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The y-vy angular correlation of the 0.88-1.17-MeV cascade, following excitation of the 2.05-MeV state
of Ni® by the (p,p’) reaction, has been measured for angular separations of 90° to 180° at an average
bombarding energy of 4.71 MeV. Convincing agreement was found with the correlation expected for a
0(0)2(Q)0 cascade, thereby providing a unique zero-spin assignment for the second level of Ni€2, This assign-
ment accounts for the measured isotropy (within 33%) of the 0.88-MeV cascade transition with respect
to the incident beam, as well as the lack of an observed ground-state transition. While a 2+ spin would have
been expected for the second level according to level systematics for neighboring even-even nuclei, a spin
of zero can be accommodated by the recent theoretical predictions of Kerman and Shakin. Other evidence
relating to the spin assignments and possible two-phonon character of the well-separated triplet of states in
Nie is discussed. It is concluded that the measurement of a 0(Q)2(Q)0 v-v angular correlation following
(p,p") excitation provides a promising method for the unique identification of zero-spin states in medium-

weight even-even nuclei.

1. INTRODUCTION

ANY of the systematic properties of the low-lying
states of medium-weight even-even nuclei have
been at least qualitatively accounted for by various
collective models involving nuclear quadrupole vibra-
tions. One predicted feature is a two-phonon (n=2)
triplet of states (44, 24, 0+) at approximately twice
the energy of the one-phonon first 24 excited state.!
Since there are still very few cases where a triplet of the
required spins is well established, the question of the
general existence of such a triplet continues to attract
experimental interest. The location of the two-phonon
04 state is of particular importance, since according
to the predictions of several collective models,'~® this
0+ state is expected to lie above the 2+ and 4+ two-
phonon states.

The present experiment concerns the nucleus Ni®%,
which exhibits a well-separated triplet of levels with
energies of 2.05, 2.30, and 2.34 MeV, corresponding to
slightly less than twice the energy of the first 24 level
at 1.17 MeV. An earlier study of the level systematics
of neighboring even-even nuclei had revealed that for
nuclei with 32< N <50, the spin of the second excited
state was always 24 when measured.* However, more
recently there has been evidence accumulating®-¢ which
indicated a strong possibility of zero spin for the second
level of Nif%. In addition, the recent theoretical cal-

* The study was supported by the U. S. Air Force Office of
Scientific Research under Grant AF-AFOSR 62-217.
(1;5(%.) Scharfi-Goldhaber and J. Weneser, Phys. Rev. 98, 212L

2 L. Wilets and M. Jean, Phys. Rev. 102, 788 (1956) ; T. Tamura
and L. G. Komai, Phys. Rev. Letters 3, 344 (1959).

3B. J. Raz, Phys. Rev. 114, 1116 (1959). Corrections and ex-
tensions of this work are given by N. MacDonald (to be pub-
lished) and B. J. Raz, bid. 129, 2622 (1963).

4¢D. M. Van Patter, Bull. Am. Phys. Soc. 3, 212 (1958).

8A. K. Sen Gupta, P. N. Trehan, and D. M. Van Patter,
Bull. Am. Phys. Soc. 7, 81 (1962).

SH. W. Broek, Phys. Letters 3, 132 (1962), and private
communication.

culations of Kerman and Shakin’ provide for such a
possibility. It was, therefore, considered desirable to
obtain a unique spin determination for this state.

It is known that prominent vy rays are emitted from
Ni® following excitation of low-lying states by in-
elastic proton scattering,® with sufficient intensity to
permit the possibility of a y-y angular correlation meas-
urement. While, in general, there are no predictions
available from statistical reaction theory for a (p,p'v-v)
angular correlation, in the special case of a y-y cascade
originating from a zero-spin state, the (p,p"y-y) angular
correlation would depend only the angular momenta
of the v rays and states involved in the cascade,®
being independent of all previous processes by which
the zero-spin state is reached. The expected angular
correlation for a 0(Q)2(Q)0 cascade is

W (8)=1+4-0.358P2(cosf) +1.143 P,(cosh),

which has a uniquely large 44 term which should be
distinguishable from other possible (p,p’y-y) angular
correlations. If such an angular correlation could be
successfully identified for (p,p’y-v) radiations, then this
should prove to be a useful method for identifying
zero-spin levels in medium-weight even-even nuclei.

2. EXPERIMENTAL RESULTS AND DISCUSSION

A self-supporting foil of 97.79, enriched Ni® (0.6,
Ni%, 1. 59, Ni®) with a thickness® of 1.9 mg/cm? was
bombarded by protons of energies ranging from 4.52 to
5.12 MeV provided by the Bartol-ONR Van de Graaff
accelerator. The target was placed at an angle of 46°
to the beam direction; therefore, the proton energy loss
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varied from 122 to 115 keV for the incident energies
chosen. Gamma-ray spectra were detected during proton
bombardment using two selected 3-in.X3-in. integral-
line Nal scintillation counters, placed at a distance of
14 cm from the target. Pulse-height spectra were re-
corded using a 400-channel RIDL transistorized pulse-
height analyzer, together with a 20-channel analyzer
for monitoring purposes. A conventional fast-slow co-
incidence circuit with a fast resolution time of 27240
nsec was used for studies of y-y coincidences.

For the range of bombarding energies chosen, promi-
nent Ni® (p,p'y) radiations of 0.88, 1.17, and 2.30 MeV
are observed in singles spectra (see Fig. 1), with the
excitation cross section for the 2.05-MeV level varying
from 7-159 of the cross section for the 1.17-MeV level.
As reported earlier,® no ground-state transition (<39%,)
is observed from the 2.05-MeV level. While this ob-
servation is consistent with a zero-spin assignment for
the 2.05-MeV level, it can only be considered as con-
firmatory evidence, since there are well-established cases
of second 2+ levels with no observed ground-state
transitions (e. g., Zn%, <0.89,1; Pt1¥, <0.049,12).

On the left of Fig. 2 are shown angular distributions
with respect to the incident proton beam for the 0.88-
MeV cascade vy ray from the 2.05-MeV level of Ni®
at four different bombarding energies. These data repre-
sent an extension with improved experimental condi-
tions to initial measurements reported earlier.® An
average of the least-squares fits to the four distributions
is represented by Legendre polynomial coefficients of
A2=0.032+0.03 and 4,=0.014-0.04. As indicated, all
these data are consistent with an isotropic angular dis-
tribution to about =4=39%,. While such an isotropy would
be expected if the 2.05-MeV level has zero spin, this
observation does not rule out the possibility of a 24
assignment, since for certain E2/M1 admixtures, the
angular distribution of a 24 (M1,E2)2+ transition
following (p,p’) excitation may be nearly isotropic
according to statistical reaction theory.’** However,
the angular distribution of 2+ (M1,E2)2+ transitions
in Ni%, Zn% and Zn® have been found to be distinctly
anisotropic.'*

For the angular correlation measurements, the coun-
ter detecting 1.17-MeV radiation was fixed at 6,=90°
and the second counter was moved through angles
612=90° to 180° to provide the yield of 0.88-MeV
radiation in coincidence. The average proton energy of
471 MeV was chosen to be below the Ni®2(p,7)Cu®
threshold at 4.81 MeV'5 in order to reduce y-ray back-
ground from induced Cu® activity. The coincident -
ray spectra for 6;,=90° and 180° are shown in Fig. 3,
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and clearly indicate an increased yield of 0.88-MeV
radiation at §=180°. The chance coincidence rate for
these runs was appreciable, since about 949, of the in-
tensity of the 1.17-MeV peak was estimated from
auxiliary measurements to be due to chance coinci-
dences. This chance rate was considerably larger than
calculated from the observed singles rate and measured
resolving time of the fast-slow coincidence circuit. This
increase is attributed largely to rapid beam fluctuations
occurring during normal energy stabilization of the
accelerator, which was not sufficient to maintain a
steady current through the 2-mm aperture of the beam-
defining slits. Also, the accelerator operation was some-
what unsatisfactory during these particular observa-
tions, there being some difficulty in maintaining a
steady voltage throughout the recording periods. The
net result was a substantial correction for chance coinci-
dences which had to be applied to the coincident yield
of 0.88-MeV radiation, amounting to about 309, at
612=90°. In addition, a distinct broadening of the y-ray
photopeaks is observed in Fig. 3, which is attributed to
gain changes caused by the unstable beam conditions.
This alteration of the standard spectral shapes caused
an increased uncertainty in the y-ray spectral decompo-
sition. In order to reduce these uncertainties, the angular
correlation was remeasured with improved statistics,
and was found to agree within the estimated errors.

In the lower right of Fig. 2 are shown the combined
results of the two separate angular correlation measure-
ments. Although the data have substantial uncertain-
ties, the agreement with the theoretical 0(Q)2(Q)0
angular correlation (corrected for finite angular resolu-
tion) is convincing. Therefore, it is concluded that the
spin of the 2.05-MeV level in Ni® has been uniquely
determined as zero.

Examination of available evidence from the decays of
Co® and Cu®, as summarized by the Nuclear Data
group,' led to the following best spin and parity assign-
ments for the triplet of levels in Ni®: 2.05(0,2)4,
2.30(0,2)+, and 2.34(4+) MeV. The observation of a
strong (p,p’y) ground-state transition from the 2.30-
MeV level eliminated the possibility of 04 for this
state.8 In addition, the observed (p,p"y) angular dis-
tribution for 2.30-MeV radiation is in reasonable agree-
ment with the predicted angular distribution for a
2+ (E2)0+ transition.’

Further information concerning spin identifications
may be extracted from comparisons of the present ex-
perimental (p,p’y) cross sections with theoretical pre-
dictions using Hauser-Feshbach theory and optical
model transmission coefficients, which will be discussed
in detail in a later publication. In the case of Ni%®, the
cross section for the 2.05-MeV level (relative to the cross
section for the 1.17-MeV level) is found to be roughly
1.5 times that predicted for a 0+ level, but only 0.7

16K, Way, N. B. Gove, C. L. McGinnis, and R. Nakasima,
Landolt-Bornstein Tables, edited by K. H. Hellwege (Springer-
Verlag, Berlin, 1961), New Series, Group I, Vol. 1, Sec. 2.
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F1c. 1. Gamma-ray spectrum at §=0° from a 97.7% enriched
Ni target bombarded by 4.66-MeV protons. Prominent y-rays
assigned to the Ni® (p,p"y) reaction are indicated by asterisks,
while some of the less prominent radiations are tentatively as-
signed to the Ni® (p,y) reaction. Part of the 1.33-MeV y ray can be
attributed to the (p,p’y) reaction in the Ni® (1.5%) present in the
target.

times that predicted for a 2+ level. This result may be
compared with the case of Ni®, for which the cross
section for the second 2+ level at 2.16-MeV (relative
to the 1.33-MeV level cross section) is about a factor of
1.3 greater than the predicted value for similar bom-
barding energies.5® In the case of the 2.30-MeV level
of Ni®2 however, the relative yield of the crossover v
ray exceeds the predicted cross section ratio os.50/01.17
for a 24 level, without adding any contribution for
cascade radiation. Combining these results with the
aforementioned conclusions from the decay of Cu® in-
dicates that the best choice of spins to account for the
experimental (p,p"y) cross sections would be 0+ and
2+, respectively, for the 2.05- and 2.30-MeV states.
A final piece of evidence is provided by Broek’s ob-
servation of an inelastic alpha group whose center
corresponds to 2.3020.02-MeV excitation.® The center
of gravity of the triplet of levels in Ni%, assuming a
spin sequence of 0+, 2+ and 4+, together with a
weighting factor of 2/+41, would be 2.31 MeV. There
is now, therefore, a considerable body of evidence in-
dicating that the spin sequence of the well-defined
triplet in Ni® is 04, 2+, and 44, as shown in Fig. 2.

It should be noted that the experimental ratio of
B(E2;2' — 2)/B(E2; 2 — 0) of >210 listed in a com-
pilation by Van Patter!” was based on the lack of an
observed ground-state transition from the second level
of Ni®18 Now that this level is known to have zero
spin, this value of the B(E2) ratio is meaningless, and
should not be compared to theoretical predictions.”
Since the branching of the 2.30-MeV level is unknown
at present, no experimental value for this B(E2) value
is available.
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3. CONCLUSIONS

On the basis of a collective model considering anhar-
monic quadrupole oscillations for a spherical nucleus,
Kerman and Shakin? have achieved a surprisingly good
fit to the low-lying levels of Ni% as indicated in Fig. 4.
Their predictions are based on three adjustable param-
eters, which reduce to two, (B)? and @, when ratios of
level energies to the energy E; of the first 24 level are
considered. For the parametric values listed in Fig. 4,
the 0+ member of the two-phonon triplet lies lowest in
energy. However, the choice of parameters depends
critically on the spin sequence of the two-phonon triplet,
since an equally good fit to the triplet in Ni® (assuming
a spin sequence of 2+, 04, and 4+) is obtained for
values of (B/)?=0.035 and a=0.5.7 The results of the
present experiment agree with the spin sequence as-
sumed by Kerman and Shakin on the basis of evidence
previously available, 318 '

The parameters listed by Kerman and Shakin give a
good over-all fit to the triplet of levels together with the
2.89-MeV state (energy ratio=2.48) which has been
given a tentative spin assignment of (24, 3+4) by
Butler and Gossett,'® on the basis of observed 8- and
y-ray transitions in the decay of Cu®. This choice of
parameters thus associates this level with the theoreti-
cally predicted 24 member of the three-phonon quintet.
It should be noted that another choice of parameters
can be found which will give a better fit to the members
of the two-phonon triplet and, at the same time, alter
the predicted positions of the three-phonon states.
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Fi1c. 2. The level diagram (upper right) indicates prominent
Ni®(p,p’y) transitions. On the left side are shown the angular
distributions of 0.88-MeV radiation, with respect to the incident
proton direction. Since its yield is averaged over an energy interval
of about 120 keV due to the target thickness, average proton
energies, Bp, are listed. In the lower right, the experimental data
for the (p,p"y-y) angular correlation for the 0.88-1.17-MeV cas-
cade are shown, These are compared with the theoretical pre-
diction: W (0)=140.33P2(cosf)+0.89P,(cosd) for a 0(Q)2(Q)0
cascade, corrected for the finite angular resolution of the 3-in.
X 3-in. Nal detectors (d=14 cm).
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For example, parametric values of (B’)?=0.05 and
a=0.01 yield energy ratios of 1.80(0-+}), 1.93(2+), and
1.94(4+4) for the two-phonon triplet, and 2.62 for the
24 three-phonon state, i. e., this last state is predicted
to lie 0.17 MeV higher than for the parameters given
in Fig. 4. This new choice of parametric values would
predict a center of gravity for the three-phonon quintet
of 3.27 MeV (energy ratio 2.79), assuming a 2J-1
weighting factor for all members.

Recent results obtained by Broek® from inelastic
scattering of 43-MeV alpha particles are indicated on
the right of Fig. 4. Broek has discussed the possibility

of identifying a group corresponding to 3.24-4-0.04-MeV

excitation (energy ratio 2.76) with members of the three-
phonon quintet, which, for the parametric values listed
in Fig. 4, would have a center of gravity at 3.17-MeV
excitation if all members are included. It is apparent
that since the best choice of parameters for fitting the
Nif2 levels is not clearly defined, the good agreement of
the position of this 3.24-MeV group with theoretical
predictions may be somewhat fortuitous. Evidence for
the two- or three-phonon properties of Ni® levels is
needed from other sources; in particular, measurements
of the lifetimes of these states could reveal whether
these states are primarily due to collective excitations.
According to Eccleshall ef al.,*® there is as yet no con-
clusive evidence for the collective character of the 0+
member of the triplet. However, the present experi-
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Fic. 3. Gamma-ray spectra in coincidence with 1.17-MeV
Ni® (p,p"y) radiation for angles of 90° and 180° between the two
3-in.X 3-in. Nal detectors (d=14 cm). The 90° spectrum was
obtained using an average proton beam of 0.032 uA for 33 min,
yielding 1.8X10¢ counts in the single channel monitoring 1.17-
MeV radiation.
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Fic. 4. Energy level diagrams for Ni® expressed as ratios of
level energies to the energy of the first 2+ level at 1.172 MeV. The
present experimental evidence is summarized (left), and is com-
pared with theoretical predictions (center) of Kerman and Shakin
(reference 7) for one choice of parameters (B’)? and «. Recent
results of Broek (reference 6) from inelastic alpha scattering are
also shown (right), including signs to indicate whether a group is
in phase (— ——), or out of phase (+--), with elastic scattering,
as well as the possible phonon identification.

mental evidence for the (0+, 24, 44 ) triplet in Ni%,
when combined with Broek’s (a,o’) results, appears
to be very suggestive in view of the unusually good
agreement with the predictions of Kerman and Shakin.

It is concluded that a promising method for unique
identification of zero-spin states in medium-weight even-
even nuclei is the measurement of the 0(Q)2(Q)0 angu-
lar correlation for (p,p’yy) radiations. Such measure-
ments can be carried out for (p,p"y) radiations which are
first found to have isotropic angular distributions with
respect to the incident beam direction. After obtaining
the present experimental data for Ni®, the preliminary
report® of a similar measurement of zero spin for the
2.65-MeV level of Cr®2 came to our attention. Noie added
in proof. The earlier measurements of the Chalk River
group® and the Osaka University group? should also be
mentioned, since these include zero-spin assignments for
nuclear levels in the 2s-1d shell on the basis of (p,p'y—7)
angular correlations.
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