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The thermal neutron capture y-ray spectra for 6 ¹iand 6 ¹ihave been observed from a
sample previously irradiated to produce long-lived isotopes of Ni and 8 Ni. New values
of the neutron binding energy have been obtained for the compound systems ~Ni, Ni,

Ni, Ni, and ~ Ni. The y-ray spectra for neutron capture by 9Ni and ~Ni are not
as strongly peaked at high energies as the y-ray spectra observed for neutron
capture by the even-mass target nuclei in the A = 40-64 mass region,

NUCLEAR REACTIONS Ni, Ni, Ni, Ni, Ni(, y); E„=thermal; mea-
sured E&, Iy deduced binding energies, energy level. s for ~9Ni, 80Ni, 8 Ni,

Ni, Ni. Irradiated natural target.

The capture y-ray spectra for thermal neutron
capture by the even-mass target nuclei in the A
=40 —64 mass region are usually strongly peaked
at high energy. In view of the correlations ob-
served between the reduced transition probabilities
and the (d, P) single-particle strengths of the final
states, this phenomenon has been attributed to
channel capture. ' ' ' Since the (d, P) single-particle
strengths of the low lying states excited by strip-
ping on odd-mass target nuclei are much smaller
than those for stripping on even-mass targets, it
is expected that the y-ray spectra for thermal
neutron capture in odd-mass target nuclei will not
be as strongly peaked at high energies. This con-
jecture has been investigated in the present work
for capture in '9Ni and "Ni.

Thermal neutron capture y-ray spectra have
been previously measured for neutron capture in

isotopes 8Ni 3 4 Nj 5 6 6&Nj 4 6 gj
and '¹i.' In the present work we have measured
the spectra of capture y rays (above 7.0 MeV)
formed by neutron capture in the long-lived un-
stable isotopes "Ni (t,~, =8 &&10' yr) ' and "Ni (t,t,
=10' yr). ' The "Ni-"Ni sample was prepared by
irradiating 25 g of natural nickel in a high neutron
flux (-10"n sec ') at the Oak Ridge high flux iso-
tope reactor (HFIR). From the known capture
cross sections, half-lives, and neutron flux it was
estimated that after two months of irradiation the
sample consisted of approximately 2.1% "Ni and
0.5'%%uo

63¹as well as -64.6% MNi, -26,7'% "Ni,
-8

l%%u "Ni, -1 9%%u "Ni and -1.1'%%u "Ni.
The capture y-ray spectra were measured with

the modified' high resolution annihilation pair
spectrometer at the internal target facility' of
the Argonne research reactor CP-5. A descrip-
tion of this system is given in B,ef. 10 and refer-
ences therein. The calibration standard for both

relative intensities and energies is the '~N(n, y)-
"N reaction, which was measured just before the
nickel run. The calibration technique is discussed
by Thomas, Blatchley, and Bollinger. '

Since each peak is fitted with a reference line
shape taken from the nickel spectrum, the fits are
generally very good and the error in the peak area
is mainly statistical. " The error in the y-ray en-
ergy is a function of the errors in the energies of
the nitrogen lines, "and the errors in determining
the centroids of the nitrogen lines a,nd the unknown
line. The error in the excitation energy increases
with excitation energy, i.e. , as the separation be-
tween the binding energy line and final state line
increases.

The data are shown in Fig. 1 where the numbers
labeling the lines are the same as those in Table
I. The results from this experiment are compiled
in Table I and compared with the results of pre-
vious measurements. The relative intensities have
been normalized to the 8999.3-keV "Ni ground
state line, the intensity of which is arbitrarily set
equal to 100. In general, the agreement between
the y-ray energies and/or excitation energies of
the present work and those of previous measure-
ments is very good. The improved precision of
the new data results in more accurate estimates of
neutron binding energies than was available ear-
lier. The binding energies listed in Table I are
the recoil-corrected y-ray energies of the ground
state transitions in ea,ch compound nucleus. The
relative intensities can be compared with other
measurements for only a few eases, but for these
the agreement is good except for the weak Ni
lines, for which the intensity uncertainties are
very large.

Seventeen "Ni lines (from capture in "Ni) and
two "Ni lines were identified. Another possible
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FIG. 1. Thermal neutron capture y-ray spectrum above 7.0 MeV for irradiated nickel. The percentage abundance
for each isotope including ~Ni and 3Ni are given in the text. The line numbers are the same as those in Table E. The
lead impurity line is the strong Pb 7381.1-keV l.ine.

"Ni line (decay to the second excited state") is
obscured by the strong 7381.1-keV "Pb line.
Every other line has been identified from previous
(n, y) measurements except for line numbers 2, 4,
5, and 22. The first three lines are very weak,
within a few standard deviations of zero intensity.
A survey of (n, y) measurements" eliminated the
possibility that the lines were due to capture by
contaminants in the sample. We conclude that
lines 2, 4, and 5, if real, are secondary transi-
tions from highly excited states (a few hundred
keV below the neutron separation energy) in the
compound nuclei "Ni and/or "Ni. Similarly, we
infer that the 7973.6-keV line (number 22) is a
secondary transition line.

The absolute intensities of the ' Ni and "Ni lines
can be calculated from the relative isotopic abun-
dances in our sample, the relative intensities

measured in the present work, the known total
capture cross section for each isotope, ' and the
absolute intensity of the "Ni 7819.3-keV line,
which has been recently measured by Kopecky,
Abrahams, and Stecher-Basmussen. ' The absolute
intensity of the ' Ni 11386.7-keV line is -15% (i.e. ,
15 photons per 100 captures in "Ni); the absolute
intensity of the "Ni 9655.9-keV line is -27%. The
absolute intensities of the other "Ni and ' Ni lines
can be inferred from these numbers. As a check
on the internal consistency of our data and of this
method for determining absolute intensities, we
have calculated the absolute intensity of the "Ni
8999.3-keV line. Our value of 28/o (28 photons
per 100 captures in natural nickel) compares well
with the values ranging from 26 to 32% given in Ref. 3.

We note here that, as expected, the transitions
to the ground and first excited states account for
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-20% of the total capture cross section in "Ni and
-31% in "Ni. This is in contrast to the much stron-
ger high-energy peaking of the y-ray spectra for
capture in even nuclei. For example, Kopecky et
aL' have observed that the transitions to the ground
and first excited states account for -62.3/0 of the
total capture cross section in 'ONi, -77.3% in "Ni,

65.4% in "Cr, and 78.3% in '4Fe.

The authors would like to thank Mr. James
Specht for assistance in the experimental setup
and data reduction, and Dr. R. J. Holt and Dr. L.
M. Bollinger for their ideas and suggestions con-
cerning the analysis.
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