isomeric cross-section ratios

The experimental results on the isomeric cross-section
ratio o, /(o,, +0,) for the isomeric pair ">"™$Se pro-
duced via five nuclear processes, viz. Gel(a,n),
"tGe(*He,xn), "As(p,3n), As(d,4n), and "*Se(n,2n),
are given in Figs. 6-10. The data for the first four reac-
tions are based on present measurements and those for
the (n,2n) process on a literature report.’ In °Ge(a,n)
reaction the ratio is relatively high at low incident parti-
cle energies but decreases with increasing energy (Fig. 6).
In the case of "Ge(*He,xn) process up to 24 MeV two
reactions, viz. *Ge(*He,2n) and *Ge(’He,3n), contrib-
ute. Like (a,n) reaction, the isomeric cross-section ratio
is somewhat high at low incident particle energies and de-
creases with increasing energy (Fig. 7). For (p,3n) and
(d,4n) reactions, on the other hand, the ratio is practical-
ly constant over the whole investigated energy range
(Figs. 8 and 9). The experimental data on the isomeric
cross-section ratio in the *Se(n,2n) process reported in
the literature are conflicting. A careful check showed
that the results given in Refs. 3 and 4 are erroneous since
at the time of those measurements the branching ratio of
3mSe was not known. We therefore adopted the values
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given in Ref. 5. Apart from the early decreasing trend
the ratio appears to be constant over the investigated en-
ergy range (Fig. 10).

The results of model calculations obtained using the
two level schemes (LS1 and LS2) of the product nucleus
3Se and for 7 values of 0.5 and 1.0 are given in Figs.
6-10. It appears that the energy dependence of the
isomeric cross-section ratio is described best by the as-
sumption ©.4/0,;,=0.5, and that the absolute values are
generally reproduced well by LS2, i.e., by neglecting the
level at 26.4 keV. We conclude that either this level does
not exist at all or the transitions from the high-lying lev-
els cross over and populate predominantly the isomeric
state at 25.7 keV. In general terms the results depict that
the isomeric cross-section ratio is strongly dependent on
the input level scheme of the product nucleus. If one of
the important levels (to which many intermediate transi-
tions occur) is neglected, the calculated isomeric cross-
section ratio is drastically changed.

In order to demonstrate the effect of high-spin
rotational-band states, calculations were done for the
Ge(a,n) process for a hypothetical case, considering
only two discrete levels (ground and isomeric states) and
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FIG. 10. Isomeric cross-section ratio for the isomeric pair
3meSe in "*Se(n,2n) process. Solid points describe the experi-
mental data of Ref. 5. Other details are the same as for Fig. 7.

assuming that the continuum region starts at 100 keV
(LS0). As can be seen in Fig. 6 such an assumption leads
to a very low isomeric cross-section ratio. Evidently the
high-spin discrete levels influence the isomeric cross-
section ratio drastically.

Notwithstanding the strong dependence of the isomer-
ic cross-section ratio on the level scheme of the product
used, the results given in Figs. 6—10 demonstrate that the
compound nucleus model calculations incorporating
preequilibrium effects can, under a chosen set of global
assumptions, reproduce the isomeric cross-section ratio
even in extremely different processes like (a,n) and
(p,3n). The method can therefore be possibly used with
success for other product nuclei as well.
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