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Excitation functions were measured for the %3Cu(n,a)®°Co™, %°Cu(n,a)%?Co™, and
85Cu(n, @)%2Co? reactions over the neutron energy range of 6.3 to 14.8 MeV. Use was made of
the activation technique in combination with high-resolution y-ray spectroscopy. The neutrons were
produced via the 2H(d, n)*He reaction using a deuterium gas target at a variable energy compact
cyclotron (E, = 6.3-11.9 MeV) and via the *H(d, n)*He reaction using a solid Ti-T target at a neu-
tron generator (E, = 13.7-14.8 MeV). From the available experimental data isomeric cross section
ratios were determined for the isomeric pair ®°Co™¥ in **Cu(n, ) and ®°Ni(n,p) reactions, and
for the pair ®2Co™9 in the ®*Cu(n, @) reaction. Statistical model calculations taking into account
precompound effects were performed for the formation of both the isomeric and ground states of the
products. The calculational results on the total (n,p) and (n,a) cross sections agree well with the
experimental data; in the case of isomeric states, however, some deviations occur. The experimental
isomeric cross section ratios are reproduced only approximately by the calculation; at 15 MeV the
spin distribution of the level density has a significant effect on the calculation. For low-lying levels
the isomeric cross section ratio depends strongly on the spins of the levels involved and not on their
excitation energies. At a given neutron energy the population of the higher spin isomer appears to
be higher in the (n, ) process than in the (n,p) reaction.
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I. INTRODUCTION

Studies of excitation functions of neutron threshold re-
actions are of considerable importance for testing nuclear
models and for practical applications, especially in fusion
reactor technology (FRT). Furthermore, isomeric cross
section ratios, particularly as a function of energy, are
of fundamental interest for studying the spin depend-
nece of the formation of isomeric states. A survey of the
available literature (cf. Refs. [1,2]) shows that both the
cross section data and the isomeric cross section ratios for
many neutron-induced reactions in the energy range of
4-12 MeV are rather scanty. It appeared worthwhile to
us to investigate the (n, @) reactions on ®3Cu and °Cu,
the available information for which is relatively small.
Since copper is an important structural material in FRT,
the measured data should furnish useful information on
helium-gas production as a function of neutron energy.
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Of greater interest, however, are the isomeric cross sec-
tion ratios. Figure 1 gives simplified schemes of the iso-
meric levels involved in the product nuclei, namely, °Co
and %2Co (cf. [3]). In both the cases the separation en-
ergy between the isomeric levels concerned is small (58.6
and 22 keV, respectively) but the spins differ consider-
ably. In 8°Co the ground state has a higher spin than the
metastable state but in 52Co it is the other way round.
We performed experimental and theoretical studies on
the above-mentioned two (n, a) reactions in the neutron
energy range 6-15 MeV. Additionally, the °Ni(n, p) pro-
cess leading to the formation of the °Co™9 pair was also
investigated.

II. EXPERIMENT

Cross sections were measured by the activation tech-
nique, commonly used at both Jiilich and Debrecen. This

FIG. 1. Simplified level schemes of the iso-
meric pairs *°Co™'9 and $2Co™9.
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technique is ideally suited for studying the formation of
closely spaced nuclear levels, provided their lifetimes are
not too short. Some of the salient features relevant to
the present measurements are described below.

A. Samples and irradiations

Several types of high-purity natural copper samples
were prepared for irradiations. For studies on %°Co™,
due to the low energy of the « ray involved (58.6 keV),
thin Cu foils (50 pm, 99.999% pure, Goodfellow, Eng-
land) of 1.3 or 1.9 cm diam were used. For investigations
on %2Co™ and %2Co9, on the other hand, about 5-g Cu
metal powder (99.999% pure, Koch-Light, England) was
pressed at 10 tonne/cm? and a disk (1.3 cm diam, 0.5
cm thick) was obtained. Monitor foils (Al or Fe, each
200 pm thick) of the same size as the sample were then
attached in front and at the back of each sample.

Most of the irradiations were done at the Jiilich vari-
able energy compact cyclotron CV28. The quasimonoen-
ergetic neutrons were produced via the 2H(d,n)3He re-
action on a D; gas target (37 mm long, 1.8x10° Pa pres-
sure). The characteristics of this neutron source have
been described earlier [4]. The samples were placed in
the 0° direction relative to the deuteron beam, at a dis-
tance of 1 cm from the back of the beam stop. The energy
of the deuteron beam was varied between 4 and 9.5 MeV
and the beam current between 2 and 4 pA. For studies
on $3Cu(n, @)% Co™ and ®Cu(n,a)®2Co™ reactions each
sample was irradiated together with the monitor foils for
30 min. In studies on %*Cu(n,)52Co™9¢ cross section
ratios, however, due to the short half-life of 2Co9 (1.5
min) the irradiation time was limited to 5 min and only
relative measurements were done, i.e., no neutron flux
monitor was used.

Irradiations with 13.7-14.8-MeV neutrons were done
at the neutron generator of the Institute of Experimen-
tal Physics, Kossuth University, Debrecen. Monoener-
getic neutrons around 14 MeV were produced via the
3H(d, n)*He reaction on a solid Ti-T target. The samples
were placed at different angles (0°, 30°, 60°, 90°, 120°)
relative to the deuteron beam direction, resulting in dif-
ferent averaged neutron energies within the samples. In
each case only the aluminium monitor foil was used. Sim-
ilar to studies with dd neutrons described above, for the
83Cu(n, a)®Co™ and %5Cu(n,a)®2Co™ reactions cross
sections were determined, but for the ®*Cu(n, a)®?Co™9
process only ratio measurements were done.

As a check of the 83Cu(n, «)%°Co™ reaction cross sec-
tion, a single irradiation at E, = 9.6 MeV was done at
the variable energy cyclotron MGC-20 of ATOMKI, De-
brecen, using a D, gas target (50 mm long, 1.5x10° Pa
pressure). In this case only the aluminium monitor foil
was used.

B. Neutron energies and flux densities

In the case of neutrons produced via the 2H(d,n)3He
reaction at the D, gas target the neutron energies effec-

tive at the monitors as well as the average neutron ener-
gies effective at the samples were calculated by a Monte
Carlo program (cf. Refs. [5-7]) which takes into account
the length of the gas cell, the pressure of the D, gas in
the cell, and the geometrical parameters of the sample
(diameter, length, distance from the beam stop). The
double-differential cross sections of the 2H(d,n)3He reac-
tion evaluated by Liskien and Paulsen [8] are the basic
parameters for this calculation. The calculated devia-
tions in the energy refer to different emission angles of
neutrons.

The neutron flux densities in front and at the back
of the sample were determined via monitor reactions
2"Al(n,a)**Na (T, = 15.0 h, E, = 1368.6 keV, I, =
100%) and °¢Fe(n,p)**Mn (Ty;, = 2.58 h, E, = 846.8
keV, I, = 98.9%). The cross sections were taken from
the literature [9].

It is well known that the 2H(d, n)3He reaction at E4 >
5 MeV is not a really monoenergetic neutron source, the
neutron energy spectrum being strongly dependent on
the incident deuteron energy and the material of con-
struction of the gas target (cf. Refs. [4,10,11]). The effect
of background neutrons becomes significant above 7-MeV
incident deuteron energy, especially for reactions of low
thresholds. For this reason gas-out measurements were
also performed at E4 = 7.5, 8.5, and 9.5 MeV, and two
monitor reactions (mentioned above) differing in thresh-
old energies were used.

The deviations between the neutron flux densities cal-
culated from the two monitor reactions, after background
(gas-out/gas-in) corrections, ranged between 4 and 20 %.
The maximum deviations were observed at the highest
and the lowest investigated energies. The deviations at
the highest energies originated from the high background
corrections [at E, = 11.94 MeV, for example, the correc-
tion was 47% in the case of the 27Al(n, a)?*Na monitor
reaction and 53% for the 6Fe(n,p)**Mn reaction]. The
deviations in the neutron flux densities at the lowest neu-
tron energies were due to uncertainties in monitor cross
sections. Since the cross sections of both the monitor re-
actions change rapidly with the neutron energy, only a
few percent deviation between the effective and the es-
timated energy causes a significant change in the calcu-
lated neutron flux density. In the present work we took
an average of the neutron flux densities from the two
monitor reactions and adopted 3-10 % uncertainty in the
calculated values.

For neutrons from the 3H(d,n)*He reaction the flux
densities were determined via the 27Al(n,a)?*Na reac-
tion. The neutron energies and their deviations were
taken from a previous work [12].

C. Measurement of radioactivity

The radioactivity of the irradiated samples and mon-
itor foils was determined via high-resolution ~y-ray spec-
troscopy. The activities of 2Na, 6Mn, and $2Co™9 were
measured using HPGe and Ge(Li) detectors. For ¢°Co™,
on the other hand, a thin HPGe detector with a Be win-
dow was used. The peak area analysis was done using
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the programs MAESTRO I, MAESTRO II, and ACCUSPEC
developed for IBM compatible computers.

Due to the short half-lives of the product isotopes,
measurements were started within 10 min after irradi-
ations, in cross section ratio measurements within 1 min.
In general, for cross section measurements 5 repeated
spectra were recorded, and for ratio measurements about
10. The typical measuring times were 5-10 min in the
former case, and 2-5 min in the latter.

The decay data adopted for the isomers of 62Co were
(cf. Ref. [3]) 62Co™: T,/2=13.9 min, E, = 1173 keV,
I, = 83.8%; ®2Co%: Ty/; = 1.5 min, E, = 1173 keV,
I, = 97.9%. Thus, in both the cases the same v ray
was used and the contributions of the two isomers were
deduced from an analysis of the decay curve. However,
for an additional check, in some cases a few other v rays
were also analyzed.

The measurement of the ®°Co™ radioactivity presented
more difficulty. This radionuclide decays with a half-life
of 10.5 min via isomeric transition IT(99.75%) and 8~
emission (0.25%). The 1332-keV v ray associated with
the 8~ decay has very low and uncertain intensity. The
IT is highly converted. The 58.6-keV ~ ray is thus weak
(2.01+0.24 %) but is measurable. Furthermore, the Co
x rays could also be measured. We performed measure-
ments using the 58.6-keV ~ ray.

D. Calculation of cross sections and their errors

The cross sections and neutron flux densities were cal-
culated using the well-known activation formula. The
count rate was corrected for y-ray intensity, detector effi-
ciency, geometry, coincidence losses, and self-absorption.
In some cases special dead-time correction was needed.

The total efficiency of the detector and the efficiency
for the detection of a y-ray peak were determined as a
function of the v-ray energy and the sample-detector dis-
tance using standard point 7y sources. For the radial de-
pendence of the efficiency, additional measurements were
done and the effective efficiency for the sample was ob-
tained by a numerical integration method described ear-
lier [13].

The major sources of errors in cross section measure-
ments were similar to those described in several earlier
publications (cf. [5,7,13]). The error in the excitation
function of the monitor reaction was taken as 3-5% and
that in the averaging of the neutron flux as 3-10%. The
efficiency of the v detector (incorporating self-absorption,
geometry, and pileup) had an uncertainty of 2-6 %. The
error in the decay data used was < 1% except for the
58.6-keV v ray of %°Co™ where an uncertainty of 12%
was adopted. The major errors involved were due to
poor counting statistics (2-25 %) and contributions from
background neutrons (2-10%). Because of low count
rates (10-100 s~!) and short counting time (due to short
half-lives) the statistical uncertainty was relatively large
in the low neutron energy region. In the high neutron
energy range 9-12 MeV the statistical uncertainty was
much lower, and the major source of error was the cor-
rection due to the background neutrons. We got the nec-

essary information from the gas-out measurements. In
the case of the °Cu(n,a)%2Co™ reaction, for example,
the normalized gas-out contribution relative to the gas-
in activity amounted to 11.7, 18, and 26 % at 10.1-, 11.0-,
and 11.94-MeV neutron energy, respectively. The corre-
sponding values for the ®3Cu(n, a)®°Co™ reaction were
22, 40, and 68%. Considering the last value, it is ev-
ident that a 1% error in the background (for instance,
due to the different beam positions during the irradi-
ations) would lead to 2-3% error in the cross section.
Nonetheless, such measurements at E, = 10-12 MeV
are worthwhile since the available data are scarce.

Some background neutrons produced via breakup of
deuterons on D, gas are not taken into account via gas-
out measurements. Their contribution is, however, rela-
tively small in the case of threshold reactions investigated
in this work. This contribution was calculated from the
data of Cabral et al. [10]. The total error for each cross
section value was obtained by combining the individual
errors in quadrature.

E. Calculation of isomeric cross section ratios

The calculation of the isomeric cross section ratio
Om/(0m +0g) for the isomeric pair 8°Co™9¢ was straight-
forward since the o,, was determined independently by
measuring the 58.6-keV v line of 10.5 min ®°Co™, and
oOm + 04 after the complete decay of °Co™ to 5.27 yr
60Co9. Regarding the isomeric pair $2Co™9, however,
some difficulty was encountered since the two isomeric
states decay independently to the product nucleus 2Ni.
We chose to investigate the 1173-keV « line (see above)
which is emitted in the decay of both the isomers but
with different abundances. After an irradiation, repeated
measurements were done and the y-ray spectra were
recorded. Then, peak areas of the 1173-keV ~ line were
obtained as a function of cooling and measuring times.

From general principles, the peak area (A:, cak) 1S given
by the expression

Al cak = Lym femepNim (0)e 1 (1 — et
+1,gfegepNg(0)e Aot (1 — ™29, (1)

where m and g refer to the metastable and the ground
state, I, is the y-ray abundance, ¢, is the peak efficiency,
fe is the coincidence summing correction factor, N(0) is
the number of radioactive atoms at the end of irradiation,
A is the decay constant, t¢ is the cooling time interval
measured from the end of irradiation to the beginning of
measurement, and ¢* is the measuring time interval.

The A:,, values (i = 1,2,..,n) obtained experi-
mentally were fitted by a curve using the least-squares
method, with the weighting factor W* = A;eak / AA:,eak.
In general, this fitting worked out very well up to E,, = 10
MeV and the values for N,,(0) and N,y (0) were obtained
within an estimated error of 2%. The cross section ratio
was then calculated using the expression

Om __ Nm(O) ’\m (1 — e—Agtir)
Ty Ng(0) Ag (T—ermtir)’ @
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where t;; denotes the time of irradiation.

At neutron energies above 10 MeV, due to the open-
ing of several other strong reaction channels, a further
correction may become mandatory. Around 14 MeV, for
example, the 3Cu(n, 2n)%2Cu reaction dominates (o = 1
b). Since the (n, o) cross section is low and since a rapid
radiochemical separation of radiocobalt from copper ma-
trix activity could not be applied, it was necessary to
measure the irradiated sample close to the detector. The
high activity of ®2Cu (Ty/, = 9.8 min) caused a signifi-
cant dead time which decreased with time. A correction
for the changing dead time was therefore developed in
the form

D(t) = D(0)e™>", (3)

where D(t) is a correction factor at time ¢, D(0) is the
value of the factor at the end of irradiation, and \* is the
constant of the decay which causes the dead time.

Using a pulse generator of constant frequency con-
nected to the preamplifier we could determine the aver-
aged dead times of the measurements. During the course
of repeated spectrum measurements after an irradiation
(mentioned above), dead times were also registered. Fit-
ting a curve to those measured dead-time values we got
D(0) and A* values. In general, for measured dead times
of 20%, the fitted values agreed within 5%. For higher
dead times of up to 30%, the agreement was within 30%.
The dead-time function thus developed was used to cal-
culate the cross section ratio at 14.12 MeV and higher
neutron energies.

III. NUCLEAR MODEL CALCULATIONS

Cross section calculations were done using the statisti-
cal model taking into account the preequilibrium effects
via the exciton model as described in the code STAPRE
[14]. The contribution of the direct reactions can be es-
timated to be less than 10%; therefore, they were not
considered. Neutron, proton, alpha, and deuteron emis-
sion was taken into account and the transmission coeffi-
cients for these particles were calculated by the optical-
model code SCAT-2 [15]. The parameters for the optical
model (OM) were chosen from a global parameter set.
For the neutron the OM parameter set of Becchetti and
Greenlees [16], while for the proton and deuteron the
OM parameter set of Perey [17] were used. In the case
of alpha particles the OM parameters of McFadden and
Satchler [18] modified by Uhl et al. [19] were used. For
the energy and mass dependence of the effective matrix
element, |M|2 = (FM)A 3E~! formula was used with
value of FM = 300. The separation energies of the emit-
ted particles were taken from Ref. [20].

The energies, spins, parities, and branching ratios of
the discrete levels were selected from Nuclear Data Sheets
[21]. In some cases, especially for ®2Co, the branching
ratio data were very scanty; therefore branching ratios for
the known levels were calculated using the transmission
coefficients of the photons. In the continuum region the
level density was calculated by the backshifted formula
[22] and the level-density parameters given in Ref. [22]

were used. In cases where these parameters were not
available, they were estimated from the systematics and
from the values of the neighboring isotopes. Occasionally
the level density parameters a and A were varied within
their uncertainties to improve the reproduction of the
cross sections. The spin distribution of the level density
was characterized by the ratio of the effective moment
of inertia @.g to rigid-body moment of inertia O,ig (n =
O /Orig). The calculations were performed for n = 1.0
and 0.5. The transmission coeflicients of photons were
calculated from the ~-ray strength functions. For FE1
radiation the Brink-Axel model with global parameters,
and for the M1, E2, M2, E3, and M3 radiations the
Weisskopf model was used.

IV. RESULTS AND DISCUSSION
A. Cross sections and excitation functions

The measured activation cross sections together with
their total uncertainties are given in Table I. Al-
though natural copper was used as target material, the
contribution of the %3Cu(n,2p)®2Co™9 process to the
85Cu(n,a)2Co™9 process should be < 1%, since at
14 MeV the estimated (n,2p) cross section amounts to
< 25 pub as compared to 5 mb for the (n,a) process.
As mentioned above, the data for the ®3Cu(n,a)®°Co™
and %°Cu(n, a)%2Co™ processes were measured directly;
for the 85Cu(n, )%2Co9 reaction, however, they were de-
duced from the 62Co™/%2Co9 ratio measurements. Ex-
cept for a single value for the 83Cu(n, a)®°Co™ reaction
at 8.2 MeV [23], all the data reported here over the neu-
tron energy range 6—-12 MeV have been measured for the
first time.

The excitation functions of the %3Cu(n,a)®°Co™,
63Cu(n, a)®®Co™*9, 85Cu(n, a)%2Co™, and
85Cu(n, a)®2Co? reactions are given in Figs. 2-5, respec-
tively. For the $3Cu(n,a)%°Co™, %5Cu(n, a)%2Co™, and
85Cu(n, @)2Co? reactions, in addition to our own ex-
perimental data, the available literature data, mainly
around 14 MeV (cf. [23-27]), are also shown. For the
63Cu(n,a)®®Co™*9 process, on the other hand, good
measurements existed in the literature over the whole
neutron energy range up to 15 MeV (cf. [2,28,29]) and
Fig. 3 is based on those data. The results of nuclear
model calculations performed in the present study are
also reproduced in Figs. 2-5 for comparison.

For the %3Cu(n, a)®®Co™ reaction (Fig. 2) the exper-
imental and theoretical data agree well up to 12 MeV.
Around 14 MeV, however, the calculated cross sections
are appreciably higher than the experimental values,
though the calculation with n = 1.0 gives values closer to
the experimental data. On the other hand, the experi-
mental results both from our measurements and from [27]
show considerable fluctuations, so the deviation between
experiment and theory may simply be due to large errors
in the experimental data for this reaction.

The experimental and theoretical results for the
63Cu(n, a)®°Co™*9 process (Fig. 3) agree very well over
the whole energy range. Calculations with n = 1.0
gave better results for this nuclear reaction as well.
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TABLE I. Measured and deduced fast neutron-induced activation cross sections.
83Cu(n, @)®°Co™ 85Cu(n, a)®*Co™ 85Cu(n, a)%?Co?
(En)® o o 85Cu(n, a)®2Co™ o
(MeV) (mb) (mb) R %’;‘;] (mb)

6.321+0.14 4.41+0.7 0.02+0.006 0.37%0.15 0.056+0.03

6.82+0.14 6.11+0.6

7.31+0.14 10.6+1.5 0.13+0.014 0.424+0.13 0.31+0.09

7.79+0.15 10.5+0.6 0.27+0.08

8.26+0.15 13.6£1.6 0.38+0.07 0.4740.07 0.81+0.2

9.181+0.16 17.5+£2.6 0.86+0.09 0.48+0.06 1.821+0.3

9.60+0.17 14.9+2.2
10.10+0.17 20.1x1.2 1.26+0.25 0.54+0.04 2.341+0.5
11.00+0.18 21.7+4.3 1.85+0.25 0.56+0.03 3.35+0.3
11.9440.18 17.2+2.7 3.471+0.45 0.73+0.07 4.75+0.7
13.75+0.20 8.3+1.6 0.76+0.04
14.12+0.16 14.6+3.6 4.56+0.63 0.95+0.05 5.88+0.9
14.45+0.15 8.21+3.0 6.44+0.63 1.184+0.14 5.43+0.9
14.714+0.30 16.36+2.6 5.31+£0.56 1.154+0.06 4.261+0.5
14.80+0.34 7.57+1.06
®The deviations do not describe errors in the energy scale; they show energy spreads due to angle
of emission.
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Experiment FIG. 2. Excitation function of the

® This work
< Refs.[23,24,27]
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83Cu(n,a)®*Co™ (T2 = 10.5 min) reaction.

FIG. 3. Excitation function of the
83Cu(n, a)®®Co™*9 (T1/2 = 5.27 yr) process.
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85Cu(n, a)®?Co™ (T2 = 13.9 min) reaction.

5 10
Neutron energy [MeV1]

We therefore adopted this value in other calculations.
The experimental and theoretical data for the reactions
85Cu(n, a)®2Co™ (Fig. 4) and ®Cu(n,a)®2Co? (Fig. 5)
are also in agreement over the whole investigated energy
range. It is therefore concluded that the nuclear model
calculations described here reproduce the experimental
excitation functions of the (n, a) reactions on copper rea-
sonably well. This applies particularly to the total (n, a)
cross section, i.e., the sum of o, and oy.

We consider now in detail the (n,p) reaction on ®°Ni
which also leads to the isomeric pair 8°Co™9 (studied in
the present work). The excitation functions of the reac-
tions ®°Ni(n,p)%°Co™ and *°Ni(n, p)é°Co™*9 were mea-
sured recently up to 10 and 12 MeV, respectively, under
a Jiilich-Debrecen cooperative effort [30]. Over this en-
ergy range almost no data existed for the ®*Ni(n, p)%°Co™
reaction, and those available for the 5°Ni(n, p)8°Co™*¢
process were very discrepant. A similar study performed
on the latter reaction under a Los Alamos-Vienna coop-
eration [31,32] agreed with our results. The excitation
functions of the 8°Ni(n, p)®°Co™ and ®°Ni(n, p)®°Co™*9
reactions, based on the most recent data up to 12.5 MeV
[30-32], and incorporating all the other data available at
energies around 14 MeV (cf. [2]), are shown in Figs. 6
and 7, respectively. For both the processes there is a

15

large scatter in the data at neutron energies around 14
MeV. The results of nuclear model calculations done in
the present work are also reproduced. Evidently, the to-
tal (n,p) cross section (i.e., o, +0y), is described well by
the theory (cf. Fig. 7); the cross section for the forma-
tion of the isomeric state (5Co™) is, however, somewhat
underestimated by the theory (cf. Fig. 6).

B. Helium-production cross sections

A comparison of the magnitudes of the four
helium-producing reactions on *2*Cu up to 11 MeV,
namely, 63Cu(n, a)®Co™, 83Cu(n, a)®®Co™t9,
85Cu(n,a)®2Co™, and ®Cu(n,a)®?Co9, shows that
by far the largest contribution is furnished by the

63Cu(n, a)®°Co™*9 reaction which includes the amount
L IT
formed via the ®3Cu(n,@)%°Co™ — °Co¢ process. The

contributions of the other two reactions are relatively
small. By normalizing cross sections to the respective
abundances of ¢3Cu and %°Cu in natural copper, it was
possible to obtain averaged helium emission cross sec-
tions for natural copper. The values thus deducd for
E, < 11 MeV were compared with the cross section
data obtained via helium emission spectral measurements

ok 8culn,«)®?Cos

g

& 83

s

= I Experiment

§ ® This work

:'él V Refs.[25,26]

o o Calculation Cthis work]
0.01 ‘ L '

FIG. 5. Excitation function of the
55Cu(n, @)%?Co? (T;/z = 1.5 min) reaction.
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FIG. 6. Excitation function of the
80Ni(n,p)®°Co™ (T1,2 = 10.5 min) reaction.
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[33,34]. In general, the data obtained via the two tech-
niques agreed within 25%. At neutron energies above
11 MeV the activation technique is less reliable for es-
timating total helium emission from copper since other
competing reactions like (n,n'a) also set in (cf. [35]).
At 14 MeV the spectral and mass spectrometric tech-
niques have been successfully applied for this purpose
(cf. [36,37]).

C. Isomeric cross section ratios

The experimental results on the isomeric cross sec-
tion ratios o, /(0m + 04) for the isomeric pair 8°Co™9¢
produced in the ®°Ni(n,p) and ®3Cu(n,a) reactions are

iven in Figs. 8 and 9, respectively. The cross sections
for the formation of the ground state were taken from
Refs. [2,28-32], and those for the metastable state from
our own measurements [30, this work] and the literature
[2,23,24,27]. Around 14 MeV, results of only those liter-
ature studies are shown where cross sections of both the
metastable and the ground state were measured. The
results of nuclear model calculations done in the present
work are also shown. The experimental isomeric cross
section ratio is high up to 10 MeV, in both the (n,p)
and (n, a) processes; it shows some decrease at the high-

15

est investigated energies of about 14 MeV. This implies
that at relatively low projectile energies the low spin iso-
mer (21) is preferentially populated; at higher energies,
however, the contribution of the high spin isomer (5%)
increases. This result is in conformity with the previous
observations on several isomeric states (cf. [38-42]). Fur-
thermore, a comparison of the ratios in the (n,p) and
(n,a) reactions suggests that the o emission leads to
slightly enhanced population of the higher spin isomer
than the p emission. The nuclear model calculations give
somewhat lower isomeric cross section ratios in both the
(n,p) and (n,a) processes. At energies around 15 MeV
the calculated ratios are dependent on the value of 77 used
(cf. also Refs. [39,42]).

The isomeric cross section ratios for the isomeric pair
62Co™9 are given in Fig. 10. Since the two isomers de-
cay independently, we show the data as both o,,/0, and
Om/(0m +0g). The ratio is low at low projectile energies
but increases significantly with the increasing incident
energy. Evidently, here also the low spin isomer (27%) is
preferentially populated, although in this case (contrary
to 6°Co™9) it is the ground state of the product nucleus.
The nuclear model calculation reproduces the shape and
the magnitude of the isomeric cross section ratio fairly
well.

From the experimental and theoretical studies reported
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FIG. 7. Excitation function of the
80Ni(n, p)®°Co™*9 (T}, = 5.27 yr) process.
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FIG. 8. Isomeric cross section ratio for the
isomeric pair 8°Co™9, formed via (n, p) reac-
tion on %°Ni, plotted as a function of incident
neutron energy. The metastable state has a
spin of 2% and the ground state 5%.

FIG. 9. Isomeric cross section ratio for the
isomeric pair ®**Co™9, formed via (n, @) reac-
tion on ®3Cu, plotted as a function of incident
neutron energy.

FIG. 10. Isomeric cross section ratio for
the isomeric pair 52Co™¢ formed via (n,a)
reaction on %°Cu, plotted as a function of in-
cident neutron energy. The metastable state
has a spin of 5% and the ground state 2%.
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in this work it is concluded that at a given incident neu-
tron energy the isomer distribution in the product nu-
cleus is primarily governed by the spins of the isomeric
levels involved and not by their excitation energies. Even
for closely spaced levels the isomeric cross section ratio
may differ considerably if their spins are different. At a
given incident neutron energy the high spin isomer ap-
pears to be preferentially populated in the (n, o) process
than in the (n,p) reaction. The nuclear model calcula-
tion of the isomeric cross section ratio is influenced by
the spin distribution of the level density, characterized
by the effective moment of inertia.
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