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INCONSISTENCIES IN ANGULAR MOMENTUM ASSIGNMENTS
TO NUCLEAR ENERGY LEVELS IN Ca+

D. C. Kocher and%'. Haeberli
University of Wisconsin, Madison, Wisconsin 53706

(Heceived 25 May 1970)

The reaction Ca(d, p) Ca has been studied with vector-polarized deuterons of an en-
ergy of 11 MeV. The measured vector analyzing power was used to make angular mo-
mentum assignments to states in Ca at E„=3.62, 4.62, and 4.77 MeV. Two of the pres-
ent j assignments are in disagreement with results obtained by other methods. Further
experiments are needed to investigate the reliability of different methods of determining
angular momenta of nuclear energy levels.

Deuteron stripping reactions are often used to
obtain information on the angular momenta of
excited states of nuclei. The angular dependence
of the (d, P) stripping cross section determines
the orbital angular momentum l„of the trans-
ferred neutron, but even for spin-zero target
nuclei more complicated experiments are needed
to distinguish between the two possible values
of the total angular momentum of the final state,
j = l„+& and j = l„-2. One method to determine
the total angular momentum involves a measure-
ment of the directional correlation between the
outgoing protons and the y rays from the decay
of the final state in the residual nucleus. ' This
method has been used most frequently for l„=1
transitions where the correlation is generally
not isotropic for j =

2 states but must be iso-
tropic for 2 states. Another method consists of
observing the circular polarization of primary
y rays following the capture of polarized thermal
neutrons. ' The advantage of these methods is
that the j assignments are independent of any
assumptions about the reaction mechanism, but
they have the disadvantage that they require rela-
tively difficult and time-consuming experiments.

It has been noted by Lee and Schiffer ' that the
(d, p) stripping cross section at large angles
shows a systematic j dependence, particularly
for l„= 1 transitions. This obser vation provides
a relatively simple method of determining j val-
ues, but the effect is primarily empirical and
has the disadvantage that it may not be valid for
weak transitions where compound-nucleus pro-
cesse s could affect the cro ss section at lar ge
angles.

It has recently been shown that the j value in
a (d, P) stripping reaction can be determined by
inducing the reaction with vector-polarized deu-
terons. ' The cross section for a given transition
is measured with the deuteron polarization both
parallel and antiparallel to the normal to the re-
action plane, k;„&k,„,. The difference between
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FIG. 1. (a) Measured vector analyzing powers for
the reaction Ca(d, P) ~Ca at 11 MeV bombarding en-
ergy leading to states in Ca at E =1.95, 2.47, and
3.S5 MeV having j =&, 2, and 2, respectively.
The solid and dashed curves show the trend of the
data for the 2 and 2 transitions, respectively.
(b) Measured vector analyzing powers for the reaction
4oCa(d, P) Ca at 11 MeV bombarding energy leading
to states in Ca at E„=3.62, 4.62, and 4.77 MeV. The
solid and dashed curves are identical to those in (a).

these cross sections divided by their sum is pro-
portional to the vector analyzing power, iT»(8),
of t:he reaction. Yule and Haeberli' observed
that for l„= 1 transitions the vector analyzing
power is strikingly different for 2 and & final
states. The effect is illustrated in Fig. 1(a),
which shows the present measurements for /„= 1
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transitions to the strongly populated states in
O'Ca at E„=1.95, 2.47, Rnd 3.95 MeV, having
j'= 2, 2, and 2, respectively. ' The solid
and dashed lines are smooth curves drawn

through the data points for the two j values.
The measurements were made with the puxely
vector -polar1zed deuteron beam obtRlned f1 0m
the improved Lamb-shift polarized ion source' "
installed on the %wisconsin tandem accelerator.
The deuteron bombarding energy was 11 MeV.
The energy resolution in the proton spectra was
about 50 keV.

Since the original observation of this j-depen-
dent effect, many E„=1 transitions have been in-
vestigated, ~' "including target nuclei as light
as Li and as heavy as '"Pb, and including trans-
itions with spectroscopic factors Rs low as 8
=0.02. The experimental results are all clearly
characteristic of either & or 2 final states.
The observed j dependence was found to agxee
with distorted-wave calculations, ' but the effect
18 sufficiently lnsensltive 'to bombarding energy
Q value, and target mass that one need not de-
pend on calculations to assign j values. " The in-
sensitivity to Q value is shown by the data for
j'= —, transitions on 'Ca in Fig. 1(a).

The purpose of this Letter is to report discrep-
3Qcles between j Rsslgllments lQ CR obta1ned
with the polarized-beam method and j assign-
ments from other methods.

Besides the strong E„=1 transitions mentioned
above, weaker f„=1transitions in "Ca(d,p)
leading to known excited states" in "Ca at E,
=3.62, 4.62, and 4.77 MeV were studied in the
present experiment. The results are shown in
Fig. 1(b). The smooth curves are identical to
those in Fig. 1{a). Data could not be obtained at
some angles because of unresolved contaminant
peaks from "C(d,P)"C and "O(d, P)"O. Com-
parison of the measured vectox' RQRlyzlrlg pow'ers
with the curves in Fig. 1(b) indicates that j'= 2

for the state at E„=4.62 MeV and j' =
2 for the

states at E„=3.62 and 4.77 MeV. The same j
assignments wex'e also indicated by compaxison
of the data with DWBA calculations.

E =3.62 MeV. The pxesent j assignment is in
disagreement with the results of (d, py) experi-
ments. '9 ' The angular correlation between the
protons Rnd the y rays from the decay of this
state to the ground state of "CR was reported to
be anisotropic. ""Therefore, the spin of the de-
caying state cannot be 2, which contradicts the
present j assignment. Regardless of the result
of the angular correlation measurement, the ob-

servation of R y decay" to the —,
' ground state

strongly supports a 2 assignment, since a 2

state should decay to lower excited states having

j =
& or 2. The ground-state y transition was not

reported in the spectrum of y rays following
thermal neutron capture in natural calcium, but
this tx RQ81tlon was possibly Obscux ed by other
y rays.

Spin assignments based on the observation of
the j dependence of the cross section at 7 '8 and
12 MeV" deutexon energies are contradictory.

E„=4.62 MeV. Cross-section measurements
at 7" Rnd 9 MeV" suggested a 2 assignment,
Rs opposed to the p RsslgnIDerlt indicRted by the
present results. However, this transition is so
weak" (S=0.05) that the j dependence of the cross
section may not be a valid method. No other j
assignments fox this state have been repoxted.

E„=4.77 MeV. The present & assignment is
in agreement with a measureme~t of the circular
polarization of the y ' ays populating this state
following the capture of polRx'1zed thermaI neu-
trons. " The j value fx'om this experiment was
only tentative, however, because of large experi-
DlentRI uncertainties. Cross-sectloQ DleRsux'e-
ments at 7" and 9 MeV' also suggested a —,

'
Rssignment.

The discrepancy in j assignment between the
(d, Py) measurements and the polarized-beam
method for the state in 'Ca at E„=3.62 MeV is
particularly disturbing. Besides this state,
(d, pp) experiments have given J assignments con-
tradictory to the polarized-beam method for
strong E„=1 transitions on "Cr and ~Fe (Ref. 6;
Bjorkholm and Schiffer"). Lee and Schiffer"
suggested that the presence of unresolved con-
taminant y rays might have caused an apparent
anisotropy in the P-y angular correlabon on ~Fe
and thus an incorrect j assignment. It is not
clear whether this explanation is tenable in the
other cases, particulax'Iy since the strong ground-
state decay of the state in 'Ca at E„=3.62 MeV
observed with a high-resolution y detector '
seems to exclude a j'=2 assignment to this
level. On the other hand, the polarized-beam
method yields such a clear distinction betweerl

and & states that neither poor counting
statistics nor relatively weak, unresolved levels
can affect the j assignments. Contributions to
the reaction "Ca{d,p)"Ca from compound-nucleus
formation appear to be insignificant at 11 MeV. 2'

The possibility that nuclear structure effects
peculiar to a given final state could result in in-
correct assignments fx om the polarized beam
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method seems remote but cannot be entirely ex-
cluded.

Further measurements are needed to locate
the source of the discrepancies in j assignments.
Both P-y angular-correlation and y-ray circular-
polarization measurements using high-resolution
y detectors ~ould seem appropriate for the trans-
itions in question since these experiments pro-
vide independent checks on j assignments. For
the state in 'Ca at E„=3.62 MeV we suggest the
possibility that there exist two unresolved states
whose relative population in the (d, p) reaction
is different at 4 MeV deuteron energy where the

(d, Py} measurements" "were made than, at 11
MeV where the polarized-beam method was em-
ployed.

)Work supported in part by the U. S. Atomic Energy
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EXPERIMENTAL INFORMATION CONCERNING DEFORMATIGN
OF NEUTRON RICH NUCLEI IN THE A. -100 REGION~
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We present experimental results on the ground-state bands of light even-even nuclei
produced in the primary fission of Cf. The systematics of the energy spacings and life-
times are similar to those of deformed nuclei in the rare earth and actinide regions.

In this Letter we report experimental evidence
for rotational-like behavior in very neutron-rich
even-even «Zr, 4,MO, 44Ru, and «Pd isotopes.
These results support recent theoretical studies
by Ragnarsson and Nilsson' and by Arseniev,
Sobieczewski, and Soloviev2 which have predicted
a new region of stable deformation which includes
these nuclei, Fission fragIQents froIQ spontane-

ous flsslon of Cf provided experllTlental access
to this region. %e have obtained systematic in-
formation on the ground-state bands of all the
light even-even fission products having calculat-
ed independent yields' of greater than approxi-
mately 1% per fission.

Prompt K x rays and/or y rays in coincidence
with pairs of fission fragments were measured
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