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The 88Sr(d, @)% Rb reaction has been studied with 17.00-MeV deuterons. Energy resolution
of 11 keV was obtained using an Enge split-pole spectrograph. Accurate excitation energies
+0.15%) were measured for more than 35 states up to an excitation energy of 3.3 MeV in the
residual nucleus. Differential cross sections were obtained for most of the 86Rb states for
12.5°< 6 =< 65°, and compared with distorted-wave calculations. The deduced L-transfer val-
ues allowed the assignment of a narrow range of J" values to 25 of these states. Several
unique spin assignments were possible. Microscopic-model calculations were performed for
several of the low-lying negative parity states in 3Rb, using simple two-component wave
functions empirically derived from 8'Rb(d,#) spectroscopic factors. The predictions agreed
reasonably well with the experimental (d,a) data for both the relative magnitudes and the
shapes of the angular distributions, except for the J" =2~ ground state.

I. INTRODUCTION

Recent studies of odd-odd nuclei which are two
particles removed from a stable core have shown
promise to be of great value in understanding the
nucleon-nucleon residual interaction.' In each
case, it was possible to make detailed compari-
sons between single-nucleon or two-nucleon trans-
fer data and t'.e predictions of existing shell-mod-
el calculations. The %%Sr nucleus, though it is not
doubly magic, may be described in a small enough
basis® to make shell-model calculations practical
for the predominantly two-hole states in ®**Rb. A
detailed study of the spectroscopy of ®**Rb would be
expected to lead to direct information on the f-p
shell residual interaction.

The (d, p) and (n,y) experiments on **Rb by Daw-
son, Sheline, and Jurney® and three exploratory
(d, t) spectra represent virtually all that was pre-
viously known of this nucleus.* Current, as yet un-
published work includes investigations of the (d, t),°
(*He, «),® and (d, *He)" reactions to states in **Rb.
In the present paper, we present accurate excita-
tion energies and narrow J" limits (including some
unique assignments) for most of the states up to
2.5 MeV in ®Rb. The low-lying negative-parity
states, which are expected to have the least com-
plicated configurations, are discussed in terms of
simple two-component shell-model wave functions
empirically derived from the (d, p) and (d, {) spec-
troscopic strengths.

II. EXPERIMENTAL METHOD

The **Sr(d, a)**Rb experiment was performed
with a 17.00-MeV deuteron beam from the Univer-
sity of Pittsburgh three-stage Van de Graaff ac-
celerator. This beam was focused through a 0.5-

6

mm-wide by 2-mm-high collimating slit (followed
by an antiscattering slit) placed about 2 cm from
the target position in the scattering chamber. The
maximum angular divergence of the incident beam
was always less than +0.5°. At the most forward
angles (6 < 20°), the 0.5-mm collimating aperture
was replaced by a 1.0-mm-wide slit to further re-
duce slit scattering, at some expense in energy
resolution. The incident beam was continuously
monitored by two NalI(Tl) scintillators at +38° rela-
tive to the beam direction. Deuterons elastically
scattered into these counters, as well as the
charge collected in a Faraday cup, were used to
normalize the relative differential cross sections
at the various angles.

The targets were typically 30-.g/cm?® films of
enriched (99.84%) %SrO evaporated onto 30-ug/cm?
C backings. Target thickness was determined
from three independent measurements. First,
Rutherford scattering of 15.00-MeV « particles
was measured with the spectrograph at 25°. Next
the targets were bombarded with 11.80-MeV deu-
terons and the number of particles elastically scat-
tered into the spectrograph at 6,,, =40° was com-
pared with known® absolute cross sections for the
elastic scattering of 11.8-MeV deuterons from Sr.
Finally, the elastic scattering of 17.00-MeV deu-
terons into the monitor detectors was compared
with optical-model predictions using standard pa-
rameters.’ The three methods agreed to within
+15%, which is the estimated uncertainty in the
absolute cross sections.

The reaction o particles were detected in 50-
pm Ilford K-1 nuclear emulsions placed in the
focal plane of an Enge split-pole spectrograph. A
typical spectrum is shown in Fig. 1. Major contri-
butions to the experimental energy resolution come
from beam divergence (~8 keV) and spot size
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(~6 keV), differential energy loss and straggling
in the target (<5 keV), beam energy spread and
spectrograph aberrations (<3 keV), and plate-
scanning resolution (~4 keV). Taking all the above
factors into account, the total experimental energy
resolution should be better than 12 keV. The mea-

sured full width at half maximum (FWHM) is 11 keV.

Broad groups due to light-element contaminants,
which are kinematically defocused by the spectro-
graph, can also be seen in Fig. 1. These groups
obscured peaks of interest at several angles re-
sulting in some gaps in the angular distributions.
Only the strongest o groups were analyzed above
an excitation energy of 2.5 MeV because of the
rather high density of weak states in this region.
Some of these groups were slightly broader than
expected from the experimental energy resolution
and may in fact correspond to doublets. At the
most forward angles (0 < 20°), the nuclear emul-
sions were replaced by an array of position-sensi-
tive counters with which slit-scattering effects
could be more easily measured and minimized. A
detailed description of this detector array has been
given previously.’® Cross sections could not be
obtained at these forward angles for weak levels
due to background from pileup of inelastically scat-
tered deuterons, which also determined the most
forward angle measured (12.5°).

Accurate excitation energies for states observed
in this experiment were obtained by direct com-
parison'! to states of **Co excited in the *°Ni(d, a)-
8Co reaction.? The ®°Ni(d, @) and ®*Sr(d, ) reac-
tions were observed on the same photographic
plate, with the laboratory angle, incident beam en-
ergy (15.00 MeV), spectrograph magnetic-field
setting, and focal-plane adjustment held fixed.

The dominant contribution to excitation-energy
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errors is the rms uncertainty in the ®Sr peak cen-
troids and the %Co standard spectrum energies.
We chose to calibrate against the best-known
states in %®Co to reduce this uncertainty as much
as possible.

III. RESULTS AND DISCUSSION

A. Assignment of Level Energies

The excitation energies determined in this ex-
periment are listed in Table I. They are believed
to be accurate to +1.5 keV or +0.15% (whichever
is greater). Several of the weaker states listed in
Table I have larger assigned errors, reflecting
larger rms deviations in excitation-energy mea-
surements at the various angles for which data was
taken. Some of the states above 2.5 MeV, in par-
ticular the 3.271- and 3.319-MeV levels, probably
are unresolved doublets which could have a drastic
effect on the measured excitation energy.

Also listed in Table I are the excitation energies
for states in ®Rb from the (d, p) and (r, y) experi-
ments® and from the (d, f) data of Ref. 5. Excita-
tion energies for states above 1.5 MeV from (, y)
were not given in Ref. 3 because of the lack of cor-
roborating evidence. However, we have been able
to place 25 of the 28 primary y-ray transitions to
states below 2.5 MeV in ®*Rb within the quoted er-
rors of Ref. 3 and the present study. Of the re-
maining 11 primary transitions to higher-lying
states, only one matched a (d, o) level. This is
not surprising since we have not analyzed the
weaker states above 2.5 MeV. The 1.667-MeV
state (Table I) was not previously known, but the
observed (secondary) 1.668-MeV vy ray is almost
certainly the ground-state branch of this level.

In the subsequent discussion, all references to
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FIG. 1. Typical spectrum for the Sr(d, «)®Rb reaction, taken at 6,,,=45°. The excitation energies for the %Rb o
groups are labeled in MeV. The broad groups are due to light-element contaminants.
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TABLE I. Experimental excitation energies, L transfers, and maximum cross sections for 8Srd, )®®Rb. The nota-
tion D after a level indicates that it is a known or suspected doublet. Also listed are excitation energies and Il-transfer
values from 8"Rb(d, ¢)®Rb (Ref. 5) and 85Rb(d, p)%Rb (Ref. 3), along with excitation energies derived from a neutron-
capture y-ray study (Ref. 3). The last two columns list spin and parity limits, and the best J" deduced from available
evidence. Less certain values are enclosed in parentheses.

J™ Limits
E(d, a) E(d,t) E(d,p) E(n,v) Omax(d, @) from transfer Best
Level  (MeV) (MeV) (MeV) (MeV) (ub/sr) Ly o La,¢ la,» reactions  J7
0 0.000 0.000 0.000 0.000 105 1 240 4 0~ -2" 2"
1 0.487 0.489 0.486 0.488 175 0+(2) 1 1 1* 1*
2Dl 0555 0556 0556 oo 225 3+5 4 4 @ -6 ®+O"
3[D?]  0.779 0.781 0.779 34 (3) +(7) ? 4 27 =177 Uk
4 0.872 0.872 0.874 0.873 12 3 4 4 (2)" -4~ 3)~
5 0.978 0.977 0.981 0.978 49 3 4 4 (2)" -4~ (ON
6 1.028 1.027 1.028 1.027 76 2 1 1 1* —-3* @*
1.091 1.092 4 47 -6 (G
7(D] 1.103 1105 1.093 1106 16 dor 3+5) .., (4+2) 3t gt 3
1.122 1 ot —3*
e 1.156 1 ot —3* (0)*
8 1.195 1.195 1.197 1.196 55 3+(5) 2+4 4 27 -4~ 4)”
9 1.247 1.245 1.251 1.247 6 5 4 (4 +2) 47 -6~ (5)~
10[D] 1.304 1.304 1.309 i:ggg 94 4 1 3* —5* (3)*
11 1.388 1.389 1.390 1.390 9 4 1 1 3+ —5* 3*
12 1.412 1.412 cee e 26 5 4 4= —6"
13 1.438 1.438 1.438 1.439 86 3 @) 27 -4~
e 1.470 1.472 1.470 1 (4+2) ot —3* @
14 1.501 1.500 1.502 1.501 5 5, 4) 1 4+2) (0* —3%)
15 (1.553+4) 1.547 1.554 7 5 4 4" -6"
16 1.667 1.668 cee 1.668 170 2 1 1t -3+ 2)*
17 (1.703+4) 1.708 1.707 1.708 28 2 1 1+ —3*
1.738
18 1.760 1.762 5 (0) 1 1+ —3* 1t
19 (1.816+4) --- 1.816 1.820 4
20 1.892 1.892 1.901 1.892 14 2 3+1 1+ -3+
1.916
21[D?]  1.922 1.919 1.928 1.926 17 (3+5) ?
22 2.026 2.023 31 4 (3* —5%)
2.095
23 2.128 2,131 28 4 (3* —5%)
24 2.148 2.148 60 2 (1* —3%)
e 2.175 2.180
25 2.255 15 (6)
26 (2.270+3) 2.266 8 (4, 5)
e 2.282 e
27 2.302 2.299 12 (4)
2.337 2.332
2.369
28 2.400 2.404 5 (5)
29 2.417 7 ?
2.437 cee
30 2.462 2.462 5 (5)
31 2.498 3 )
32 2.534 17 2 (1 —3%)
33 2.596 2.598 18 0 1t 1+
34 2.758 9
35 2.951 17 0 1+ 1+
36 3.271 12
37 3.319 20
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FIG. 2. Angular distributions for (d,a) transitions to
states in the first MeV of excitation in %Rb. Excitation
energies are given in MeV, and L transfer and best J"
values are indicated. The notation D indicates a known
doublet. The error bars on the data points include sta-
tistical errors and an estimate of errors in background
subtraction and in the separation of close-lying states.
The curves are microscopic DWBA calculations for the
negative-parity states (see text), and deuteron cluster
calculations for the positive-parity states. All curves
are individually normalized to the data.

FIG. 3. Angular distributions for transitions to states
from 1.0 to 1.5 MeV of excitation in 8Rb. Excitation en-
ergies are given in MeV, and the L transfer and best J7
values are indicated. The notation D indicates a known
doublet. The error bars on the data points include sta-
tistical errors and an estimate of errors in background
subtraction and in the separation of close-lying states.
The curves are DWBA cluster transfer calculations in-
dividually normalized to the experimental data.
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FIG. 4. Angular distributions for transitions to the
states between 1.5 and 1.8 MeV of excitation in 3¢Rb.
See also Fig. 3 caption.

K=z

FIG. 5. Angular distributions for transitions to states

between 1.8 and 2.3 MeV excitation in 8Rb. See also

Fig. 3 caption.
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FIG. 6. Angular distributions for transitions to the
stronger states in 8*Rb between 2.4 and 3.3 MeV. The
two states above 3 MeV are likely to be doublets. See
also Fig. 3 caption.

the (d, p) and (z,y) data refer to Ref. 3, and those
to (d, t) data refer to Ref. 5.

B. Distorted-Wave Analysis

Angular distributions for transitions to all of
the states listed in Table I were obtained and are
shown in Figs. 2-6. The error bars are primarily
due to counting statistics (standard deviation), but
include an estimate of errors in background sub-
traction for weak states and in the separation of
partially overlapping close-lying levels. The ran-
dom monitoring uncertainty of <5% was the domi-
nant error for the strongest groups. The experi-
mental angular distributions are compared with
predictions of the distorted-wave Born approxima-
tion (DWBA) calculated with the code DWUCK.!®
Because of the lack of detailed microscopic wave
functions, most of the calculations were made
using cluster-model form factors obtained by bind-
ing a deuteron in a Woods-Saxon well with parame-
ters given in Table II, at the correct deuteron
separation energy. The optical-model parameters
used in the calculations are also listed in Table II.
Finite-range and nonlocality corrections were com-
puted in the local-energy approximation.’* The
finite-range parameter was 0.4,'® and the nonlocal-
ity parameters were B,=0.54 and 8, =0.2."* Non-
local corrections were not applied to the bound-
state wave functions. The calculations with finite-
range corrections shown in Figs. 2-6 using the pa-
rameters of Table II differ only insignificantly
from zero-range calculations.

As apparent from Table II, all optical-model and
bound-state well parameters were chosen to satis-
fy the well-matching condition, which has been
found essential for (d, o) transfer calculations.®
A deviation from this condition leads to much poor-
er DWBA predictions for %8Sr(d, «)®*Rb. A deuter-
on-cluster form factor generated with a well geom-
etry of »,=1.20 fm, ¢=0.75 fm corresponds to a
microscopic form factor generated with single-nu-
cleon well parameters 7,=1.25, ¢=0.65 fm. Hence
these sets of parameters were chosen for cluster
and microscopic form factors, respectively. An-
gular momentum transfer values determined by
comparison with DWBA calculations are listed in
Table I along with the (d, p) and (d, ) assignments.
Less certain values are enclosed in parentheses.
It should be noted that the L-value assignments to
states above 2.0 MeV are more uncertain since
the (d, #) 1 values, which reliably determine the
parity of the state in question, do not exist. In
addition, some of the states above 2.5 MeV, and in
particular the 3.271- and 3.319-MeV levels, are
likely to be doublets.

The selection rules for the (d, @) reaction place
narrow limits on the spin and parity of a state
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whose L-transfer value is known. These limits
are listed in Table I, along with the “best value”
for J" which can be deduced from presently avail-
able evidence. The observation of an L =0 transi-
tion results in a unique J" =1* assignment.

For some of the low-lying negative-parity states,
microscopic-model DWBA calculations were per-
formed with the two-nucleon-transfer version of
DWUCK, which uses the method of Bayman and
Kallio.!” The appropriate bound-state parameters
are listed in Table II. The separation energies of
the single nucleons were each taken to be equal to
one-half the deuteron-separation energy plus the
excitation energy of the **Rb level. An a-particle
rms radius of 1.4 fm was used in the calculations.!

The wave functions for the lowest negative-parity
states (Table III) were taken as simple two-compo-
nent configurations of the form

8

Ur =y | Dy V&os2 ™ Ny + By | T sy V802 s

with an inert ®8Sr core. The [ =4 spectroscopic
factor for the (d, t) reaction on the p, ;2 ground
state of 8"Rb (assumed to be pure proton hole) to
the state iy, is a measure of the o, coefficient,
and B; is obtained from the normalization a,? + 8,2
=1. The expected (d, p) spectroscopic strength is
then computed under the assumption that the °Rb
ground state is a pure (mfs,,™", vgy,, %) configura-
tion and that all the I=4 strength comes from the
filling of one of the g,,, neutron holes. These cal-
culated (d, p) strengths (Table III) are in good
agreement with experiment for six of the seven
lowest-lying negative-parity states, the exception
being the J™ =27 ground state which has about twice
the predicted strength. The negative-parity states
above 1.2 MeV require >50% admixtures of addi-
tional configurations to account for both the (d, p)
and (d, t) spectroscopic strengths. Microscopic-
model calculations were not made for these states,
nor for the positive-parity states which require
multicomponent wave functions even in the first-
order shell-model approach.

C. Low-Lying States in *Rb

E,=0.000 MeV. All experimental evidence is
consistent with the J" =2~ assignment based on
atomic-beam measurements'® and the (d, p) experi-
ment. The first-order shell model based on a
closed *Sr core requires a pure (nf5,,™*, vgy2 ")
configuration which is not in agreement with the
measured (d, p) spectroscopic strength, as men-
tioned above, nor with the fact that the state is
seen in (d, f) with [=0+2. The microscopic-mod-
el prediction for this configuration (Fig. 2) is dom-
inated by L =1 as observed, but the predicted
cross section (Table IV), normalized to the pre-
sumably pure 7° member of this multiplet, is
about a factor of 4 too small.

E,=0.487 MeV. The characteristic L=0 angular
distribution for the transition to this state (Fig. 2)
serves to uniquely assign J"=1*, The LS-JJ trans-
formation coefficients for (mp,,,™*, vp,,,”") and
(mps)2~t, VP32 ") configurations predict a predomi-
nantly L =0 angular distribution as observed. The
remaining first-order transfers that could contri-
bute to this state are dominated by L =2.

E_ =0.555 MeV. This state is a known doublet
and all experimental evidence is consistent with
6~ and 3~ assignments to the two components. The
microscopic-model prediction for the cross sec-
tion summed over both states (solid curve) is in
excellent agreement with the observed L =(3+5)
mixture. A similar calculation made for a pure
(mfss2™", vgy2 Y configuration for both states
(dashed curve) preducts a nearly pure L =3 angu-
lar distribution. The predicted cross section (Ta-
ble IV) summed over both states, is a factor of
1.4 smaller than observed.

E,=0.779 MeV. This state has negative parity
and its decay is consistent with a J" =7" assign-
ment. It is very weakly populated in the (d, {) re-
action, which is to be expected for the 7~ member
of the (nf,,, ™%, vgy,, ") multiplet. The (d, @) angu-
lar distribution (Fig. 2) is consistent with L =7
above 25° but not in the forward direction. This

TABLE II. Optical-model parameters used in the 3Sr(d, «)%Rb distorted-wave calculations. These are the “well-
matched” parameters of Ref, 16. Also listed are the bound-state well parameters for a deuteron cluster and for in-

dividual nucleons (microscopic-model calculation).

|4 7, 7 w Wy 7y a;
(MeV) (fm) (fm) (fm) (MeV) (MeV) (fm) (fm) Ay

Incident channel 90.0 1.20 1.30 0.75 0 16.6 1.30 0.70

(d +883r)
Exit channel 181.3 1.20 1.30 0.75 15.0 0 1.70 0.60

(a +86Rb)
Bound deuteron a 1.20 1.30 0.75 0
Bound nucleons a 1.25 1.30 0.65 25.0

2Well depth adjusted to give the proper separation energy.
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state is strong enough and the deviation from the
predicted angular distribution is large enough to
suggest a possible doublet, with the second compo-
nent probably displaying an L =3 angular distribu-
tion. This conjecture is supported by the possible
feeding of this state from the 1.305-MeV level
(probably J™ =3*). This y line was previously in-
terpreted as merely a coincidental energy balance.?
The microscopic-model calculations are normal-
ized to this (7)” state (Table IV) after subtracting
out the assumed L =3 component.

E, =0.872 and 0.978 MeV. Both states display
L =3 angular distributions in the (d, @) reaction
and /=4 shapes in the (d, f) reaction, which limit
spin and parity to J"=(3,4)". The y-ray decay
scheme suggests 3~ for the 0.872-MeV level and
4~ for the 0.978-MeV state. The microscopic-
model calculation for the 3~ state leads to good
agreement with experiment under the assumption
that this state is orthogonal to the first 3~ state
at 0.555 MeV (Table III) in our simple two-compo-
nent model space. Destructive interference be-
tween the two components reduces the predicted
cross section by nearly a factor of 5 compared
to that for the first (enhanced) 3~ state. The an-
gular distribution (Fig. 2) and magnitude of the
cross section (Table IV) for the 0.978-MeV 4~
state are reproduced quite well by the microscop-
ic-model calculation. A calculation for a pure
(mfs,27", vgas2~?) configuration would predict a near-
ly pure L =5 angular distribution in disagreement
with experiment.

E,=1.028 MeV. The L =2 angular distribution
for this state limits the possible spin and parity
assignments to J" = (1 - 3)*, which are the same
as the limits imposed by the combined (d, p) and
(d, t) 1 value assignments. The y-ray decay of this
level suggests J" Z(1, 2)*. Of these two possibili-
ties, J" =2* seems the most likely. The I=1 as-
signment in (d, ) implies a significant admixture
of (mps, ™%, Py ™") OF (mpy,,™, vpy,,™") configura-
tions which would kinematically favor L =0 in the

88Sr(d, «)®**Rb REACTION 1319

(d, o) angular distribution for a 1* state, contrary
to experiment.

E =1.103 MeV. This state is a known doublet
and the lower component has odd parity with J"
=(3 - 6)” as deduced from the (d, t) reaction. The
(d, t) spectroscopic strength and the y-ray decay
scheme indicate that this component has J"=5".
The (d, t) data for the upper component require
J"=(1-3)* with the 3* assignment favored by
the y-ray decay. Unfortunately, this doublet is
not resolved in the (d, a) experiment. The mea-
sured excitation energy (Table I) suggests that
mainly the upper component (positive parity) is
populated. The angular distribution can be fitted by
L =(3+5) as in Fig. 3, or by L =4. The upper lim-
it to the L =5 peak cross section is not in conflict
with the 10 ub/sr predicted by the microscopic-
model calculation for the J" =57 level.

E,=1.195 MeV. The (d, @) angular distribution
for this state (Fig. 3) is mainly L =3 but with a
probable L =5 admixture. This suggests a J"=4"
assignment which is consistent with the y-ray de-
cay of this state.

E, =1.247 MeV. This transition displays an L =5
angular distribution, limiting J" to (4, 5,6)". The
observed I=2 admixture in (d, p) eliminates the
J =6 possibility. The decay of this state suggests
JT=5",

E_=1.304 and 1.388 MeV. The (d, a) and (d, t)
data for these states yield unique J" =3* assign-
ments if only one level is involved. The (d, p) an-
gular distribution and excitation energy for the
1.304-MeV level led to the suggestion of another
(unresolved) state at 1.309 MeV. A weak 530-keV
y ray was then interpreted as the decay of this
state to the 0.779-MeV 77 level, suggestinga J"
=6~ assignment. The evidence for the existence
of the 1.309-MeV level is weak, but it is partially
supported by the (d, ¢) data. If it does exist, the
J"=3*% assignment to the 1.304-MeV level is not
unique.

E,=1.412 and 1.553 MeV. Transitions to these

TABLE Ill. Two-component wave functions for the lowest-lying negative-parity states in 86Rb, empirically derived
from the 8"Rb(d, ¢)%Rb spectroscopic factor. The last column lists the ratio of experimental to predicted spectroscopic
factors obtained for the 8Rb(d, p)8Rb reaction using these wave functions, under the assumptions discussed in the text.

SCXE
E, JT a(Tpa Vg e N ym Bnfssy t vga ) ym S predicted @2)

0.000 27 0.0 1.0 2.0

0.555 3- 0.68 0.74

0.555 6~ 0.96 0.24 1.1

0.779 7 0.0 1.0 1.02
0.872 3” 0.74 -0.68 0.8

0.978 4~ 0.92 0.39 1.2

1.091 57 0.88 0.48 (1.0)

2 Experimental and predicted spectroscopic strengths normalized to this state.
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states display L =5 angular distributions (Fig. 3)
so that J™ is limited to (4 - 6)~. The lack of a pri-
mary (x, y) transition to the 1.553-MeV state de-
spite strong (d, p) population may indicate J"
=(5,6)". On the other hand, it may only be a re-
flection of the intensity fluctuations expected from
a Porter-Thomas distribution.?®

E _=1.667 MeV. The (d, o) and (d, ) angular dis-
tributions for transitions to this state lead to J"
=(1-3)"* limits. An unassigned 1667.9-keV transi-
tion in the (n,y) spectrum very probably is the
ground-state decay of this level. Unassigned neu-
tron-capture y rays at 1177.8, 514.8, 165.7, and
120.3 keV fit into the decay scheme for this level
as transitions to the 0.487-, 1.156-, 1.501-, and
1.547-MeV states. Since the 1.156-MeV state is
probably J" =0* (see below) and the 1.547-MeV
state is J" =(4, 5, 6)7, the most likely assignment
for the spin and parity of the 1.667-MeV state is
J"=2%. This suggestion is consistent with the ob-
servation that strong (d, {) population with an =1
angular distribution implies admixtures of
(P32, VP32~ or (mpy,,~7, vby,2~Y) which should
lead to significant L =0 strength for a 1* state,
contrary to experiment. One difficulty with this
chain of reasoning is the fact that energy differ-
ences for transitions from this state to seven other
levels below 1.5 MeV are within 3 keV of already-
assigned neutron-capture y rays. While none of
these possible transitions is inconsistent with a
J"=2% assignment, this result certainly casts
doubt on the usefulness of energy balance in the
absence of coincidence measurements. The fact
that the 1.667-MeV state is not populated by a pri-
mary (n, y) transition does not contribute any new
information about its probable spin since the (d, p)
transition is also absent. The most likely explana-
tion is that this state has very little overlap with
states constructed from a 1f;,, proton hole.

TABLE IV. Ratio of experimental to predicted 88sr-
(d, @)% Rb cross sections obtained from microscopic
distorted-wave calculations using two-configuration mod-
el wave functions listed in Table III.

E, J" 00 /0 presictea (ds @)
0.000 2- 3.5
0.555 37+6” 1.4
0.779 7= 1.02
0.872 3~ 0.8
0.978 4~ 1.2
1.091 5~ (0.7)

2 Experimental and predicted cross sections normalized
to this state.

1o

D. Other States of Interest in *°Rb

Two strong [ =1 transitions to states at 1.156
and 1.470 MeV are seen in the (d, f) reaction, but
the corresponding (d, a) transitions are not ob-
served at all. These data could suggest J" =0* for
both states since 0*-0* transitions are totally for-
bidden in (d, «). However, the 1.470-MeV state is
populated by a primary y-ray transition which is
not expected for a 0* state. In addition, it is ob-
served to decay to both the 1.304-MeV (3)* state
and the 0.557-MeV 3~ state. All these observations
are explained by assuming a (p,,, %),+ configura-
tion for the 1.470-MeV level. In this case, the
(d, @) transition would be inhibited by a somewhat
weaker selection rule (based on isospin conserva-
tion) forbidding (j2);=even Pickup in (d, @).?* The
experimental evidence for the 1.156-MeV state is
consistent with a J™=0"* assignment for this state.

Four L =0 (d, o) transitions are observed to
states at 0.487, 1.760, 2.596, and 2.951 MeV, re-
sulting in unique J" =1* assignments. The first-
order shell model predicts five 1* states, only
two of which are expected to have strong L =0
components in the absence of configuration mixing
because only two are based on (p~2) shell-model
states.

The states at 2.026, 2.128, and 2.302 MeV display
typical L =4 angular distributions in (d, @) result-
ing inJ"=(3,4, 5)* limits. The 2.128- and 2.302-
MeV states are populated by primary (z,y) transi-
tions suggesting J" =3* or perhaps 4. The angu-
lar distribution for the transition to the state at
2.255 MeV is fitted reasonably well by an L =6
distorted-wave calculation (Fig. 5), with a possible
small admixture of L =4. The LS-JJ transforma-
tion coefficients for the (f,,, ?)s+ state predict a
transition dominated by L =6.

Finally, it should be noted that there are six
states above 2 MeV which are very strongly popu-
lated in (d, p) but are not seen in (d, ). These are
most probably the one-particle-three-hole states
formed by stripping neutrons into orbits above the
N =50 closed shell. Some of these states (i.e., the
lower-spin states) are also populated by primary
(n, y) transitions.

IV. SUMMARY AND CONCLUSIONS

Accurate excitation energies have been obtained
for more than 35 states of ®*Rb populated in the
88Sr(d, a)®Rb reaction. Differential cross sections
were obtained from 12.5 to 65° laboratory angle,
and compared to deuteron-pickup DWBA calcula-
tions. The resulting L-transfer values, along with
information from the (d, p), (d, t), and neutron-
capture reactions to the same final nucleus,*® al-
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lowed the assignment of a narrow range of J" val-
ues for 25 of these states. In several cases, it
was possible to make unique spin-parity assign-
ments.

Microscopic calculations for the low-lying nega-
tive-parity states of ®**Rb, using simple two-com-
pcent wave functions empirically derived from
the (d, t) spectroscopic factors, have been shown
to be reasonably successful in accounting for both
the relative magnitudes and angular distributions
of (d, @) transitions to these states. The major
discrepancy was the L =1 transition to the J" =27
ground state, which was about 4 times stronger
than expected. Our model wave function for the
ground state was also unsuccessful in predicting
the (d, p) spectroscopic factor. It is interesting
to note, however, that the enhancement of (d, a)
transitions to the lowest-lying states of spin-pari-
ty 3 =67, and the strongly destructive interfer-
ence for the second 3~ state at 0.872 MeV in the
same reaction, are reproduced by these simple
model wave functions. Microscopic-model calcu-
lations were not performed for the positive-parity
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states, which are expected to be far more complex
since they require multicomponent wave functions
even in the simplest first-order shell model.
Nevertheless, at times it was possible to suggest
dominant configurations for positive-parity states
from the LS-JJ transformation coefficients for the
appropriate shell-model orbitals.

The success of simple, empirical shell-model
wave functions in predicting the negative-parity
states in ®Rb suggests that a sophisticated calcu-
lation might be able to account for all the low-ly-
ing states in this nucleus. It would certainly be of
interest to compare the results of such a calcula-
tion with the experimental (d, o), (d, #), and (d, p)
reaction data, particularly for the positive-parity
states which are at present not well understood.
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