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Excitation function and isomeric cross-section ratio for the 'Ni(p, a) Co 'g process

S. Sudar, ' F. Szelecsenyi, ' and S. M. Qaim'
Institut fii r Xuklearchemie, Forschungszentrum Jii lich GmbH, 52425 Jii lich, Federal Republic of Germany

Institut of Experimental Physics, Kossuth University, H 400-1 Debrecen, Hungary
(Received 28 June 1993)

Excitation functions were measured by the stacked-foil technique for 'Ni(p, a)' Co and
'Ni(p, a)' Co + reactions using 88.84% enriched 'Ni from threshold up to 18.6 MeV. Thin samples

of 'Ni were prepared by electrodeposition on gold foils. The radioactivity of the activation products
was determined via high resolution x- and y-ray spectrometry. From the measured experimental data
isomeric cross-section ratios [o /o +s ] were deduced. Statistical model calculations taking into ac-
count precompound effects were performed for the strong 'Ni(p, xn) channels as well as for the weak
'Ni(p, cx) process. The experimental 'Ni(p, xn) and 'Ni(p, o. ) excitation functions are described well by

the calculation over the whole investigated energy range. The isomeric cross-section ratio for the
isomeric pair Co formed in the 'Ni(p, a) process is also reproduced well by the model calculation,
provided the input level scheme and the spin distribution are properly taken into account.

PACS number(s): 25.40.Ep, 24.60.Dr

Studies of excitation functions of nuclear reactions are
of considerable importance for testing nuclear models.
Of special interest are investigations on isomeric cross-
section ratios, particularly as a function of energy, since
they should depict the effect of nuclear spin. Model cal-
culations of the isomeric states have to account for more
detail and, furthermore, depend critically on the input
level scheme of the residual nucleus (cf. Refs. [1,2]). In
this work we chose to investigate the 'Ni(p, a) Co
process, where special techniques of sample preparation
and radioactivity measurement were required. The aim
was to test the predictive power of the model calculation.

Excitation functions were measured by the activation
method using the stacked-foil technique, described in
several publications from Jiilich (cf. Refs. [3—5]). Some
salient features relevant to the present measurements are
described below.

An electroplating method was used to prepare thin
'Ni samples on gold foils of thickness 4X 10 g/cm (cf.

Ref. [5]). The percentage of isotopic composition of the
enriched nickel was Ni(3.45), Ni(6. 12), 'Ni(88. 84),

Ni(1.4), and Ni(0. 2). The thickness of the deposited
layer ranged from 4X10 g/cm to 1.2X10 g/cm
and had a diameter of 12 mm. Several Al and Cu foils
were used as energy degraders and beam current moni-
tors. All the samples and foils were individually weighed
before irradiation.

All the irradiations were carried out with the external
beam of the Compact Cyclotron CV28 of KFA Jiilich us-
ing primary proton energies of 18.7 and 14.9 MeV. The
area of the bombarding beam was decreased to about
1 mm, i.e., a well focused beam was used. The beam
current was measured by a Faraday cup and was also
monitored through monitor reactions induced in ""Cu
foils. Some Al foils were inserted for energy degradation
which was calculated according to Williamson, Boujot,
and Pickard [6].

For studying the 'Ni(p, a) Co reaction, four stacks,

each containing 3—4 'Ni samples, some Al and Cu foils
were irradiated for 1 —5 h at beam currents of 150—200
nA. The thickness of the Al energy degraders was varied
in each irradiation to get an energy overlap of 1 —2 MeV
between the different stacks. Two monitor reactions, viz.

Cu(p, n) Zn and Cu(p, 2n) Zn were used for measure-
ment of proton energy and beam current (cf. Refs. [5,7]).
For measurements on Co + 13 samples of 'Ni were
activated in the form of a stack together with Al de-
graders and Cu monitor foils for 5 h at a proton beam
current of 200 nA. The beam was monitored as described
above.

The radioactivity of the 'Ni(p, a ) Co +s reaction
product ( T&i2 =70.92d, E& =810.8 keV, I =99.S%%uo ) as
well as of the monitor reaction products was determined
via standard HPGe detector y-ray spectrometry. In the
case of Co all the measurements were started after com-
plete decay of the Co ( T, i2 =9.15 h) to the ground
state. The detector was coupled to an Ortec MCA Plug-
In card which was connected to IBM-compatible PC-AT.
The energy and efticiency calibration of the system was
done using standard (error (3%%uo) calibration sources

Co (Amersham), ' Ba(PTB), ' Cs(PTB), and
Eu(PTB). The detector-source distances were 10, 40,

and 50 cm. The dead times were kept below 3%%uo,
' howev-

er, in the case of some monitrtr foils it was 5%. The peak
area analysis was done using a detailed peak analyzing
program developed for IBM-PC.

The radioactivity of the 'Ni(p, a) Co reaction prod-
uct was somewhat difBcult to measure. This metastable
state decays with a half-life of 9.15 h to the ground state
via isomeric transition (IT) which is highly converted.
We therefore performed Si(Li)-detector x-ray spec-
trometry utilizing the x rays of cobalt (K, 6.9 keV; K&,
7.6 keV). The calibration of this system was done using
standard sources Co(PTB), 'Am (Amersham), and

Fe(Amersham). The source-detector distance was 2 cm.
From the count rates of the product activities the de-
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cay rates were obtained using decay data (cf. Ref. [8]) and
the efficiency of the detector. The cross sections were
then calculated using the well-known activation formula.

The total errors in the cross sections were obtained by
summing up quadratically the possible individual relative
errors: counting statistics 1 —5 %; detector eKciency 5%
(for Co +s) and 8% (for Co ); decay data (3%,'
number of target nuclei 8%, and incident bombarding
particle intensity 8%. The total estimated errors in the
cross sections were —15% for Co and —13% for

Co + . The energy scale error was estimated to be
+0.2 MeV at 18.6 MeV, +0.5 MeV at 10 MeV, and+0. 6
MeV at 6.0 MeV.

Cross-section calculations were done using the statisti-
cal model taking into account the preequilibrium effects.
The calculational code STAPRE [9] was used. Direct in-
teractions were not considered but their contribution
should be (10%. Neutron, proton, alpha, and deuteron
emission was taken into account and the transmission
coefficients for these particles were calculated by the opti-
cal model code SCAT-2 [10]. The parameters for the opti-
cal mode (OM) were chosen from a global parameter set.
For the neutron the OM parameter set of Becchetti and
Greenlees [11] while for proton and deuteron those of
Percy [12] were used. In the case of alpha particles a
modified set of the OM parameters of McFadden and
Satchler [13] (modified by Uhl et al. [14]) was used. For
the energy and mass dependence of the effective matrix
element, ~M~ =FMA E ' formula was used with the
value of FM =500. The separation energies of the emitted
particles were taken from Ref. [15].

The energies, spins, parities, and branching ratios of
the discrete levels were selected from the Nuclear Data
Sheets [16]. In the continuum region the level density
was calculated by the back-shifted formula [17] with the
level density parameter given in Ref. [17]. In cases where
these parameters were not available they were estimated
from the systematics and from the values of the neighbor-
ing isotopes. Occasionally, the level density parameters a
and 6 were varied within their uncertainties to check
their effect on the cross sections. The spin distribution of
the level density was characterized by the ratio of the
effective moment of inertia e,& to rigid body moment of
inertia e„(r)=edr/e„). The calculations were per-
formed for g=1.0 and 0.5 to investigate its effect on the
isomeric cross-section ratio. The transmission
coefficients of photons were calculated from the gamma-
ray strength functions. For the E1 radiation the Brink-
Axel model with global parameters (I y=0. 573 eV),
while for the M1, E2, M2, E3, and M3 radiation the
Weisskopf model was used.

The measured cross sections with the estimated total
errors are given in Table I. A far as we know, these mea-
surements describe a first systematic study of the (p, a)
process on 'Ni using highly enriched target isotope. The
data for 'Ni(p, a) Co reaction are reported for the first
time. An earlier measurement (cf. Ref. [18]) on the
'Ni(p, a) Co +g process was done using natural Ni and

the data were given only in a graphical form. Although
those data are somewhat higher than our values, taking
account the error limit of 15—20% the agreement is

TABLE I. Cross sections for the 'Ni(p, a)"Co + and
'Ni(p, a ) Co reactions.

E (MeV)

5.3+0.6
6.3+0.6
6.5+0.6
7.3+0.5
8.0+0.5
8.4+0.5
8.9+0.5
9.5+0.5

10.3+0.4
10.7+0.4
11.8+0.4
12.0+0.4
12.8+0.4
13.3+0.4
13.8+0.3
14.0+0.3
14.8+0.3
15.2+0.3
16.1+0.3
16.9+0.3
17.4+0.2
18.5+0.2

cr +g (mb)

0.09+0.3
0.96+0.13

5.21+0.66

16.9+2.1

26.8+3.4

41.3+5.2
50.6+6.3

52.2+6.5

52.8+6.6

57. 1+7.2

58.2+7.3

44. 1+5.5
40.2+5.0

o. (mb)

0.37+0.05
1.15+0.23
2.00+0.31
6. 14+0.86
6.50+0.93

8.9+1.3
14.2+2.0
18.7+2.7

24.9+3.5

32.4+4.6

31.8+4.4

35. 1+5.0

31.9+4.5

27.7+3.9
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FIG. 1. Measured and calculated excitation functions of the
'Ni(p, n) 'Cu and 'Ni(p, 2n) Cu reactions (experimental data

from Ref. [19],model calculation (this work) ).

good.
In nuclear model calculations we aimed at a simultane-

ous reproduction of the available experimental data
which comprise strong reaction channels, namely,
'Ni(p, n ) 'Cu and 'Ni(p, 2n ) Cu reactions (cf. Ref.

[19]),and the much weaker 'Ni(p, a) Co s process (this
work).

The results on the 'Ni(p, xn) ' 'Cu reactions are
shown in Fig. 1. For both reactions the measured and
calculated data are in good agreement, depicting that the
neutron emission is described well by the statistical mod-
el. A small deviation between the measured and calculat-
ed data below 6 MeV may indicate inaccuracy in the glo-
bal OM parameters.

The results
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FIG. 2. Measured and calculated cross sections for the
N j(p, a )"Co reaction.

FIG. 4. Comparison of the experimental data for the
'Ni(p, a) Co + process with the results of nuclear model cal-

culations using different model parameters.

'Ni(p, a) Co +g processes are shown in Figs. 2 and 3,
respectively. Calculations were performed for two cases
(g= 1 and 0.5); the difference was, however, very small.
A comparison of the experimental and theoretical results
shows good agreement over the investigated energy
range.

To check the effect of input parameters, the model cal-
culation was performed using slightly modified values (by
10%) of the level density in the neutron channel and opti-
cal model parameters of the alpha channel. Three exam-
ples of those calculations for the total 'Ni(p, a) Co
activation cross section are given in Fig. 4. In one case
the nuclear radius parameter for the Ni
r„=rz =rc = 1.445 fm was used (continuous line), and in
the other rz =r~=rc = 1.300 fm (dashed line). It can be
seen that the cross section varies by a factor of 2 near the
threshold and 10—20%%uo at the maximum. The third case
consisted of change in the level density parameter of the
neutron channel (for 'Cu). The results are also shown in
Fig. 4 [a =6.50 (continuous line) and a =5.99 (dotted
line)]. The effect is significant only above 10 MeV and
causes a change of 20—30% in the (p, a) cross section.

The measured and calculated isomeric cross section ra-
tios (o /o +g ) for the isomeric pair Co 'g formed in
the 'Ni(p, a) process are shown in Fig. 5 as a function of
proton energy. The ratio is low at low incident proton
energies but increases with the increasing energy. This
trend is in agreement with the known behavior where the
yield of the high spin isomer increases with the increasing
incident particle energy. The calculated ratio was found
to be practically independent of the level density, optical
model parameters, and gamma-ray strength functions. It
was mainly determined by the input level scheme and
spin distribution through the effective moment of inertia.
The effect of the multipolarity of the gamma transition
was tested by changing the maximum of multipolarity
from 3 to 1 and 2, which caused only 0—5 % variation in
the isomeric cross-section ratio. Therefore, the deviation
between the calculated and the measured ratios at high
energies cannot be explained by different relative contri-
butions of the different gamma transitions (dipole, quad-
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FIG. 3. Measured and calculated cross sections for the
'Ni(p, a)' Co + process.

FIG. 5. Measured and calculated isomeric cross-section ra-

tios (o. /o. + ) for the 'Ni(p, a) Co ' process as a function

of proton energy. The spins and parities of the two isomeric
levels concerned are shown.
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rupole, etc.) The results are shown for two values of g
and it can be seen that g=1.0 gives better agreement
with the experimental data. Similar results were present-
ed in Refs. [20,21] for neutron induced reactions, indicat-
ing that in this mass region the effective moment of iner-
tia is equal to the rigid body value.
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