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The (p, t) reaction has been studied on the even stable isotopes of strontium at a proton en-
ergy of 31 MeV. Triton spectra were obtained with a magnetic spectrograph which yielded
an over-all experimental resolution of 18 keV. The experimental angular distributions are
compared with two-nucleon-transfer distorted-wave Born-approximation calculations to make
spin-parity assignments for the observed levels and to extract enhancement factors. Energy
level and transition intensity systematics are presented for the low-lying levels of these iso-
topes with particular emphasis on the L =0 transitions. A number of new spin-parity assign-
ments are made for %Sr and 34Sr and the previously unreported level structure of 82Sr is
presented. The ground-state mass of ¥8r is also determined from the measured @ values.

I. INTRODUCTION

The level structure of nuclei in the A =90 mass
region has been the subject of rather extensive
theoretical treatment in terms of a rather small
shell-model space based either on an inert ®®Sr
or °Zr core. Except for the work of Talmi and
Unna,! subsequent studies have concentrated on the
nuclei with N> 50. Part of the reason for the lack
of model calculations for the nuclei with N<50 is
the sparsity of detailed experimental information
on many of the nuclei in this region. Recently,
the strontium isotopes have been reexamined® in
the same framework as Ref. 1. This very restrict-
ed model was employed again because the limited
data available on the strontium isotopes precluded
a more complete theoretical treatment.

The motivation for the present study was to pro-
vide additional data on the levels of ®*Sr and to ob-
tain information on the previously unreported level
structure of ®Sr. In the case of ®*Sr, the (p,¢) da-
ta augment the previous decay scheme® and inelas-
tic scattering® studies and help to interpret those
results as well as to provide new information on
the location of 0* states in this nucleus.

At the time this work was undertaken, a prelim-
inary report of two studies of the %8Sr(p, t) reac-
tion had been noted.® It was therefore decided not
to duplicate that work. In the course of the pres-
ent study of the ®*Sr( p, t)®2Sr reaction, a consider-
able amount of data on the %8Sr( p, t)%®Sr reaction
was accumulated as a by-product of a significant
presence of %Sr in the ®Sr target. These data
were also supplemented by ®8Sr(p, ¢) data previous-
ly obtained at this energy on a natural strontium

8

target during the course of an investigation of L =0
transition strengths.® Since none of the ®Sr(p, t)
data have appeared subsequently in the literature,
we have also included here our results on this re-
action.

1I. EXPERIMENTAL RESULTS

The reactions were studied at an incident proton
energy of 31 MeV. The proton beam was supplied
by the Oak Ridge isochronous cyclotron and the
tritons were detected by nuclear emulsions in the
broad-range magnetic-spectrograph facility. Typ-
ical beam currents were 300 nA and the over-all
average experimental resolution was 18 keV.

The strontium targets were produced by the Iso-
topes Target Laboratory of the Oak Ridge National
Laboratory Isotopes Division by the reduction-
distillation technique.” In each case SrCO, was
heated under vacuum to convert the carbonate to
the oxide. Fresh lanthanum filings were then ad-
mixed with the SrO (~10%) and the mixture trans-
ferred to a tantalum crucible. Reduction evapora-
tion was conducted in vacuum and the distilled
strontium collected on 30-ug/cm? carbon sub-
strate. About 12 mg of SrO was required to pre-

TABLE I, Isotopic composition of the strontium tar-
gets.

Abundance (%)

Target 84gp gy 875p 88gp
84gp 82.24 3.71 1.56 12.49
8y <0.05 97.6 0.68 1.73

nat gy, 0.56 9.87 7.04 82.53
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FIG. 1. Energy spectra of tritons observed at 8° from the interaction of 31-MeV protons with g,

pare, simultaneously, three 1.6-cm-diam targets
of nominal thicknesses 150 ug/cm?. The isotopic
abundances of these targets are listed in Table I.
Prior to use, the targets were stored in an argon
atmosphere.

An example of the spectra obtained for the ®¢Sr-
(p, £)®*Sr reaction is shown in Fig. 1. Besides the
two expected deuteron groups from the (p,d) re-
action on the *3C isotope present in the carbon
backing, populating the ground and first excited
states of *C, we also observe a deuteron group

TABLE II. Levels in 34Sr observed with the %Sr(p,¢)
reaction, Excitation energies are £0.005 MeV. Assumed
transitions: a: (gy)t'— (20/2)5- b [(2)F(23/2)810
— (&3 (D330l

E* Assumed
Peak No. (MeV) L J™  trans. B2(jjJ) &

g.s. 0.0 0o o* a 1.0 13.0
1 0.795 2 2* a 5.0 3.0
2 1.455 (2) (2%) a 5.0 0.4
3 1.505 0 OF a 1.0 1.0
4 1.770  (4) (4%) a 9.0 0.4
5 2.075 0 oO* a 1.0 1.0
6 2,390 2 2t a 5.0 0.5
7 2.450 3 37 b 7.0 1.4
8 2.525 (0) (0%) a 1.0 0.4

9 2.600 e ces
10 2,775  (6) (57) b 11.0 0.3
11 2.880 2 2% a 5.0 0.7
12 3.045 (4) (4%) a 9.0 1.3
13 3.175 (2) (2%) a 5.0 0.6

from the ground-state transition of the *O(p, d)-
0 reaction. This seems to imply significant oxi-
dation of our targets despite the precautions taken
by storing and transferring the targets in a dry
argon atmosphere. However, no physical degra-
dation of the foils was observed that would have
affected the quality of the spectra. At the end of
the experiment, the strontium deposits still had a
bright metallic appearance. The %Sr energy levels
observed in this reaction and the excitation ener-
gies deduced are listed in Table II.

A spectrum obtained from the ®Sr target is
shown in Fig. 2. The extraction of the ®2Sr levels
populated by the %*Sr(p, t) was complicated by the
presence of a significant isotopic impurity of %®Sr
in this target. This difficulty was somewhat com-
pensated by the fact that data for the (p,t) reac-

TABLE II. Levels in ®Sr observed with the #Sr(p,t)
reaction. Excitation energies are +0.005 MeV., Assumed
transitions a and b as in Table II,

E* Assumed
Peak No.  (MeV) L Jm trans. B(jjJ) &
g.s. 0.0 0 o+ a 1.0 15.8
1 0.575 2 2+ a 5.0 2.6
2 1.175 2 2* a 5.0 1.0
3 1.310 0 o+ a 1.0 1.8
4 1.865 2 2+ a 5.0 0.2
5 2,195 2 b a 5.0 0.2
6 2,405 3 3~ b 7.0 0.9
7 2.665 0 ot a 1.0 0.7
8 2.820  (4,5) (4%,57)
9 2.885 (2) 2%) a 5.0 0.8
10 2,920 e cee
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FIG. 2. Energy spectra of tritons observed at 16° from the interaction of 31-MeV protons with the 3Sr target. Peaks
corresponding to states in %2Sr are labeled with the number referred to in Table III. Peaks arising from isotopic im-
purities are labeled by the final state A and peak number (e.g.,

tion on both 8%Sr and ®Sr were obtained by analyz-
ing the spectra from this target. The energy reso-
lution obtained in the present study was sufficient
that, over the angular region studied, the stronger
triton groups originating from the two isotopes of
Sr present could be distinguished easily by their
different kinematic shift. In addition, triton spec-
tra from a natural strontium target obtained at
three angles were used to cross-check and con-
firm the ®8r(p, t) assignments. The energy levels
deduced for ®Sr are given in Table III and the %Sr
levels observed are listed in Table IV.

The absolute calibration of the spectrograph sys-

86-1 is peak number 1 in Table IV).

tem carries an uncertainty of about 100 keV. This
uncertainty reflects itself, of course, in the abso-
lute values determined for the reaction @ values.
In the present experiment, the presence of the two
13C(p,d) and the *O(p, d) impurity peaks provided
convenient calibration points to considerably im-
prove the accuracy of the @-value measurements.
A small adjustment (65 keV) in the assumed value
for the incident proton energy yielded @ values for
these three points all within 5 keV of the well de-
termined values derived from the latest atomic
mass evaluation.? With this calibration, the (p, )
@ values determined for the strontium isotopes

TABLE IV. Levels in 3Sr observed with the 88r(p,¢) reaction. Excitation energies are
+0.005 MeV, Also shown are levels summarized in a recent data compilation for this nucleus

(Ref. 5). Assumed transitions a and b as in Table II,
This work Compilation
E* Assumed E*
Peak No, (MeV) L JT trans, B%(jjd) & (MeV) JT
g.s8. 0.0 0 o* a 1.0 9.5 0.0 ot
1 1.075 2 2% a 5.0 4.3 1.0766 2%
2 1.855 2) %) a 5.0 0.9 1.8542 2+
3 2.100 0 o a 1.0 1.2 (2.08) (o%)
4 2.230 4 4* a 9.0 2.3 2.2297 2%, 3%, 4%
5 2.480 3 37 b 7.0 1.4 2.4819 37
6 2,635 2) 2%) a 5.0 0.4 2.6419 (1*,2%)
7 2.675 5 57 b 11.0 0.1 2.6728 37,47,57
8 2,785 2 2+ a 5.0 4.2 (2.789)
2.8783 2*,3%,4*
9 2.860 (5,6) (57,6%)
10 2.995 3 37 b 7.0 1.4 2.9973 3”
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are listed in Table V. The corresponding two-
neutron separation energies are also given in Ta-
ble V and compared with the Mass Table values.?
The agreement for the % 8" %3y jsotopes seems
quite satisfactory. For !Sr, the present study
represents the first experimental determination
of this quantity and, therefore, the first determi-
nation of the ®2Sr ground-state mass. From the
Mass Table value for the ®'Sr ground-state mass
excess and our experimental two-neutron separa-
tion energy, we calculate a mass excess of -75.991
+0,010 MeV for the ground state of ®2Sr.

III. DISTORTED-WAVE BORN-APPROXIMATION
(DWBA) ANALYSIS

The angular distributions for the ?‘Sr levels ob-
served in the ®®Sr(p, t) reaction are shown in Figs.
3 and 4. The angular distributions for the ®2Sr lev-
els from the triton spectra obtained from the %Sr
target are shown in Fig. 5 and those for the ®Sr
levels, obtained from these same spectra, are
shown in Fig. 6. Also shown in Fig. 6 are the
cross sections obtained from the analysis of the
natural strontium target spectra.

The main source of uncertainty in the absolute
values of the cross sections shown in Figs. 3-6
arises from the lack of a precise determination
of the target thicknesses. Since the physical form
of the targets precluded measuring the thickness
by weighing, the thicknesses were estimated by
normalizing the measured elastic scattering cross
sections, for the 31-MeV protons, to the cross
sections predicted with the optical-model param-
eters discussed below. This matching was done
in the angular range from 25 to 40° which covers
the region of the first well-defined oscillation in
the elastic angular distribution. This method

TABLE V. The (p,t) reaction @ values determined
from the present study and the two-neutron separation
energies derived therefrom. Relative errors are esti-
mated as less than +0.005 MeV and absolute values car-
ry an uncertainty not exceeding +0.010 MeV. Also shown
for comparison are the two-neutron separation energies
from the most recent atomic mass evaluation (Ref. 8).
All energies are in MeV,

This work Ref.
Nucleus Q(p,t) S(2n) S(2n)
883 —11.060 19.542 19.542+0.001
875y -11,440 19.922 19.914+0.006
8gp —11.535 20.017 20.013 £ 0.004
84gp -12.310 20.792 21,22

2 This mass table value was estimated from systemat-

ics since no determination of the 8Sr mass was available,

From the present study, we obtain a value of —75,991
+0.010 MeV for the mass excess of ¥Sr,

should be reasonably accurate since the proton
optical-model parameters are well determined in
this energy and mass region. In similar studies
of other nuclei in this mass region, we have found
agreement within about 10% for thicknesses ob-
tained in this way and thicknesses determined by
weighing. The relative errors in the cross sec-
tions determined in this study should be some-
what better. Cross-checks between targets by
means of reactions on the isotopic impurities and
the relative cross sections measured with the na-
tural strontium target all give values consistent
to better than 5%.

The curves shown in Figs. 3-6 are the results
of zero-range two-nucleon-transfer DWBA calcu-
lations performed with the computer program
JULIE.® Since realistic shell-model wave func-
tions are not available for the strontium isotopes,
we have parametrized the observed experimental
intensities by comparing them to the DWBA pre-
dictions for a one-configuration transition. In this
case, where only a single two-neutron configura-
tion is assumed to contribute to the cross section,
the more complicated general expression’® relat-
ing the experimental cross section to the output
of the JULIE program reduces to the simple form

Oexpl ) = 2D*8 B? () J5 )0 suuis( 6) -

In this expression, D,? is the normalization factor
introduced by the zero-range approximation, B is
the two-particle spectroscopic amplitude, and §
is the enhancement factor which relates the ob-
served (p, t) intensity to the DWBA prediction.
The optical-model parameters used for these
calculations are listed in Table VI. The proton
parameters are taken from the results of a global
analysis by Becchetti and Greenlees'' and the tri-
ton parameters are from the work of Flynn et al.'?
A value of D,? =29 has been used which is consis-
tent with the empirical normalization employed in
previous calculations in this mass region with
these same optical -potential parameter sets.'
With this normalization, the enhancement factors
derived from the comparisons shown in Figs. 3-6
are listed in Tables II-IV. Since it is not readily
apparent that a particular configuration will dom-
inate the observed transitions, nor how the ampli-
tude of that configuration will change from isotope
to isotope, we have chosen the value of B? in all
cases to be that corresponding to removal of the
neutrons from filled orbitals. Thus the B?, for a
given final-state spin-parity value, is the same
irrespective of the isotope involved and the ex-
tracted enhancement factors reflect directly the
change in (p, t) intensity from isotope to isotope
unmodified by any assumptions about changes in
the structure of the wave functions. These B val-
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ues are also listed in Tables II-IV.

Obviously, DWBA calculations performed using
structure amplitudes derived from realistic wave
functions for the states involved should yield en-
hancement factors close to unity. The enhance-
ment factors listed in Tables II-IV show quite
dramatically the deficiencies of the simple wave
functions assumed for these calculations. This is
most apparent in the enhancement factors for the
low-lying levels whose large values reflect the im-
portance of the coherent addition of transfer
strength from two or more configurations. With
the present parametrization of the transfer
strengths, the adequacy of any wave functions
that become available for the strontium isotopes
may be judged by computing the predicted theoret-

BALL, PINAJIAN, LARSEN, AND RESTER

8

ical enhancements relative to the single configura-
tions used here and comparing with the experimen-
tal enhancements listed in the tables.

The quality of the DWBA fits to the angular dis-
tributions seems to deteriorate somewhat with de-
creasing A value. This is most obvious for the
L =0 transitions where the calculations produce
more structure at forward angles than observed
experimentally. This probably reflects an inade-
quacy in the triton optical-model parameters cho-
sen for these calculations. The parameters listed
in Table VI are those determined from triton scat-
tering on zirconium and, although these parame-
ters are observed to change rather slowly with A4,
the fits to the lighter strontium isotope data seem
to indicate the effects of such an extrapolation. No
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FIG. 3. Angular distributions for triton groups observed in the %Sr(p, )¥Sr reaction. The curves are results of

DWBA calculations for the indicated L -transfer values.
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FIG. 4. Angular distributions of two levels observed
in the 8Sr(p, t)¥Sr reaction which could not be well re-
produced by the DWBA predictions. The calculations
most nearly resembling the data are indicated by the
dashed curves.

attempt was made to arbitrarily change the triton

parameters to improve the quality of the fits to the

(p,t) angular distributions since this was deemed

unnecessary for the purposes of the present study.

TABLE VI. Optical-model parameters used in the
DWBA calculations. The notation is the same as that of
Satchler [see G. R. Satchler, Nucl, Phys. A92, 273
(1967)]. Multiple values are for 348,85y regpectively.

Protons Tritons

(Ref. 11) (Ref. 12) Neutrons
V (MeV) 54.6,55.1,55.5 170.7 a
7y (fm) 1.12 1.16 1.25
¢ (fm) 0.78 0.752 0.65
W (MeV) 4.14 21.5
Wp (MeV) 5.17,5.42,5.66 0.0
g (fm) 1.32 1.498
a’ (fm) 0.58,0.59, 0.60 0.817
V, (MeV) 6.2 0.0 A=25
vs (fm) 0.98 0.0
ag (fm) 0.75 0.0
7, (fm) 1.20 1.25

2 Adjusted to bind each neutron with one half of the two-
neutron separation energy plus one half of the excitation
energy for the appropriate final state.

IV. DISCUSSION

A. L=0 Transitions

These transitions are of particular interest since
the observed 0* levels are not readily observed by
other experimental methods. In addition the (p,t)
transition intensities reflect the pairing correla-
tions introduced into the wave functions of those
levels by the strong pairing component of the nu-
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FIG. 5. Angular distributions for the triton groups observed in the %Sr(p, ¢)¥Sr reaction.
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clear two-body force,'* 5

The effect of the strong two-neutron correlations
in the ground states of these isotopes manifests it-
self in the large enhancement factor extracted for
the ground-to-ground-state transitions. The kine-
matic factors associated with the ( p, ) reaction
mechanism favor the formation of a triton by pick-
ing up two 2p,,, neutrons by about a factor of 4
over the pickup of the two 1g,,, neutrons assumed
in extracting the enhancements in Tables II-IV.
However, the large enhancements observed cannot
be accounted for by assuming the coherent addition
of strength from these two orbitals alone, and a
considerable portion of the 2p;,, L =0 strength
must also appear in these ground-state transitions.

The 0* levels observed in the present study and
the relative (p,?) transition intensities to these
states are summarized in Fig. 7. The position of
the lowest excited 0* level in ®Sr has also been in-
cluded in the figure to complete the energy sys-
tematics. This state has been reported from a
study of the %Sr(¢, p) reaction.®

The ground-to-ground-state transition intensi-
ties seem to increase rather smoothly away from
the closed shell at %8Sr. The behavior of the L =0

strength to the excited states appears more erratic.

The total strength to low-lying excited 0* states is
about the same for both the ®°Sr(p, ¢) and ®Sr(p, {)

reactions with more strength going into the lower
state as it drops in excitation energy away from

the closed N=50 shell. The strength observed to
excited 0" states in the %%Sr(p, ¢) reaction is, how-

Srip,1) ot 3.5
£p=31 MeV
ot 267
(ot) 253
N4
\
7 ot 2.08 \ ot 240
ot 1.51 13
ot 1.3
19
0t 0.00 0t 000 ot 000 ot 000
165 100
825r 845r 865r 385r

FIG. 7. Systematics of the low-lying 0* levels ob-
served in the strontium isotopes. The relative (p, t)
transition intensities are indicated by the numbers la-
beling the appropriate arrows. Excitation energies for
the excited states are in MeV. The position of the ex-
cited 0* in 88Sr is taken from Ref. 16.
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ever, significantly less. No other excited 0* level
was observed in this reaction in the excitation en-
ergy region below 3.5 MeV. The data of Fig. 7
should provide a rather stringent test on the wave
functions obtained from any model of the neutron
structure of these nuclei.

B. Levels in *’Sr

The low-lying levels of ®Sr have been extensive-
ly studied and have been summarized in a recent
compilation.’? Although it was not the intention of
the present study to examine this nucleus in detail,
a comparison of the present results with the com-
pilation assignments allows a number of previous
ambiguities to be resolved.

A tentative excited 0* level based on the prelim-
inary (p, ) results quoted in Ref.. 5 is confirmed
and placed at an excitation energy of 2.100 MeV by
the present study. A level at 2.230 MeV previous-
ly assigned as 2*, 3*, or 4* can now be definitely
assigned as 4* and a level at 2.675 MeV can now
be assigned definitely as 5. A level at 2.64 MeV
which was previously assigned 1* or 2* is most
likely 2* on the basis of the present results and a

4.74
4.66
4.55

4.36
4.25

3.96 (8*) mmmm—— 3,927

2.84 (6%) ————— 2.81

(3) ———2.057

1.75 4t —————— {769

1,46 (2%) ———————1.457 2%

2% ————0.793 2t ————————0.794 2t

0t —————0 ot ———0 o*
845y (a, o) "6Ge ('20,4/77) 84g,

84y pECAY

previously unassigned level at 2.79 MeV can now
be assigned as 2*, A level at 2.88 MeV which was
previously assigned 2*, 3*, or 4" was not observed
in the present experiment. The fact that unnatural-
parity states are not allowed by the ( p, f) selection
rules favors the 3* assignment but this is an ex-
tremely weak argument.

Up to the 3 MeV of excitation energy covered in
this present study, there are no conflicts between
our results and previous assignments.> 1% A lev-
el is observed at 2.86 MeV that does not appear in’
the final accepted level scheme of the compilation.
This level probably corresponds to the level re-
ported? at this energy, populated by [=4 transfer
in the ¥Sr( p,d) reaction, and suggested as 6*. Such
an assignment would be consistent with our results.

Note added in proof: This assignment is also
supported by the on-line y-ray studies of Ishihara
et al.*®? and by the ®*Y™ decay scheme results of
Simpson et al.'®®

C. Levels in ®*sr

The present results from Table II are compared
in Fig. 8 with previous results from inelastic o-
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FIG. 8. The level structure of 8Sr as observed with several reactions. The (x,a’) data are taken from Ref. 4, the
(%C,4nvy) data from Ref. 19, the decay data from Ref. 20, and the (p, t) data are from the present work. At the far
right is shown a composite level spectrum for 3Sr constructued from this comparison.
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particle scattering,* the *Ge(**C, 4ny) reaction,*®
and the %*Y decay scheme.?® The (p,t) reaction
yields considerable new information on this nucle-
us. Three new 0* levels are identified at 1.505,
2.075, and 2.525 MeV. A new level at 2.39 MeV
is assigned as 2* and the proposed 3~ assignment*
to a level at 2.45 MeV is confirmed. In addition,
several assignments are suggested for higher-ly-
ing levels. A final composite level scheme sug-
gested for %Sr, up to an excitation energy of 3
MeV, is also shown in Fig. 8.

The angular distributions for the 1.455 and 1.770
MeV states were shown separately in Fig. 4, since
they did not agree well with any of the DWBA pre-
dictions. The state at 1.455 MeV, tentatively as-
signed 2*, is a factor of 2 weaker than the corre-
sponding state in %%Sr and the 1.770 MeV (4") is
about six times weaker than the lowest first ex-
cited 4" in %Sr. It is interesting that such “two-
phonon-like” levels, which do not agree well with
the DWBA two-neutron-transfer calculations, when
studied by inelastic scattering reactions are also
found to be fitted poorly by the DWBA predictions.?

D. Levelsin *Sr

The levels for ®Sr are summarized in Table III.
The only other information on this nucleus is a pre-
liminary report of y rays observed following the
"4Ge(*2C, 4n) and **Zn(*°0, 2x) reactions.*?* These
authors suggest a first excited, 2* level in good
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agreement with the present (p, ¢) results. Except
for this state, none of the remaining levels in Ta-
ble III have been observed previously.

Perhaps the most surprising result of the pres-
ent study is the failure to observe a low-lying 4*
level. The work of Refs. 19 and 22 suggests such
a level at an energy nearly degenerate with the 0*
level observed by the (p, ¢) reaction at 1.31 MeV.
We see no evidence for another level in this re-
gion of excitation, even at a scattering angle of
25° where the L =0 distribution is at a minimum
and the L =4 distribution should be nearly at a max-
imum. Thus an upper limit to the cross section of
an L =4 angular distribution at this excitation ener-
gy is about 1 ub/sr. This is an order of magnitude
weaker than the intensity to the proposed 4* level
at 1.77 MeV in ®gr.

E. Level Systematics

The levels populated by the (p, ) reaction for
the even isotopes of strontium are summarized in
Fig. 9. The figure shows the low-lying levels in
the final nuclei up to 3 MeV of excitation. Also
included for completeness are the levels of ®8Sr,
for this same region of excitation, as observed
with the ®8r(t, p)®Sr reaction.’® These levels have
not been studied with the (p, ) reaction since *°Sr
is not stable.

The most dramatic feature of the systematics
exhibited in Fig. 9 is the steady compression of
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- 2.995
(576+) e 2.860
ot —————— 2.785 -
= %ggg 3 — 2734
(el .
3 2.480
4" ——— 2230
o 2.100
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FIG. 9. Energy systematics for the low-lying levels of the even stronium isotopes observed with the (p, ¢) reaction.
The known levels of 38Sr, for this same region of excitation energy, have been included to extend the comparison.



the lowest level sequence as the neutron number
decreases from the shell closure at N=50. For
the three “non-closed-shell” isotopes, the lowest
level sequence appears to be 0*(g.s.), 27, 2+, 0%,
(4*). This sequence, and in particular its harmon-
ic energy spacing, suggests strongly that a vibra-
tional model description® of these nuclei would be
appropriate. The decreasing phonon energy with
removal of neutrons from the closed shell is also
in agreement with such a description.?* It is also
quite striking that where similar levels are known
in the isotonic Zr and Kr nuclei (two protons more
and two protons less), their excitation energies
show remarkable agreement with these low-lying
levels observed in the Sr isotopes. The marked
decrease in level spacing, observed from ®®Sr to
8gr, immediately precludes a meaningful analysis
in terms of shell-model calculations which consid-
er only the 2p,,, and 1g,,, neutron orbitals with in-
teractions for which seniority is conserved. Even
releasing the condition of seniority conservation
will obviously be inadequate since this model space
cannot yield two 2* levels for ®¢Sr. In addition, the
number of 0* levels observed, as well as the large
ground-to-ground-state transition intensities, point
to the need for a larger set of basis states in shell-
model calculations for these nuclei.

It is interesting to note that the lowest 3™ level
observed in these nuclei remains quite stable in
excitation energy and does not show any apprecia-
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ble lowering from ®8r to ®Sr. Such a behavior is
consistent with these levels arising from the col-
lective octupole vibration of these nuclei. It should
also be noted that, whereas the first excited 0* lev-
el decreases in excitation energy in a similar fash-
ion to the first and second 2* levels, the second
excited 0* level shows a sharp rise in excitation
energy from %%Sr to ®8Sr. This behavior suggests
that the basic structure of this second 0* state is
significantly different from the lower-lying levels
in these spectra.

Finally, the disappearance of (p,t) strength to
the first excited 4* level remains very puzzling.
The evident sharp decrease in intensity with fall-
ing excitation energy is not found in the case of
the low-lying 2* levels.

In summary, the present data considerably ex-
tend available information on the low-lying level
structure of the even strontium nuclei. An investi-
gation of the y-decay properties of ®2Sr would give
additional important information in establishing a
detailed description of these nuclei.

ACKNOWLEDGMENTS

The careful plate scanning and patient assistance
of V. Jones in organizing the plate data is grate-
fully acknowledged. One of us (A.C.R.) would like
to acknowledge the support of the Oak Ridge Asso-
ciated Universities Project UNISOR during the
time this experiment was performed.

*Research sponsored by the U. S. Atomic Energy Com-~
mission under contract with Union Carbide Corporation.

!1. Talmi and I. Unna, Nucl. Phys. 19, 229 (1960).

%3, E. Kitching, W. G. Davies, W. J. Darcey, W. Mec-
Latchie, and J. Morton, Nucl. Phys. A177, 433 (1971).

3R. L. Auble, Nucl. Data B5, 109 (1971) and references
quoted therein.

4A. C. Rester, B. van Nooijen, P. Spilling, J. Konijn,
and J. J. Pinajian, Phys. Rev. C 7, 210 (1973).

SW. G. Davies etal. and H. Taketani efal., unpublished
results quoted in R. L. Auble, Nucl. Data B5, 151
(1971).

3. B Ball and J. S. Larsen, Phys. Rev. Lett. 29, 1014
(1972).

"E. H. Kobisk and W. B. Grisham, Mater. Res. Bull. 4,
651 (1969).

8A. H. Wapstra and N. B. Gove, Nucl. Data A9, 265
(1971).

9R. M. Drisko, unpublished.

103, B. Ball, R. L. Auble, and P. G. Roos, Phys. Rev.
C 4, 196 (1971).

Uy D. Becchetti and G. W. Greenlees, Phys. Rev. 182,
1190 (1969).

2, R. Flynn, D. D. Armstrong, J. G. Beery, and A. G.
Blair, Phys. Rev. 182, 1112 (1969).

133, S. Larsen, J. B. Ball, and C. B. Fulmer, Phys. Rev.
C 7, 751 (1973).

147 Bohr, in Proceedings of the Intevnational Sympos-
ium on Nuclear Stvuctuve, Dubna, 1968 (International

Atomic Energy Agency, Vienna, Austria, 1969);
O. Nathan, ibid.

5B, Sgrensen, Nucl. Phys. A134, 1 (1969).

18R, C. Ragaini, J. D. Knight, and W. T. Leland, Phys.
Rev. C 2, 1020 (1970).

174, V. Ramayya, B. van Nooijen, J. W. Ford, D. Krm-
potic, and J. H. Hamilton, Phys. Rev. C 2, 2248 (1970).

18R, G. Arns, D. V. Martin, W. G. Monahan, and S. W.
Sprague, Nucl. Phys. A148, 625 (1970).

18an, Ishihara et al., Phys. Lett. 35B, 393 (1971).

18bM. L. Simpson et al., Nucl. Phys. A186, 171 (1972).

197, Inamura, S. Nagamiya, A. Hashizume, and Y.
Tendow, Institute of Physical and Chemical Research
(Japan) Cyclotron Progress Report No. 5, 1971 (un-
published), p. 46.

205, Konijn, A. C. Rester, B. van Nooijen, J. J. Pinajian,
and N. R. Johnson, Institute vor Kernphysisch Onder-
zoek (Amsterdam) Progress Report 1970-1971 (unpub-
lished).

LA, V. Ramayya, J. L. C. Ford, Jr., R. L. Robinson,
and J. H. Hamilton, Nucl. Phys. A193, 186 (1972).

22E. Nolte, Ph.D. thesis, Technischen Hochschule
Miinchen, Miinchen, Germany, 1972 (unpublished).

230, Nathan and S. G. Nilsson, in Alpha-, Beta-, and
Gamma-Ray Spectroscopy, edited by K. Siegbahn
(North-Holland, Amsterdam, 1965).

241,, S. Kisslinger and R. A. Sorensen, Rev. Mod. Phys.
35, 853 (1963).



