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We have investigated the low-lying states of Co's by means of the (He', d) reaction on Fe", using an
incident beam whose energy was 22 MeV. In addition to strong l =3 transitions to the —, ground state and
a group of states centered at 2.08 MeV, strong l =1 transitions to the erst, third, and fourth excited states
were observed. From these results and the results of previous experiments, the erst and third excited states
can each be assigned spin and parity of —,

' .These assignments are consistent with the results from our study
of the Ni'e(d, He') Co" reaction. The present results are in agreement with previous assignments of either

or ~3 for the fourth excited state, but cannot distinguish between these values. Spectroscopic factors for
these transitions were obtained from a comparison of the experimental data with the predictions of a dis-
torted-wave calculation.

I. INTRODUCTIOÃ

'HE spin and parity of the ground state of Co" are
well known' to be ~~, but there is considerable

uncertainty about the spins of the low-lying excited
states. The locations of these states have been deter-
mined by proton inelastic-scattering Ineasurements. "
Transitions to the ground state and to the first, third,
and fourth excited states are observed in the p decay of
Fe".' ' Most of the information on the nature of these
three excited states has been obtained from the meas-
urements of p-decay spectra, p circularly polarized
y-angular correlations, p-7 angular correlations, y-y
angular correlations, and internal conversion of elec-
trons. ' ~ However, the diBerences in some of the
measured quantities obtained by different experimenters
result in contradictory spin assignments to these
states.

On the basis of his internal-conversion data, Metzger'
proposed the assignments of 2 to the first excited
(1.10-MeV) state and —,

' to the third excited (1.29-MeV)
state. These assignments were consistent with the
results of a y-y angular correlation measurement. ' More
recently, Collin et al. ' remeasured the internal-con-
version coeKcients for the decay of these two states to
the ground state. From their results, they concluded
that the spin and parity of the 1.10-MeV state were —,'.
Their internal conversion data for the decay of the
1.29-MeV state did not permit a spin assignment to

t Work performed under the auspices of the U. S. Atomic
Energy Commission.' Nuclear Data Sheets, compiled by K. Way et al. (Printing and
Publishing Ofhce, National Academy of Sciences-National
Research Council, Washington 25, D. C., 1961), NRC 60-06-021.

'M. Mazari, A. Sperduto, and W. W. Buechner, Phys. Rev.
107, 365 (1957).' J. H. Bjerregaard, P. F. Dahl, 0. Hansen, and G. Sidenius,
Nucl. Phys. 51, 641 (1964).' F. R. Metzger, Phys. Rev. 88, 1360 (1952).

'D. E. Wortman and L. M. Langer, Phys. Rev. 131, 325
(1963).' W. Collin, H. Daniel, O. Mehling, H. Schmitt, G. Spannagel,
and K. S. Sabudhi, Z. Physik 180, 143 (1964). This reference
contains a summary of the results of most of these measurements.' L. G. Mann, D. C. Camp, J.A. Miskel, and R. J.Nagel, Phys.
Rev. 137, B1 (1965).

s D. Schiff and F. R. Metzger, Phys. Rev. 90, 849 (1953).

this state, but on the basis that the state was not
observed in Coulomb excitation experiments, ' "Collin
et al. suggested that it decayed to the ground state with
an M1 y transition, and made a —,

'—assignment to the
state. However, the more recent Coulomb-excitation
data of Alkhazov et a/. " indicate a strong excitation of
this state.

As a result of his p-y circular-polarization rneasure-
ments, Haase" suggested that the two states each be
assigned spin and parity of ~3, and showed that this
assignment is consistent with the results of the y-y
angular correlation measurement of Heath et cl."
Furthermore, Mann et al. ' have pointed out that when
the internal-conversion data of Metzger4 are compared
with more recent theoretical calculations, '4 these data
are compatible with spins of either ~ or ~ for each of
these two states.

Largely because of the confusion in the assignment
to the 1..29-MeV state, the spin of the fourth excited
(1.43-MeV) state is also in doubt. Assignments of both

and —'—""have been made to this state.
Because of the lack of definite spin assignments to the

lower excited states of Co", it has not been possible to
formulate an appropriate model for this nucleus. It was
originally suggested4 that the 6rst, third, and fourth
excited states are single-particle states, but it has also
been suggested that the lower excited states can be
interpreted in terms of a core-excitation model. ""

%e report here the results of a study of these states
by means of the Fe"(He', d)Co" stripping reaction.

~ B. M. Adams, D. Eccleshall, and M. L. J. Yates, Eroceedirlgs
of the Second Conference on Reactions betvoeen ComPlex Nuclei,
Gatlinburg (John Wiley 8r Sons, Inc. , New York, 1960), p. 95.

"D.S. Andreev, V. D. Vasil'ev, G. M. Gusinskii, K. I. Erok-
hina, and I. Kh. Lemberg, Izv. Akad. Nauk SSSR, Ser. Fiz. 2S,
832 (1961) LKnglish transl. : l3ull. Acad. Sci. USSR Phys. Ser.
25, 842 (1961)g."D. G. Alkhazov, K. I. Erokhina, and I. K.h. Lemberg, Izv.
Akad. Nauk SSSR, Ser. Fiz. 28, 1667 (1964).

~ E. L. Haase, Technical Report PUC-1962-71, Princeton
University, 1962 (unpublished).

~'R. L. Heath, C. W. Reich, and D. G. Proctor, Phys. Rev.
118, 1082 (1960).

"M. E. Rose, Internal Conversion Coefllcients (Interscience
Publishers, Inc. , New York, 1958)."J.M. Ferguson, Nucl. Phys. 12, 5't9 (1959).
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The resulting spectra were analyzed by a least-
squares computer program' which fits a skewed
Gaussian distribution plus an exponential tail to each
peak in a pulse-height spectrum, and computes the
area of the peak.

III. RESULTS AND DISCUSSION
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Fxo. 1.Angular distributions of deuteron groups from low-lying
states in Co".The curves result from a distorted-wave calculation,
and are normalized to the experimental distributions at their
peaks in the 20'—30' region. The calculation was performed for
1=3 transitions for the two distributions at the top of the 6gure,
and for /=1 transitions for the three distributions at the bottom
of the figure. (G.S.—=ground state. )

II. EXPERIMENTAL PROCEDURE

The experimental arrangement has been discussed
previously. "BrieQy, a 22-MeV He'-ion beam from the
Los Alamos variable-energy cyclotron was momentum
analyzed, passed through a 0.97-mg/cm' Fe's target,
and stopped in a Faraday cup. The charged. reaction
products were detected in a DE-E semiconductor
assembly, and the preamplified pulses were fed into a
mass-identification system. Parallel circuitry provided
arnplification and coherent addition of the hE and I
pulses; the summed pulses were then fed into a 400-
channel pulse-height analyzer gated by the output of
the mass-identification system.

"A. G. Blair, Phys. Rev. 140, 3648 (1965).
D. D. Armstrong and A. G. Blair, Phys. Rev. 140, B1227

(1965).

Previous work" "has shown that this reaction provides
spectroscopic information on proton states equivalent
to that provided on neutron states by the (d,p) reaction.
We also discuss brieQy some of our results from a
Ni' (d,He')Co" reaction study, which will be reported
more fully in a later publication. This latter study
employed a 22-MeV deuteron beam from the three-
stage Van de Graaff accelerator at this Laboratory.

Because the Q's for the (He', d) reaction on Fe" and
Fe" are comparable to that for Fe", it was necessary to
assess the importance of these contaminant isotopes in
the Fe" target so that the data could be corrected
appropriately. For this purpose, targets of natural Fe
(91.7%) and Fe" (78.0% isotopic purity)" "were used.
By observing the Fe"(He', d)Co" reaction at several
scattering angles we determined that the presence of the
Fe'" isotope (2.0% abundance) in the Fe" target" "had
a negligible effect on the deuteron spectra in the region
of interest. From the observation of the (He', d) reaction
on natural Fe, it was apparent that the only interfering
group resulting from the Fe" isotope (18.7% abun-
dance) in the Fe" target was the Co" ground-state
group. Since the 110-keV resolution in the present
experiment was not sufficient to allow identification and
separation of this group in the Co" data, it was neces-
sary to make a channel-by-channel correction in the
data at each scattering angle. For this purpose, ac-
curate values of the reaction Q's were required. The
most recent determination" of the mass of Co" yields
a Q of 0.529 MeV for the Fe"(He', d)Co" reaction,
while the Q for the Fe"(He', d)Co""' reaction is given"
as 1.873 MeV. Our measurements yielded Q's of
0.538~0.020 MeV and 1.871+0.020 MeV, respectively,
in agreement with these values. These Q's place the
Co" ground-state deuteron group between the groups
from the third and fourth excited states of Co-"'. The
required correction to the data was never more than
10% of the cross section of either of the affected Co"
angular distributions.

The most recent (p,p') reaction da.ta, ' which are in
good agreement with earlier (P,P') data, s show that the
first five excited states of Co" appear at 1.096, 1.187,
1.288, 1.429, and 1.456 MeV. In this region of excitation,
the (He', d) reaction yields deuteron groups from states
whose energies we measure to be 1.097, 1.288, and 1.427
MeV, with a ~10-keV uncertainty in each value. These
results are in manifest agreement with the (p,p')
reaction values for the first, third, and fourth excited
states. These three deuteron groups and the ground-
state group are the only ones observed below 2.08 MeV

"P.T. McWilliams, W. S. Hall, and H. E. Wegner, Rev. Sci.
Instr. 33, 70 (1962); W. S. Hall (private communication).

"The target material was obtained from Oak Ridge National
Laboratory, Isotopes Division, Oak Ridge, Tennessee.

"We are indebted to R. Seegmiller of this Laboratory for the
preparation of this target."C.H. Johnson, C. C. Trail, and A. Galonsky, Phys. Rev. 136,
B1719 (1964).

~ Nuclear Data Tables, Part I (National Academy of Sciences—
National Research Council, Washington, D. C., 1961)~
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of excitation, at which energy there appears a broad
(150-keV) group resulting from the excitation of two
or more states.

The angular distributions of these five deuteron
groups are shown in Fig. 1. The 1=3 character of the
ground. -state and 2.08-MeV-group distributions, and
the 1=1 character of the distributions to the 1.10-,
1.29-, and. 1.43-MeV states, are apparent when one
compares these distributions with known /= 1 and l=3
distributions from the (He', d) reaction in this mass
region. ""Also shown in Fig. 1 are the results from a
distorted-wave (DW) calculation, s' whose application
to the (He', d) reaction has been discussed previously. "'r

The optical-model parameters for the incoming He'-ion
channel were obtained from optical-model Cits to elastic
scattering data'4; the values used. were V= 138.4 MeV,
ro,= 1.08 F, and a= 0.781 F for the real Saxon well, and
l4'=23. 1 MeV, ro;=1.54 F, and b=0.801 F for the
imaginary Saxon well. The parameters for the outgoing
deuteron channel were obtained from set 8 of the
results of the optical-model analysis of Percy and
Percy."The predictions from the DW calculation are
in satisfactory agreement with the experimental angular
distributions for the stated l values.

The results of this experiment require that the spins
and parities of the states at 1.10, 1.29, and 1.43 MeV be
restricted to -',

—or —', . Of these two values, the only
assignment for the 1.10- and 1.29-MeV states allowed

by the previous experiments (see Sec. I) is s . With this
assignment to the 1.29-MeV state, the results of y-y
coincidence and y-y angular correlation measurements
favor a ~ assignment to the 1.43-MeV state. """

The assignment of J = ~3 to the 1.10- and 1.29-MeV
states is consistent with the results from our study of
the Ni"(d, He')Co" reaction. In this latter reaction, of
the first four excited states only the 1.10- and 1.29-MeV
states are excited with appreciable cross sections, and
their angular distributions show an l= 1 character. The
appearance of low-lying P3/Q transitions in the (d,He )
reaction is expected on the basis of the results from the
(He, d) reaction on Ni" and Ni"" In this reaction a
known ~ state is excited in Cu" and in Cu". Inter-

"We are indebted to R. M. Drisko and R. H. Bassel for furnish-
ing us with the T-sALLY distorted-wave program.

'4 R. H. Bassel, D. D. Armstrong, and A. G. Blair (to be
published).

'~ C. M. Percy and F. G. Percy, Phys. Rev. U2, 755 (1963)."D.Berenyi, Gy. Mathe, and T. Scharbert, Acta Phys. Acad.
Sci. Hung. 16, 117 (1963).

pretation of this transition in terms of a simple stripping
mechanism implies that the f7/s proton shell in the Ni
nuclei is not completely closed. This in turn suggests a
promotion of protons to the next highest orbital in the
Ni nuclei, i.e. , to the 2ps/s orbital.

From the DW analysis, the spectroscopic factor'~ for
the transition to the Co" ground state is 0.17. This
value is to be compared to the predicted value of 0.25
corresponding to the exhaustion of the f7/s proton
strength in a pure (f7/s)s ' ~ (f7/s) ' transition. "
Whether this discrepancy indicates a deficiency in our
application of the DW calculation or, rather, suggests
additional f7/s transitions to higher-lying Co ' states
cannot yet be answered decisively. In our study of the
Ni" (d,He') reaction, however, a transition with a
probable fv/s assignment was observed to a state in
Co" at 2.07 MeV. This may be one of the states in the
2.08-MeV group excited in the present (He', d) reaction
study.

On the assumption that the states observed at 1.10,
1.29, and 1.43 MeV in the (Hes, d) reaction have
J =-,', —,

'—, and. —,
'—, respectively, the spectroscopic

factors obtained from the DW analysis are, in the same
order, O'S= 0.11,0.34, and 0.37. Although the 2.08-MeV
group may include a ~

—state, as suggested above, it is
likely that its main components are —', states. Under the
limiting assumption of a 2 assignment to each state of
the group, the DW calculation yields a spectroscopic
factor C'5=0.38 for the group. Since values close to
unity are required to exhaust the sum rule for the 2ps/s,
2pr/s, and 1fs/s proton single-particle states, the results
indicate that large fractions of these single-particle
states lie higher than 2.1 MeV of excitation. Indeed,
many deuteron groups are observed. at higher excitation
energies. The poor quality of the Fe" target (relatively
great thickness and the presence of isotopic impurities)
makes the analysis of these states rather difficult, how-
ever, and we do not include the results in the present
report.
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27 For convenience in the following discussion, we dehne the
spectroscopic factor as the product C'S, where C is the isobaric-
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