PHYSICAL REVIEW C

VOLUME 2,

NUMBER 1 JULY 1970

Study of the Odd Strontium Isotopes with Stripping and Pickup Reactions

R. W. Bercaw
Lewis Reseavch Center, National Aevonautics and Space Administvation, Cleveland, Ohio 44135

R. E. Warner*
Oberlin College, Oberlin, Ohio 44074
(Received 27 October 1969; revised manuscript received 4 February 1970)

The (d,t) and d,p) reactions induced by 20.65-MeV deuterons have been used to study the
levels of ¥'Sr and ®Sr up to an excitation of 3 MeV. The mass defect of ®Sr has been deter-
mined by the (d,t) reaction, and its level structure below 3 MeV has been investigated. The
cross sections have been analyzed with the distorted-wave Born approximation (DWBA) to de-
termine the 7 values of the neutron transfers and the spectroscopic factors. Tentative spin as-
signments have been made on the basis of sum rules and the j dependence of the cross sections.

I. INTRODUCTION

Nuclei with closed proton (or neutron) shells
presumably have simple structures involving only
neutron (or proton) configurations. There are four
nearly degenerate shells in the region immediate-
ly following the 1f,,, shell (see Fig. 1) which clos-
es at N or Z=28. Nuclei with closure at Z =28 and
N =50 have been used extensively to study single-
nucleon configurations for 28 <(N or Z)<44. The
present experiment on the structure of the odd
strontium isotopes provides similar information
for the less well-known region 45 <N <50,

We have investigated' the structure of ®Sr with
the (d, t) reaction and those of ®*Sr and 8"Sr with
both the (d,t) and (d,p) reactions. The (d,t) reac-
tion was considered the primary tool since the neu-

ron shells of interest are full, or nearly so, and
neutron hole states based on them should be
strongly populated. Since the next major shell
(beginning with the 2d;,,, 18,5, 35/, and 2d,,
orbitals) starts only about 2 MeV above the N =50
shell, states based on these orbitals may compli-
cate the level spectra. The (d, p) studies identify
such states, and measure more accurately the de-
gree of emptiness of the nearly full states.

The strontium isotopes were studied because
previous work on the proton configurations in
N =50 nuclei has shown that the proton shells are
rather well closed at strontium (Z =38). Theoreti-
cal studies®'® have assumed that the 1f;;, and 2p,,
proton shells are closed, and that only the 2p, /,
and 1g,/, shells need be used as a basis. These
studies have been relatively successful in explain-
ing the available data. Experimental evidence
comes from studies of proton stripping®*® and pick-
up® on %8Sr.

Yttrium-89 has a J" =3~ .ground state and a §*
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state at 0.9 MeV which are usually interpreted as
2p,/, and 1g,,, single-particle states outside the
®Sr core. It also has states at 1.49 MeV (37) and
1.73 MeV (37) that have been interpreted as hole
states formed by the promotion of a 2p,/, or 1f,/,
particle to the 3s,, orbital. The reaction *Sr(*He,
d)®Y, being a one-step process, cannot populate
either of these states if this model is valid, and
so the cross sections to these states are a direct
measure of the emptiness of the 2p,/, and 1f/,
shells. The transition to the 1.49-MeV state was
observed to have one quarter of the strength of the
ground-state transition in one (°He, d) study,* but
was not observed in the other®; in neither study
was the 1.73-MeV level populated. These states
have also been postulated to be formed from the
weak coupling of the 3~ ground state to a 2* vibra-
tion of the ®8Sr core, but the available evidence
favors the hole-state model.®

The shell closure at %%Sr also has been studied
by looking for admixtures of the higher orbitals
in its ground state.®- No I=4 transitions (g,/,) have
been observed in the (d, *He) reaction, but a sec-
ond weak [ =1 transition to an 0.84-MeV state in
87Rb was seen. The spin of this state is unknown
and could be %, like the ground state, but it has
roughly the correct excitation to be a p,/, state.
Its spectroscopic factor is about 1 that of the
ground state. In summary, the above data indi-
cate that the 2p,/,, 1f,/, shell closure is rather
good, but that there may be as much as 25% ad-
mixture of 2p,/, in the 2p,/, shell.

The strontium isotopes are probably best for
studies of the single-particle states for N <49,
since heavier elements are unstable for N<50 and
the lighter isotopes of krypton are not available in
enriched form, Selenium and other lighter ele-
ments have been studied, but their proton config-
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FIG. 1. Single-particle levels in the neighborhood of
50 nucleons. The numbers of nucleons in the shells and
their totals are given at the right,

urations are believed to be quite complex.
II. EXPERIMENT AND DATA REDUCTION

Most of the experimental apparatus has been de-
scribed by Stewart, Baron, and Leonard.” A 20.65-
MeV deuteron beam with 40-keV energy spread
and 0.3° angular divergence in the scattering plane
was obtained from the National Aeronautics and
Space Administration-Lewis cyclotron. Targets
were prepared from enriched strontium nitrate ob-
tained from Oak Ridge National Laboratory; in the
8Sr, ®Sr, and ®*Sr targets, the principal isotope
concentrations were 99.8, 97.6, and 75.6%, respec-
tively. For the early runs, 0.2 to 0.4 mg/cm? of
metallic Sr was evaporated® onto 40-ug/cm? VYNS
backings.® Since the metallic Sr oxidized during
use, later runs employed carbon-backed SrO tar-
gets'® obtained by evaporating Sr onto carbon-
backed slides, allowing it to oxidize, then float-
ing it off the slides.

The silicon-detector telescope'! used in early
runs subtended 0.307 msr, contained a 5-mm
stopping detector, and gave a resolution of 90 to
100 keV full width at half maximum (FWHM).

Data were taken in the angular range 16 to 100°,
Several weak transitions observed in the 84 to 90°
range with ®*Sr and %Sr targets could not be ana-
lyzed because of poor statistics, so these mea-

surements were repeated using a 1.5-mm stopping
detector which yielded 70 keV FWHM resolution.

Proton, deuteron, and triton signals were dis-
tinguished by a power-law particle identifier,'?
which gave nearly perfect mass resolution, and
were stored in three different segments of the
multichannel-analyzer memory. Since the targets
were nonuniform, scattered deuterons at 45° were
monitored. Analyzer live time was measured and
used to correct the yield. Consistent energy cali-
bration data were obtained from (d, p) and (d, ?)
transitions to strontium ground states and to stron-
tium excited states of well-known energy and from
(d, p) and (d, t) reactions on the '°0 and '*C target
contaminants. The ground-state @ was not known
for ®4Sr(d, t)®3Sr, so the calibration was obtained
from the contaminant reaction ®¥8r(d, t)®'Sr. For
those transitions which were kinematically attrib-
utable to Sr, excitation energies were obtained at
several angles and averaged to produce our quoted
values. These have an estimated over-all uncer-
tainty of about 1%, of which about 0.6% arises from
statistical uncertainties and the rest from energy-
calibration uncertainty, The areas of the peaks
were extracted by the computer assuming a semi-
logarithmic background, adjusted to pass through
the minima between well-separated peaks.

Absolute normalizations were obtained by com-
paring deuteron elastic scattering yields between
20 and 50° with optical-model predictions, after
first verifying that the elastic angular distribu-
tions for the three isotopes had nearly identical
shapes. Since no suitable optical-model studies
have been made at 21 MeV, we interpolated be-
tween the very similar optical-potential parame-
ters at 26 MeV (Tjin, Djie, and Brockman, Jr.,'3
set 2) and 15 MeV (Perey and Perey,'* set B). The
resulting fits to the Sr elastic-scattering data were
quite satisfactory. The normalization procedure
was checked by comparing the optical-model pre-
dictions with the *°Zr(d, d)*°Zr absolute cross sec-
tions at 20.4 MeV .measured'® with a target of ac-
curately known density. The results agreed with-
in 5%, and we believe the normalization of the data
to be accurate to 10% or better.

A search for weak (d, t) transitions was made by
summing the spectra obtained at many angles'® to
produce a composite spectrum having excellent
statistics, and a few new levels were found. The
excitation energies found for the stronger peaks
were consistent with those determined from the
individual-angle data. The (d, p) data were not
treated in this way because of the large oxygen and
carbon contaminations.

III. DWBA ANALYSIS

Angular distributions for the (d, p) reactions
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were calculated with the distorted-wave code DRC,'"
a general reaction code using spin-independent op-
tical potentials. The (d,t) angular distributions
were obtained from detailed balance after calcu-
lating the stripping cross section for the inverse
(¢, d) reaction with DRC.

The optical potentials used were of the conven-
tional form:

=Vsf(r, 75, as)=i Wsf(r, vy, ay)

. d
-47'ad Wa’d—[f(r’ r:i’ad)] . (1)
r
The function f is the Woods-Saxon form factor

1/
Flr, v, @)= (14T Ay 2)

where A is the atomic mass number and the vari-
ous parameters are listed in Table I. A diffuse
Coulomb potential is also included. The proton
parameters are derived from potential set number
1 of the 30-MeV analysis of Satchler,'® neglecting
the spin-orbit term. The triton parameters are
those used for ®Zr in the 20-MeV Los Alamos
studies.’® The deuteron potential used to generate
elastic cross sections for the normalization of
the data was also used for the DWBA calculations.
The bound-state wave functions were those of a
single particle in a Woods-Saxon well [Eq. (2)]
containing a spin-orbit term of the Thomas-Fermi
type, i.e.,

-=14d
—Vsoxﬂ20'°l;z; [f('r; 7s, Cls)] . (3)

Since there are no universally accepted parame-
ters for the bound-state potential well, two quite
different sets were used in order to estimate the
uncertainty in the analysis. Potential set A in Ta-
ble I came from an optical-model study of 20-MeV

TABLE I, Parameters used in the DWBA analysis of
the data. The potential depths are in MeV and the geomet-
rical dimensions are in fermis.

Proton  Deuteron Triton Neutron

(A) (B)

Vs 54,43 96.6 152.0 se

rsg 1.12 1,134 1.24 1.25 1.295

ag 0.75 0.864 0.684 0.675 0.62

W 19.6 .o

7y e N 1.48

ay “es cen 0.771

W, 6.36 17.83 cen

7 1.33 1.377

a, 0.62 0.633 soe s

Veo 6.0 9.5

BNL 0.85 0.54 0.2 0.85 0.85

Brr 1.25 1.69

TABLE II. Summary of the results for the levels of 'Sr
obtained by the (d,f) and (d,p) reactions. The ground-
state @ values are —4.86 and 6.21 MeV, respectively.

(d,t) @,p)

E Level 1 S S (27 +1)S
0.0 1 4 9/2 9.3 0.127 1.27
0.38 2 1 1/2 1.85 0.09 0.18
0.87 3 1 3/2 2.71 0.064  0.25
1.22 4 2 5/2 cee 0411 0.64
1.25 5 3 5/2 4,15 .- e
1.76 6 2 5/2 <0.1 0.46 2.77
2.11 7 1 (1/2) 0.35 - e

(3/2) 0.31 - cee
2.16 8 0 1/2 <e+ 0.35 0.70
2,23 9 4 (9/2) 1.7 o
2.41 10 3 5/2 0.70
2.54 11 nondirect
2.69 12 1 (3/2) 0.53
2.84 13 (1) (3/2) 0.42
2.88 14 cee ces cee cee cee
3.07 15 (2) cee cee cee cee

proton scattering,?® and set B was taken from a
study of the systematics of neutron single-particle
levels.?! The depth Vs was adjusted to reproduce
the experimental binding energy of the state being
analyzed.

The spectroscopic factors (S) listed in Tables II,
III, and IV were obtained by evaluating

% (exp) = CS(% (DRC) (4)

at the first stripping peak. The constant C is unity
for the (d, p) calculation. In the (d,t) calculations
it is taken to be 3.33 to account for the internal
structure of the triton.?

TABLE III. Summary of the results for the levels of
8Sr obtained from the (4,t) and (d,p) reactions. The
ground-state @ values are —5.27 and 6.26 MeV, respec-
tively.

(d,t) d,p)

E Level 1 j S S (2j+1)S
2.0 1 4 9/2 7.62 0.21  2.09
0.24 2 1 1/2 1.51 0.27  0.54
0.75 3 2 5/2 s+ 0,14  0.86
0.76 4 1 3/2 2,11 .- e
0.91 5 3 5/2 0.59
1.15 6 1 3/2 0.68 -
1.36 7 2 5/2 <o+ 0.33  1.99
1.67 8 1 (1/2) 0.84 ~--- e

(3/2) 0.74 *--
1.82 9 2 5/2 <+ 0.10 0.59
1.93 10 1 (3/2) 0.20 .
2.09 11 3 5/2 1.83
2.36 12 (2) e ven s
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TABLE IV, Summary of the results for the levels of
83Sr obtained by the (d,t) reaction, The ground-state @
value is =5.75 MeV.

E Level I j N
0.0 1 4 9/2 6.10
0.25 2 1 (1/2) 0.96
0.47 3 3 (5/2) 3.66
0.68 4 1 (3/2) 1.34
0.96 5 (1) (3/2) 0.87
1.23 6 oo v oo
1.41 7
1.75 8

The basic DRC uses local optical potentials and
a zero-range stripping interaction. We markedly
improved the fits to the (d, p) distributions by us-
ing the local-energy approximation to correct for
nonlocality®® and finite range.?* The stripping in-
teraction ranges B and nonlocalities By (see Ta-
ble I) were taken from Bassel.?? The calculated
(d,t) cross sections contain no such corrections,
since we found that their only effect was to change
the normalization by about 30%.

The 8%Sr(d, ¢)®"Sr reaction provides a good test of
the DWBA, since ®*Sr is a closed-shell nucleus,
and the levels of 8’Sr provide a wide range of I val-
ues. The ground-state transfer is [=4, j=3;
while the first two excited-state transfers have
7=1 and are believed to have different j values, 3
and 3. These three states lie within 1 MeV of each
other, minimizing effects of the energy depen-
dence of the reaction. Figure 2 shows that the
DWBA fits to the stripping peaks are nearly per-
fect, and the agreements at larger angles are gen-
erally better than about 25%. The shape of the re-
action cross section was found to be insensitive to
variation of the optical potential, because of the
strong absorption in both the deuteron and triton
channels. Most of the contribution from the inte-
rior is eliminated, and the reaction is dominated
by the surface, where the shapes of the wave func-
tions are unaffected by small changes in the poten-
tials. ’

It was found that changes in the bound-state po-
tential caused considerable variations in the nor-
malization of the cross section, but only slight
variations in the shape. In order to reduce the
uncertainty in the spectroscopic factors, we re-
quired that the potential yield S values consistent
with the sum rules. The experimental ®®Sr(d, ¢)®"Sr
spectroscopic factors should obey the sum rules
for a closed shell,?®

2.S=N-Z/(2T +1) , (5)

where Z and N are the numbers of protons and neu-
trons in the /,j shell of the target nucleus, and T

Do
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E 8sr(d, 987 sr
L & 0.871Mev
- o .387 Mev
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FIG. 2. Comparison of DWBA calculations to the angu-
lar distributions of the first three triton groups in the
8Sr(d,t)8"Sr reaction, The solid symbols are from the
first set of experiments, and the open are from the sec-
ond. The solid and dashed curves are calculated with the
use of potential sets A and B, respectively.

is the isotopic spin. Table V shows a comparison
of the theoretical and experimental sums. The j
values listed in Tables II, III, and IV and potential
A were used in finding the experimental sums.
The sum rules for the /=4 and /=1 shells are
quite uniformly satisfied, indicating that potential
A is nearly correct. Potential B was rejected be-
cause it decreases the /=4 spectroscopic factors
by about 30% relative to those for /=1, It is un-
likely that much of the /=4 strength is missing,
since there is little splitting. Renormalizing the
8o/2 Sum to its theoretical value (10.0) results in
excessive values for both of the 7=1 sums.

TABLE V. Comparison of the sums of the spectro-
scopic factors for given 7 and j for the different isotopes
of strontium as obtained by the (d,t) reaction. The last
column gives the sum-rule limit for a closed shell. The
numbers in the parentheses are the sums assuming that
all 2=1 states except the first are j=35.

S
88 86 84 Full shell
&9/2 11.0 7.62 6.1 10.0
P 2.20 2.35 2.0
(1.85) (1.51) (0.96)
D3 3.66 2.99 2.21 3.64
(3.97) (3.73)
i 4.85 2.42 3.66 5.45
g+p 16.8 12.9 9.3 15.64
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Figure 2 shows a significant difference between
the depths of the minima of the j=3% and 2 data
near 80 and 100°. This phenomenon is similar to
the j dependence found in other studies, and was
used in determining the j values for the other /=1
transitions.

A similar study of the 8%Sr(d, p)®Sr reactions
was made. The strongly populated low-lying
states of **Sr are based on the 2d,,,, 3s,/, or 2d,,
single-particle orbitals., The zero-range DWBA
was much less accurate in describing these data
than it was for the (d, t) studies, especially so for
the 1.031-MeV state which is populated by an /=0
transfer. The calculation predicted a peak at ei-
ther 20 or 40°, depending on whether a convention-
al cutoff was used or not, but it did not predict the
double peak seen in the data. When the calcula-
tions were repeated including nonlocal and finite-
range corrections, very satisfactory fits were
produced for both the /=0 and / =2 distributions
(Fig. 3). Potential set A was used for the final
calculations, but set B produced essentially the
same results,

Little can be said about the normalization.
There is considerable fragmentation of the /=2
states, and Cosman, Enge, and Sperduto (CES)?*¢
have shown that about 30% of the 7 =0 strength lies

20—
10~
s 885 r(d,p®Isr
3k
401
s 10
25
8‘ E.=0f!ev
E 23
2 10— S=.61
= E= 103 Mev
S o\eogj=0l
B ? s=.81
L 94945 Ex 2. 0mey
E i3
050
- 4bb85=.13
- E-2.46
o 1 | I j “’2@‘)
O a0 60 8 10 120 5=.2
qu. deg

FIG. 3. Comparison of DWBA calculations to the angu-
lar distributions of the proton groups in 8Sr(d,p)¥sr re-
action. The group at 2.0 MeV is the unresolved sum of
two strong I =2 transitions to states at 1.931 and 2.000
MeV plus two weak nonstripping transitions to states at
2.059 and 2,071 MeV. These states have been resolved
in Ref. 26.

in states not observed in this experiment. If our
observed 3s,/, strength is increased by 30%, the
sum-rule limit is exceeded by 15%. The 2d/, sum
rule, however, is only 60% filled by the ground-
state transition. It is most likely that some of the
higher [ =2 states should be assigned j=3. The
two higher /=2 groups that we observe, which
comprise only about half of the strength seen by
CES, already exceed the j=% sum-rule limit,

IV. DISCUSSION OF INDIVIDUAL LEVELS

Levels of 87Sr

The (d, p) and (d, t) cross sections are shown in
Figs. 4 through 7. The ®'Sr results are summa-
rized in Table II, and the observed levels are com-
pared with data from other sources in Fig. 8.

The Nuclear Data Sheets®” show that the ®'Sr
ground state has J" =§¥, the first excited state

at 388 keV has 3, and the next state at 874 keV
probably has 37. A 1.22-MeV state has been iden-
tified.?® Subsequent studies using the (d, a) reac-
tion®® and the photoexcitation of isomeric states®
have yielded several new states, but little informa-
tion about their nature. Additional spin assign-
ments were made in a recent paper on the (*He, a)
reaction, 3!+

3.0

8sr(d, 187sr
1.0

1.0

E=0.38 MeV

$o

E=2.11 MeV

L

Cross section, mb/sr

$oy 04
E=2.69 MeV

E=2.84 MeV

Po s, 40b
AT | |

0,

em, deg

FIG. 4. Angular distributions of the triton groups in
the 88Sr(d,t)3"Sr reaction assigned as =1 transitions.
The 2.84-MeV-state assignment is tentative. The lines
through the data points are from DWBA calculations,



302 R. W. BERCAW AND R. E. WARNER 2
1.0 1.0
865r(d, pi87sr
1.0]
E=1.25MeV —
. -3 o
3 — T l=2 L 2
= ‘ @
. 2 11—
5 E= 2.41 MeV E e
g s .05F
3 -3 £ L
4 — — 1,25 MeV state SN 0.38 MeV
g .01 o LO[_ 1
S 5; E=2.23 MeV £ F
.0 - =1 S L5
030 — =
A B E=0.87 MeV
055 E=1.76 MeV =1
. E‘ + % # ¢+ ) + 1=2 .1:__..
- + ¢ + s b E=2.54 MeV 051~ E=2.16 MeV
$ I ¢ Nondirect ~ 51-0
0 20 40 60 8 10 12 -
Ogm, deg .0l | | | [ | ]
0 20 60 80 100 120

FIG. 5. A.ngulér distributions of the triton groups in
the 88Sr(d,£)87Sr reaction assigned I=values other than 1.

All curves through the data points are from DWBA calcu-

lations with the exception of the dashed curve through the
2.41-MeV-state data, It is representative of the 1.25-
MeV-state data, and shows the great similarity of the
two cross sections. The 2,23-MeV data are probably a
mixture of I=4 and [ =1 transitions to two unresolved
states.

865 r(d, p)87Sr

Cross section, mb/sr

E=3.07 MevV

E=0MeV
-4

Ocm, deg

FIG. 6. Angular distributions of the high ! transitions
in the 86Sr(d,p)8"Sr reaction. Curves through the data
points are DWBA calculations,

ecm‘ deg

FIG. 7. Angular distributions of the low I transitions
in the %6Sr(d,p)%'Sr reaction, Curves through the data
points are DWBA calculations.

The data on the first three states presented in
the previous section are in good agreement with
the Nuclear Data Sheets.’” They strongly support
a 3~ assignment for the 874-keV state. An assign-
ment of 3 for both it and the 388-keV state would
greatly violate the /=1, j=3 sum rule.

The 1.25-MeV state is strongly populated by the
(d,t) reaction, and the data indicate an /=3 trans-
fer corresponding to the expected f/, neutron pick-
up. The large spectroscopic factor exhausts two
thirds of the total f;/, strength. Similar results
were obtained from the (°*He, o) reaction.®® Since
the (d,t) DWBA fit was not good (see Fig. 5), it
was suspected that the level was a doublet. There-
fore a °Zr(d,t)®*®Zr angular distribution which pop-
ulates an' isolated f,/, state at nearly the same en-
ergy®® was measured. The cross sections were
essentially identical, showing that the failure is in
the DWBA, and there is no need to postulate a
doublet. It is not clear why the theory should be
poorer for [ =3 transfers than for others.

The (d, p) reaction populates a state at 1.22 MeV,
with an /=2 distribution almost identical to the
ground-state distribution in 88Sr(d, p)%°Sr. It has
about one fifth of the strength expected of an empty
2d,, shell. Thus there are two j=3 levels near
1.25 MeV; one is nearly full (I=3) and is populated
only in the (d, t) reaction, while the other is nearly
empty (I =2) and is populated only in the (d, p) re-
action. A second /=3 state is seen at 2,41 MeV.
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The strongest observed (d, p) transition is an
1 =2 transfer to a state at 1.76 MeV. The combined
strengths for the 1.22- and 1.76-MeV-state (d, p)
transitions almost equals that for the %8Sr(d, p)®**Sr
ground-state transition. A (d,t) transition to this
state also is observed, but is very weak and does
not have a pickup pattern. This could indicate that
the N=50 shell is not fully closed in ®3Sr, contain-
ing an admixture of about 0.1 particle in the 2d,,,
orbital. A more likely interpretation is that the
reaction is not direct and represents a small
breakdown of simple stripping theory. There is
no evidence that the level is a doublet,

The 2.23-MeV state is observed only by a (d, t)
transition, best described by /=4. The most for-
ward datum is definitely above the curve, and
could be caused either by an undetected contami-
nant or by an unresolved level with smaller [.

The level was also assigned g, in a (*He, a) ex-
periment,® which gave S=1.6, in good agreement
with our value of 1.7. This agreement suggests
that only one state is populated; since the (°He, a)
reaction preferentially populates high-spin states,
contaminants would affect its results less than
ours,

Three levels above 2 MeV were identified in the
(d, t) spectra as having /=1 transfers: 2.11, 2.69,
and 2.84 MeV. The data on the 2.84-MeV level are

87 1(3) -865 .85 B.p 874
2/
387 1(%) 387 % B.e,p .
9\ B, p
Q)
, 3He,a d,a Others
= 48 Ref. 31 Ref. 29 B, beta decay (ref. 27)
e, electron scattering (ref. 28)

=

, (p, n) (ref. 28)

poor, and the /=1 assignment is tentative. The
angular distribution for the 2.11-MeV state indi-
cates that it should be assigned j =3, since its min-

"imum near 80° is as deep as that for the 388-keV

j=% state, Since the 2p,,, strength is nearly ex-
hausted by the 388-keV transition (Table II), the
2.69 and 2.84 states are probably 2p,/,. The 2p,,,
and 2p,/, sum rules would be most uniformly filled
if one of the three levels had j =3, but within the
experimental uncertainty all could have j =3.

Levels of % Sr

The only existing information about the levels of
85Sr comes from studies3*'% of the positron and K -
capture decay of the ground (£*) and 40-keV meta-
stable (37) states of Y. We refer mainly to the
work of Horen and Kelly®*® (HK), which is the most
recent and complete, as the other studies are in
basic agreement. The levels seen in the different
experiments are shown in Fig. 9; our results are
shown in Table III and Figs. 10 to 13.

The ground state was populated by both the (d, p)
and (d, t) reactions. The [ value (4) and spectro-
scopic factors were in good agreement. Decay
studies give levels of 0.231 and 0.237 MeV with
J™ of 2" and ~. Both (d, p) and (d, t) reactions
yield clean [ =1 diffraction patterns, indicating a
negligible population of the 0.231-MeV state.
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This state has been described® as a seniority-3 40—
combination of three g,/, holes. Since single-par- s
ticle transfer reactions can only change seniority 86Sr(d,t)gSSr
by one, it is not surprising that it is not populated. 1.0
The (d,t) reaction strongly populates an /=1 lev-
el at 0.76 MeV. It is assigned j=3, since j=3
would violate the p,,, sum rule, This is probably
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FIG. 10. Angular distributions of the high ! transitions
in the 8(;Sr(d ,£)85Sr reaction. The DWBA calculations are
shown by the solid lines; the dashed lines are taken from
the I=3 (d,t) transition to the 1.25-MeV state in 8'Sr,
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FIG. 11, Angular distributions of the transitions as-
signed as I =1 obtained in the 3¢Sr(d,#)8°Sr reaction.
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FIG, 12. Angular distributions of the triton transitions
assigned as I=2 in the %4Sr(d,p)%°Sr reaction.

the state observed by HK at 740 keV. The (d, p)
reaction also populates a level at this energy
which must be 2d,,,, since the stripping pattern is
clearly /=2, The 2d,;, level probably is not the
state observed by HK at 769 keV, since the ff of a
transition to a 3* level should be about 9, in con-
trast to the observed value of 7.1, Thus there may
be three nearly degenerate states. There is fur-
ther evidence of this; the diffraction pattern in the
(d, t) reaction is washed out, and the peak in the
summed spectrum is significantly wider than the
adjacent peaks. It is unlikely that these effects

10?¢
SE 84sr(d, p®sr
2
- N
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g W=0.23Mev
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FIG. 13. Angular distributions of the first two transi-
tions in the 34Sr(d,p)?®Sr reaction. Smooth curves are
the experimental distributions observed in #Sr(d,#)8"Sr,
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are due to the ®®Sr contamination in the target or
to population of the d;,, level, since the summed
spectrum shows only a small yield for comparable
levels of ¥Sr and for the other dj,, levels of ®°Sr,
An interpretation consistent with all the data would
be to assume that the (d, ¢) reaction populates both
the 740- and 769-keV levels seen by HK, and that
the latter has J7=2". The (d,p) reaction would
only weakly populate these two states.

The states at 0.91 and 2.09 MeV are assigned !
=3 and, tentatively, j=3. Probably neither of
these was observed by HK. The weak 910-keV
state required special handling to extract the cross
section, since it is near the strong 760-keV group.
Since its width was required to be the same as the
760-keV peak, and its position 14 channels below
the 760-keV peak, its energy uncertainty is about
60 keV,

The 1.36 and 1.82-MeV states are observed only
in the (d, p) reaction, and are identified as frac-
tions of the 2d,, orbital. The sum of (2j+1)S for
these states plus the 760-keV state is 3.44, com-
pared with 3.66 for the ground state of ®*Sr. Possi-
bly our 1.36-MeV state is the 1.35-MeV state seen
by HK, but again the f# value should be higher than
they reported (approximately 9 against 6.9).

Three states at 1.15, 1.67, and 1.93 MeV are ob-
served only in the (d, f) reaction, and all have [=1
transfers. The sum rule suggests that all have j
=3, but one state could have j = 3 without violating
it badly. The j dependence indicates that the 1.67-
MeV state has j = 3 and that the others have j=3.

Transitions at 2.36 and 2.60 MeV are seen in
the (d, p) reaction, but the data do not allow an -
value determination.

Levels of 8 Sr

83Sr may only be studied via the (d, £) reaction,
since ®2Sr is unstable. The (d, f) angular distribu-
tions (Fig. 14) are of rather poor quality, since
the target had only 75.69% of 84Sr. It was felt
worthwhile to obtain them, however, since there
are no existing data on the ®3Sr level structure.
The three most-energetic peaks observed in the
spectra resulted from the ®8Sr and ®¢Sr contami-
nants. Angular distributions for two of them were
compared with those from the other experiments.
The shapes were identical, and the yields indicated
that the concentration of ®Sr was 20%. This value
was used as a normalization in subtracting the con-
taminants from the other angular distributions.

The lowest 23Sr state populated by the (d, f) reac-
tion had /=4. This is not necessarily the ground
state, since the systematics in this region are am-
biguous. The heavier strontium isotopes have g
ground states with low-lying 3 excited states, but
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FIG. 14. Angular distributions of the triton groups in
the 84Sr(4,¢)8%Sr reaction. All curves are DWBA calcula~
tion with the exception of the one for the 0.47-MeV state.
It is taken from the /=3 transition to the 1.25-MeV state

in 87gr,

all the other nearby N=45 isotones have ;’: ground
states. The £ states must be rather complex,
since the g,,, single-particle orbital is believed to
lie considerably above the g,,, orbital. Talmi and
Unna?® have predicted a § ground state with a '
state at 320 keV. The decay® of ®3Sr originates
from a }* state, which is probably the ground
state. Alternatively, the ground state may be 3,
and the £ state an isomer, but no evidence of an
isomeric transition was found.

The present experiment excites only seniority-1
states and hence would not populate the complex
state described by Talmi and Unna. It does show
that the £* state lies below any simple 3~ or &~
states, and so eliminates the choice of 3~. The g—*
state must lie somewhat above the I state, since
the latter is not an isomer.

Using the mass chain shown in Fig. 15, we found
that the mass excess of the §—+ state is -76.70 MeV,
and that its excitation energy above the & state is
0.014+0.033 MeV. The @ value of the #Sr (d, #)*3Sr
(§—+ state) was determined in this experiment to be
-5.755+0.030 MeV. The ®Rb K-capture decay en-
ergy was taken to equal its lower limit.3” The 8%Sr
decay energies were taken from Etherton et al.,3®
and the other energy differences from the Berke-
ley tables.®

The cross sections for the 0.25-MeV state are
well described by the I=1 curve, and the deep
minima near 80 and 100° indicate j =3, in view of

Do

N=45 46 47 48

92t 4
38 (Sr) 12+| -
7
B?\ \
37 (Rb)
B+
e\\q \I\
36 (Kr) — >
B(n)
83 84
A=82

FIG. 15, Mass chain used in evaluating the energy dif-
ference between the =+ and %" states of 83sr,

the j dependence observed in %8Sr(d, £)®"Sr. This
accords with the systematics of the other isotopes.
The angular-distribution data for the 0.47-MeV
state are well described by an =3 distribution ex-
cept for a few discrepancies believed to be caused
by unidentified light contaminants. The state has
a major fraction of the expected f,, shell strength.
The angular distribution for the 0.68- and 0.96-
MeV levels have been tentatively assigned to =1
transfers. The 0.96-MeV level appears to have
the first minimum of the /=1 angular distribution
filled in; it also resembles an /=4 curve, but this
assignment would violate the gy, sum rule. The j
dependence of the 0.68-MeV state’s angular distri-
bution suggests j=3. Another reason for our tenta-
tive assignment of j =% to both these states is the
uniform filling of the sum rules; if the 0.25 and
0.68 levels were both j =%, their combined reduced
widths would exceed the limit for a full p,,, shell.

CONCLUSIONS

The shell model suggests that the structures of
87Sr and the other N=49 isotones are very simple.
Each should have four low-lying states correspond-
ing to single holes in the gy,5, 2p,/5, 2P,/ and £,
shells. Below 1.5 MeV, the levels of these nuclei
populated by the (d, ) reaction (shown in Fig. 16)
agree with the simple picture. The order of the
spins and orbital angular momenta of the levels
are correct, and usually vary smoothly with mass.
The spectroscopic factors are also consistent
with the model within their uncertainties.

This interpretation is compromised, however,
by the results at higher excitation. A significant
amount of the pickup strength for all the orbitals
lies in the transitions to the higher states. This
is true for all the isotones in Fig. 16, and the rela-
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FIG. 16. Comparison of
the levels of 8'Sr excited
by the (d,t) reaction with
the levels in the other N
=49 isotones. Weakly pop-
ulated levels not believed
to be associated with either
the p, f, or g holes have
been omitted. The lengths
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indicate the ratio of the
spectroscopic factor of the -
transition to the sum rule
for a closed shell. The
binding energy of the neu-
trons removed in the reac-
tions are given below the
diagrams.
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tive simplicity of °’Mo and ®°Kr probably results
from reduced experimental sensitivity."*%® This
fragmentation may result from coupling of the
holes with core vibrations,*® and an explicit calcu-
lation for ®'Sr has been made by Zawischa and
Werner.*! States consisting of a hole coupled to
a vibration normally would not be populated by the
(d, t) reaction, a one-step process, but they can
receive some strength by mixing with a single-
hole state having the same spin and parity. A de-
tailed calculation of the locations and strengths of
the resulting states is beyond the scope of this pa-
per, but some feeling for these quantities can be
gained from the locations of the unperturbed states
which can couple. One expects greater coupling
the closer the states are in energy, and the larger
the number of possible configurations. The core
state of ®Sr, which is expected to be most impor-
tant, is the quadrupole vibration at 1.84 MeV,
with the octupole state at 2.74 MeV having less in-
fluence. The single-hole states all lie below the
vibrations, and it is expected that the higher ones
will be affected the most. In addition, the 2p,,,
hole can only couple to the single configuration
(2*Xpg,5 ). The pgy,, and f;/, holes can couple to
more configurations and are expected to have
more fragmentation, in accord with the data (Ta-
ble II).

The calculations of Zawischa and Werner*! show
the states of ®’Sr to be badly fragmented, with
significant pieces extending to 5 MeV. Our data
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show less splitting than the calculation, both in en-
ergy spread and in the number of states. Even
though the experiment may miss weak states, the
states which are excited are not in agreement with
the calculation. Nevertheless, both theory and ex-
periment have splittings which are characterized
by a single low-lying state containing most of the
transition strength, and several weakly excited
states all well separated from it.

Cohen*® has perceived a great similarity between
the relative positions of the neutron and proton
single-particle levels. One would also expect the
filling of the levels to be similar. Since the 2p,,,
and 1f;,, proton shells are rather well filled at Sr
(Zz=38), the corresponding neutron shells in the
strontium isotopes studied (N 245) should be filled,
and only the 2p,,, and 1g,,, shells should be filling.
The (d, p) spectroscopic factors are proportional
to the emptiness of the target nucleus and allow us
to check this conjecture. Table II shows that the
2p,,, state at 0.87 MeV is about half as strongly
populated as the ground state. Either the neutron
and proton shell -filling orders are not similar, or
the 2p,,, shell fills at N, Z=38 and then empties as
particles are added.

The N=50 shell appears to have good closure.
Since (d, p) results show that the 1.76-MeV state
in ®'Sr corresponds to a d;,, particle, it should be
populated in the (d, £) reaction only if there is a
ds;, admixture in the ®Sr gound state. The weak
transition that is seen indicates an admixture of
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FIG, 17. Comparison of the levels (energies in MeV)
of the different strontium isotopes excited by the (d,t)
reaction, The lengths of the arrows indicate the ratios
of the spectroscopic factors of the transitions to the sum
rule for a closed shell,

0.1 particle or less. This accords with other re-
sults on the N=50 isotones.

In Table V all the spectroscopic factors for each
j and [ have been summed, assuming the most like-
ly values of j for the /=1 transitions. These should
equal the number of particles in the shells, and
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the remarkable (and probably fortuitous) agree-
ment for ®’Sr has been mentioned. We can proba-
bly conclude that most of the fragments of the or-
bitals, except for f;,,, have been found. The sums
over [ and j for ®Sr and ®3Sr should be two and
four less. Since this is obviously untrue, not all
the fragments have been located. Even if we dis-
card the f;,, states, assuming that they have the
same fullness in all of the isotopes, the sumsover
the p and g states are deficient by 1.9 and 3.5 par-
ticles in ®Sr and ®*Sr, respectively. This provides
evidence of the expected increased fragmentation
of the single-particle states as one leaves a closed
shell.

Figure 17 summarizes the systematics of the
states populated by the (d, ) reaction. Clearly,
the locations of the lowest states of each spin vary
smoothly, but it is not clear whether their descent
as the neutrons are removed results from a shift
of the single-particle states or their increased
fragmentation.

The results of the (d, p) studies are summarized
in Fig. 18. The results for the p and g shells are
of limited scope, but are in good agreement with
the (d, t) work. Only limited conclusions can be
made about the splitting of the d and s states,
since even in 8°Sr there is probably a good deal of
strength which is missed in this experiment. The
S sums for the low-lying =2 states in ®"Sr and
85Sr are both equal to 0.57. This is quite close to
the S value (0.61) for the ground state of ®°Sr,
There is substantial fragmentation of the ground
state as neutrons are removed, but only to a few
pieces. The 87Sr data show that the dj,, single-

FIG. 18. Comparison of
the levels of the different
strontium isotopes excited
by the (d,p) reaction. The
scale on the left gives the
binding energy (in MeV) of

1.82 2% the last neutron in the nu-
cleus.
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particle state is 1.6 MeV or more above the g,/,
state.

ACKNOWLEDGMENTS
We would like to thank M. Friedman for the use

of his targets and for supplying data prior to pub-
lication. One of us (RWB) has profited from con-
versations with Professor S. Jha and Professor A.
Goswami,

*Research partially supported by a grant from the Na-
tional Science Foundation.

!preliminary results of portions of this experiment
have been previously reported. R. W, Bercaw and R. E.
Warner, Bull. Am. Phys. Soc. 12, 511 (1967); and 14,
625 (1969). Numerical cross section data are available
in Report No. NASA TN D-5765, 1970 (unpublished).

%I, Talmi and L. Unna, Nucl. Phys, 19, 225 (1960).

3N. Auerbach and I Talmi, Nucl, Phys. 64, 458 (1965);
S. Cohen, R, D, Lawson, M, H, Macfarlane and M. Soga,
Phys. Letters 10, 195 (1964).

4J, Picard and G. Bassani, Nucl. Phys, A131, 636
(1969).

M. M. Stautberg, J. J. Kraushaar, and B. W. Ridley,
Phys. Rev. 157, 977 (1967).

6C. D, Kavaloski, J. S. Lilley, D. C. Shreve, and
N. Stein, Phys. Rev, 161, 1107 (1967); D. C. Shreve, in
Annual Report of the Nuclear Physics Laboratory, Uni-
versity of Washington, 1968, (unpublished) p. 32.

W. M. Stewart, N, Baron, and R, F, Leonard, Phys.
Rev. 171, 1316 (1968).

8This is basically the method of J, M. Sauer, Rev. Sci.
Instr. 36, 1374 (1965).

9B. D. Pate and L. Yaffe, Can. J. Chem. 33, 15 (1955).

10These targets were made by M. Friedman,

UThe lithium-drifted silicon detectors were supplied by
Dr. N, Baron of the Lewis Research Center.

L2p s, Goulding, D. A, Landis, J. Cerny, III, and R, H.
Pehl, University of California Radiation Laboratory Re-
port No. UCRL-11245, 1964 (unpublished).

3, R. E. Tjin, A. Djie, and K. W. Brockman, Jr.,
Nucl. Phys. 74, 417 (1965).

14c, M. Perey and F. G. Perey, Phys. Rev. 132, 755
(1963).

15M. Friedman, private communication.

18computer program provided by T. E. Fessler, private
communication,

"w. R. Gibbs, V. A, Madsen, J. A, Miller, W, Toboc-
man, E, C, Cox, and L. Mowry, Report No. NASA TN
D-2170, 1964 (unpublished).

'8G. R. Satchler, Nucl. Phys. A92, 273 (1967).

83, C. Hafele, E. R. Flynn, and A, G. Blair, Phys.
Rev. 155, 1238 (1967).

2E, T. Boschitz, Report No. NASA TN D-5067, 1969
(unpublished).

2K, Takeuchi and P. A. Moldauer, Phys. Letters 28B,
384 (1969).

2R, H. Bassel, Phys. Rev. 149, 791 (1966).

BF, G. Perey and D. 8. Saxon, Phys. Letters 10, 107
(1964).

43, K. Dickens, R. M. Drisko, F. G. Perey, and G. R.
Satchler, Phys. Letters 15, 337 (1965).

253, B, French and M. H. Macfarlane Nucl. Phys. 26,
168 (1961).

%E, R. Cosman, H. A, Enge, and A. Sperduto, Phys.
Rev. 165, 1175 (1968).

Y"Nuclear Data Sheets, compiled by K, Way et al. (Print-
ing and Publishing Office, National Academy of Sciences —
National Research Council, Washington, D.C.), NRC 60-
3-56.

%A, J. Elwin, H. H. Landom, S. Oleksa, and G. N, Gla-
soe, Phys. Rev, 112, 1200 (1958); E. C. Booth and
J. Brownson, Nucl, Phys. A98, 529 (1967).

23, Micheletti and J, B, Mead Nucl. Phys. 37, 201
(1962).

303, L. Irigaray, G. Y. Petit, P. Carlos, B, Maier,

R. Samama, and H. Nifenecker, Nucl. Phys. All3, 134
(1968).

31G. Bassani and J. Picard, Nucl. Phys. A131, 653
(1969).

32An abstract entitled Level Structures of 8587Sr from
(d,p) Reactions has appeared during the preparation of
this paper, but the data are not available for comparison.
J. E, Kitching, W. G, Davies, W, J, Darcy, W, McLatch-
ie, and J. Morton, Bull. Am. Phys. Soc. 14, 625 (1969).

33J B. Ball and C. B. Fulmer, Phys, Rev. 172, 1199
(1968).

A, P. Patro and B. Basu, Nucl. Phys. 37, 272 (1962);
I. Dostrovsky, S. Katchoff, and R. W, Stoenner, Phys.
Rev. 132, 2600 (1963).

%D.J. Horen and W. H. Kelly, Phys. Rev. 145, 988
(1966).

%R, C. Etherton, L. M. Beyer, W. H. Kelly, and D, J,
Horen, Phys. Rev. 168, 1249 (1968).

81, Dostrovsky, S. Katcoff, and R. W, Stoenner, Phys.
Rev. 136, B44 (1964).

8¢, Maples G. W, Goth, and J. Cerny, University of
California Radiation Laboratory Report No. UCRL-
16964, 1966 (unpublished).

%C. M. Fou and R. W. Zurmiihle, Phys. Rev, 176, 1339
(1968).

0B, R. Mottelson, J. Phys. Soc. Japan Suppl. 24, 87
(1968).

4D, Zawischa and E. Werner, Nucl. Phys. Al25, 383
(1969).

#B, L. Cohen, Phys. Letters, 27B, 271 (1968).



