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The reactions Sr8"(He?, d)Y88, Sré’(a,t)Y88, Sré8(He? t)Y?, and Y% (He?, o)Y8 were studied
and the data were used to construct a level scheme of Y%, Spin and parity assignments are
suggested for many new states below 2.5 MeV, The principal components of their wave func-
tions are interpreted in terms of particle-hole multiplets. The angular distributions from
the (He3,t) reaction are not well fitted by distorted-wave calculations. Some systematic pat-
terns of the (He3,t) reaction mechanism are noted, but the exceptions indicate that the conven-
tional treatment of the (He3,t) reaction may be far from adequate.

I. INTRODUCTION

With the closure of the 1f-2p proton shell at
Z =40, and the 1g,, neutron subshell at N=50,
10213 has often been considered to be a reason-
ably good closed-shell nucleus. However, the
near degeneracy of the 2p, , and 1g,,, single-parti-
cle orbitals introduces significant configuration
mixing in the Zr® ground state.!™ Evidence sug-
gests that ,,Sr3} may be a better example of a
closed-shell nucleus. Studies* S of the Sr®¥(He?, d)Y®°
reaction reveal that the 2p,,, and 1g,, proton or-
bitals in Sr®® are nearly empty. In contrast, the
two additional protons in the Zr® ground state are
approximately equally distributed between the p, /2
and g,,, orbitals.

If closed shells are assumed for the ground
state of Sr®, relatively pure multiplets may be
expected in ,,Y5 produced by coupling a proton
and a neutron hole. The Sr®® ground-state
configuration and the measured strengths for pro-
ton stripping® and neutron-pickup® reactions on
such a target are shown in Fig. 1. (The I=1 neu-
tron pickup strengths are probably overestimated
by the distorted-wave Born-approximation analy-
sis.®) Estimating the centroid energies of the
multiplets by adding the single-particle and single-
hole energies leads to identification of the multi-
plets with energies less than 2.5 MeV as shown in
Fig. 2. Residual interactions will remove the de-
generacies and introduce some configuration mix-
ing.

Isospin considerations prevent some of the mul -
tiplets in Fig. 2 from having unique representa-
tions in terms of proton particles and neutron
holes. These are indicated by dashed lines in the
figure. As an example, let us consider the

(8,2 P32 ) multiplet. In Sr® we can excite a p, ,
proton into the g, , orbit and produce these T =6
states which may be written as

[(Ds2)5 /2. 1/2(P1/2)20,1(g9/2)ug/2. orlrr-

In Y*® we have the corresponding excited analog
multiplet with T'=6, as depicted in Fig. 3. Since
the analog wave function has three components,
there are two possible combinations orthogonal to
the analog multiplet, corresponding to two anti-
analogs of the same configuration but with 7'=5.
In addition there is a multiplet in which the 11 g, ,
particles are coupled to isospin £ (as in an ideal -
ized ground state of Zr®, for which the two pro-
tons are in the g,,, orbit) —in other words, the
multiplet

[(£5,2)73 12, 12 pl/z)zo. {(892) %12, 72) 0, 725 -

We must also consider a slightly different config-
uration, which may be written as

[(P3/2)5 /2, 1720 px/z)qo. o(&6/2)% 2, 9/2]J. T=5-

The last two will mix in the same manner as the
two 0* states in Zr*. The Sr®(He?®, {)Y®® reaction
should populate only the excited analog and anti-
analog multiplets, the cross-section ratio of the
two antianalogs being dependent on the magnitude
of the component corresponding to the first term
in the diagram for the analog state in Fig. 3. The
way this strength is distributed between the two
antianalogs is not predictable without a detailed
model, but the sum of the squares of the two co-
efficients should be {5. The Zr*°(d, a) reaction
should preferentially populate the last two of the
four T =5 states, the antianalog states will be pop-
ulated more weakly. Of course it is quite possible
that these multiplets will mix with each other and
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FIG. 1. The Sr® ground-state configuration, and the
strengths observed for the reactions Sr38(He3,d)Y® (Ref.
5) and Sr¥(He?, &)Sr? (Ref. 6).
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FIG. 2. The particle-hole multiplets in Y38 which can
be populated by reaction reported here. The multiplets
are plotted at their anticipated centroid energies and are
shown degenerate. The range of spins is indicated in pa-
renthesis. The symbols 7 and »~! label the proton-parti-
cle and neutron-hole orbits of the multiplets. The labels
are not unique for multiplets shown by dashed lines (see
text). Thel values expected for proton-transfer and neu-
tron-pickup reactions into Y% are also indicated by ¢,
and l,, respectively.

also with other states. Similar sets of states will
occur for the (g,,,f;,, ) configuration. For the
($,,2)% and (g, )% states in Y*®, we have to keep
in mind that there is one analog state

[(‘}oz‘)l/z(Vgg/z Yug, /2(’4’1/2)2 + (é)”z(‘/gg/z)mupuz"-bl/z] 0,6

and one antianalog

[(122')1/2("&;/z)gngs/z("-bx/z)2 - (‘fg)l/z(Vgg/z)w"pl/znpl/z] 0,5°

Y®® is thus an intrinsically interesting nucleus
for detailed study. Its states can be populated by
a variety of reactions. Some of the multiplets can
be reached by proton-stripping reactions on Sr®’
targets or by neutron pickup on Y®® targets. These
are labeled in Fig. 2 with the appropriate [ values
expected for direct-reaction transitions. The
simplest shell-model configurations are assumed
for the target ground states.

The (He?, ) reaction has been found to be a use-
ful spectroscopic tool for identifying the nuclear
levels of simple particle-hole multiplets. These
include the states of the (1f,,)* multiplet,”~!° the
(1g,,,) multiplet,'® *? and the (g, ,ds,,~") multiplet,”
all of which are seen prominently in the low-ex-
citation spectra of the residual nuclei. The angu-
lar distributions seem to be characteristic of the
orbital angular momentum transfers and thus lead
to spin assignments for the states.

Of particular interest is the identification of the
(8o,2)? multiplet. Members of this multiplet have
previously been observed!! in Nb*®. In the absence
of extensive configuration mixing in these nuclei,
this multiplet in Y®® should show a similar order-
ing and spacing of levels. It is also expected that
the members of the (g,,)? multiplet should be par-
ticularly prominent in the spectra from the (He3, ¢)
reaction. Distorted-wave (DW) calculations indi-
cate that, for pure configurations and identical L
values, states from the (g,,)? configuration
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FIG. 3. Schematic representation of a (p3/, 'gy/5) con-
figuration in Sr® and the isobaric analog of this state in
Y88,
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would be 2-3 times as intense as those having
(Pyjab3,27Y) OF (P, f5,2” ") configurations, for ex-
ample.

Also of interest is an investigation of transitions
in the (He®, ) reaction to multiplets characterized
by two different single-particle orbitals. These
have not been seen very prominently in the spec-
tra of nuclei for which an identical-orbit multiplet
is present in the low-excitation region, "~ but
they are quite apparent'® in Nb%. However, these
previous studies have been limited to target nuclei
in which, in the simplest shell-model configura-
tion, protons and neutrons are matched for all
but one orbital. As seen in Fig. 1, there are two
such orbitals in Sr® and the multiplets in Fig. 2
have both identical-orbit and nonidentical-orbit
configurations.

In the following we report studies of proton-strip-
ping, neutron-pickup, and charge-exchange reac-
tions leading to the nucleus Y®. The results from
this and previous studies are used to construct a
level scheme and to make spin and parity assign-
ments for many of the states in Y®8.

II. EXPERIMENTAL PROCEDURES

Beams of He® and He* particles were obtained
from the Argonne National Laboratory FN tandem
accelerator. The reaction products were momen-
tum-analyzed in a split-pole magnetic spectro-
graph' and detected by photographic emulsions
placed in the focal plane. Ilford K-1 plates (under -
developed) were used for recording a particles
and Kodak NTB plates for detecting deuterons and
tritons. These latter plates were scanned by a
computer-controlled plate scanner.’® Some of
them were also scanned manually, as were the
Ilford plates.

The experimental conditions relevant to each of
the reactions are listed in Table I. The strontium
targets were made by evaporating Sr(NO,), onto
thin carbon and Formvar backings, and they were
kept under vacuum at all times. The yttrium tar-
get!® was a self-supporting foil.

Since absolute cross sections were not the prin-
cipal interest in this study, the target thicknesses

were not measured. The thickness of the yttrium
target was already known, but those for the stron-
tium targets were estimated during their prepara-
tion. A silicon surface-barrier detector mounted
in the scattering chamber at 60° was used as a
monitor counter. No deterioration of the targets
was observed during any of the experiments.

The data were analyzed by means of a series of
computer programs.'” Levels in Y*® were identi-
fied by plotting the spectra of each reaction with
the @ value as the abscissa and noting the peaks
with the same value of . Each of the levels iden-
tified was observed in at least two reactions.
Spectra from three of the reactions are shown in
Fig. 4, in this case plotted with excitation energy
as the abscissa.

The number of counts in each peak in a spectrum
was obtained with the program AUTOFIT.” A sam-
ple graphical output of the program is shown in
Fig. 5. The results of the AUTOFIT analysis were
used in plotting the angular distributions. The
cross sections for the reactions on the strontium
targets are quoted in arbitrary units. However,
if the nominal target thicknesses are correct,
these should be interpreted as ub/sr. The error
in this absolute value is expected to be less than
a factor of 2.

Most of the results of this study are summarized
in Table II. Many of the spin, parity, and config-
uration assignments are tentative and should be
interpreted in the light of the discussion that fol-
lows.

III. DISTORTED-WAVE CALCULATIONS

Calculated angular distributions for each of the
reactions were obtained by use of the DW computer
code DWUCK.!® These were principally intended to
assist in the identification of the orbital angular
momenta transferred in the reactions. The opti-
cal-model potentials®® %2 are listed in Table III.

The angular distributions for the Sr®’(He®, d)Y®®
reaction were calculated with potential Sets H1-D1.
These have also been used in the analysis of
(He®, d) reactions on Sr® and Sr®® targets.> 2!

Other potential sets were also tested. The calcu-

TABLE I. The experimental conditions pertaining to each of the reactions studied in the present investigation., The
thicknesses of the strontium targets are estimates and are probably correct within a factor of 2.

Resolution
Energy Enrichment Thickness width
Reaction (MeV) Target %) (ug/cm?) (keV)
Sr¥7(He?, d) Y®® 18 Sr¥7(NO,), 93.3 ~100 20
Srél(a, ) Y88 25 sr8’(NO,), 93.3 ~100 25
Sri8(He?, £) Y88 23 Sr¥¥(NO,), 99.8 ~100 20
Y8 (He?, o) Y8 25 bal 100.0 110 30
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FIG. 4. Spectra from the principal reactions. Each was observed at the indicated angle 6 and is plotted against
excitation energy in Y8, Thin vertical lines connect the states identified in Y%.

lated absolute cross sections were significantly
dependent on the choice of optical potentials and
on finite-range and nonlocal corrections, but the
relative cross sections and shapes were mostly
independent of such effects. Figure 6 shows two
states that exhibit /=1 stripping patterns and two
that are I=4. The differences were clear enough
that states with sufficient yield produced no am-
biguities in the assignment of / values. States
with /=0, 2, or 3 angular distributions were not

expected to be strongly populated, and none were
identified.

Relative transition strengths for the proton trans-
fer reactions are given by the expression

0, (DWUCK)
2] +1

9 _ 449 2Jf+12c2

@ : (1)

where J;, J;, and j are the total angular momenta
of the target nucleus, the final state, and the
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FIG. 5. A typical plot from the program AUTOFIT. The data were obtained for the reaction Sr®(He3,z)Y?,
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transferred particle, respectively. Relative val-
ues were extracted from the (He?, d) data by set-
ting C2S=1.0 for the 1.47-MeV state. As dis-
cussed in Sec. IV A 2, this state is believed to be
the J" =9* member of the (g,,,)* multiplet and
should have a nearly pure configuration. This nor-
malization produced reasonable values for C*S for
other states of Y®® and was also in good agreement
with the nominal target thickness.

The experimental angular distributions from the
(He®, a) reaction did not show distinctive struc-
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tures. They were approximately exponential in
shape except that the /=1 distributions seemed to
flatten at forward angles. This effect was repro-
duced by the DW calculations, as is shown in Fig.
7. The (He®, a) reaction is known to have very
poor momentum-matching characteristics® so that
relative spectroscopic strengths for states with
different values of / are quite uncertain. The pres-
ent (He?, @) data were used primarily for establish-
ing the consistency in the interpretation of the re-
sults obtained from the other reactions.

TABLE II. Summary of the principal spectroscopic results for the levels of Y®8, The J™and configuration assign-
ments are believed to be reasonable, but should be interpreted in the light of the text. Only the lowest four levels and
the 0.77-MeV state had known assignments before the present study. The maximum experimental cross sections
(d0/dR) 2 have units pb/sr. The values of C%S for the (He?, d) reaction are normalized to 1.0 for the 1.48-MeV state.
The L assignments for the (He?, t) reaction are semiempirical, as explained in Sec. III. The abbreviation n.o, means
not observed, Configuration assignments in square brackets are especially tentative.

Principal
E, configuration (He?, d) (He?, a) (He?, t)
(MeV) JT vt dO o ay l c’s do l dO La
0.000 4- B 128979 380 1 0.82 3600 4 58 3,5
0.234 5~ (D 17285 510 1 0.83 4500 4 23 5
0.393 1* ®1p)° n.o. 200 1 14 0,2
0.678 g* (&9y2)* 140 4 1.18 Weak 9 8
T+ (g )2
0.712 { { 82 19 4 1.04 38 2 -
o+ (g’ 0 0 5 6—8
0.767 0* (P 12)* n.o. 97 1 18 0
0.847 5* (g9/2)? 84 4 1.12 10 27 4, 6
0.989 4* (g92)* 617 4 1.06 Weak 37 4
1.092 (57, 67) 7 (1) 34 8 (4—6)
1.134 (5)” [£9/2 0 12) 49 1 (0.076) 120 4 4 (4-6)
1 @ 12037
1.225 { { 1722312 19 4 0.86
@9 [(go2)" +?) 8 80 1 5 )
1.282 {31 {(g9,2)2 {80 4 1.15 380 1 {74 2, 4
4" (&322 150 +(1) +(?)
1.323 (5, 6)~ 140 1 (0.2) Weak 3 (5-7)
1.478 9+ (8972)* 150 4 1.0 20 14 8, 10
1.573 2t 1203 15 660 (1 28 2
1.598 () 78 1 Weak 4
1.705 3* B 1S5 8 920 3, 4) 14 (5-17
1.732 27 (1) Weak 5
1.765 ) 22 23 7 (6-8)
1.832 0 81 1 43 14 (6-8)
1.881 ) 43 1) 53 3, 4) 2
1.913 () 81 1 150 3, 4) 2
1.952 2* (892 + B1pafs) 17 (4) 0.39 38 2
1.971 12 {290 @4 15
2.056 2+ (892 + B 1pafsp) 16 4 0.37 140 3, 4) 57 2
2.136 30 (1) 67 10 (6-8)
2.210 n.o. 62 Weak
2.252 6 100 13 (4-6)
2.305 30 72 16 (5-17

2The L values without parentheses are determined from the J™ values in column 2; those with parentheses are based

on empirical calibration,
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A full discussion of the DW calculations for the
(He3, t) reactions is given in Sec. V. Since these
generally could not fit the data, an empirical cali-
bration of the L values associated with the angular
distributions was established during the analysis
of the data. The L values quoted in Table II for
transitions to states with known or presently as-
signed spins are those required by selection rules.
For the other states, the L values are estimates
based on the empirical calibration.

IV. PROPERTIES OF Y**
A. Energy Levels

The energy levels of Y?®® identified in the present
study are listed in Table II. Their relative excita-
tion energies are believed to be known to within
5 keV. Some of the levels were only partly re-
solved from their neighbors and their relative in-
tensities were quite dependent on the reaction.
For example, as seen in Fig. 4, the states at 1.57
and 1.60 MeV were not entirely separated. The
1.60-MeV state was more intense in the (He3, d)
reaction, and the 1.57-MeV state was more in-
tense in the (He®, o) and (He?, {) reactions.

Three additional levels listed in Table II are al-
so believed to be doublets whose component mem-
bers are separated by 15 keV or less. These are
the levels at 0.712, 1.225, and 1.282 MeV. Al-
though the spectra did not indicate that the widths
of these levels were measurably larger than those
of other states, their angular distributions and
relative intensities showed significant indications
of the presence of more than one level. These as-
pects will be discussed in more detail in Secs.
IVBand IVC,

B. Identical-Orbit Multiplets
1. (py2)° Mulliplet

The principal components of the (p,,,)? multiplet
have previously been assigned® 2> 23 at 0.39 MeV

(J"=1%) and at 0.77 MeV (0%). A portion of the
J"=0* member is also contained in the analog
state at 7.05 MeV. The present data are entirely
consistent with these assignments. As expected,
these states are not seen in the (He® d) reaction,
but they are populated by the (He? «) reaction with
I=1 and also by the (He?®, ¢) reaction.

The J™ =0* state at 0.77 MeV is thought to be an
antianalog state whose wave function has been de-
scribed in Sec. I. This state should be populated
only weakly by the (He3,t) reaction. It has been
previously observed®* with about 10% of the analog-
state cross section and was also seen here weakly.
For such a configuration, the expected ratio of
the cross section for the 0.39-MeV state to that
for the 0.77-MeV state in the (He? @) reaction is
3.6. The observed ratio of 2.7 is evidence for con-
figuration mixing in the 1* state.

2. (gy2)° Multiplet

Simple calculations indicate that the J" =8* mem -
ber of the (g, ,)? configuration, known'®?® to be the
ground state in Nb%, should lie near 600 keV in
Y®, States of this multiplet should be populated by
the (He?, d) reaction on Sr®” via /=4 transitions.

If the states have relatively pure configurations,
the (He®, d) cross sections should be proportional
to (2J,+1).

Eight levels with /=4 stripping patterns are
identified in Table II for the (He®, d) reaction, the
lowest level occurring at 0.678 MeV. Those be-
low 1.8 MeV were also observed to be very promi-
nent in the spectra of the Sr®"(a, ¢)Y®® reaction.
The (o, t) reaction is expected to favor the trans-
fer of large [ values, and this selective enhance-
ment corroborated the identification of the I value
assigned to these levels. Furthermore, the rela-
tive transition strengths (corrected for effects de-
pendent on @ value) were quite similar for the two
reactions.

Tentative assignments of these states as mem-

TABLE II. The optical potentials used for the DW calculations. The notation is standard. V and W are the depths of
Fermi-shaped wells, and W’ is the strength of a derivative Fermi shape.

|4 w w’ 7y a r’ a’ 7c Vo
Label Particle (MeV) (MeV) (MeV) (F) (F) (F) (F) (F) (MeV)
D12 d 98.0 18.0 1.10 0.85 1.40 0.70 1.30 6.0

H12 Hed, t 170.0 20.0 1.14 0.75 1.60 0.80 1.40
H2b He?, t 159.6 21.4 1.22 0.695 1.50 0.79 1.40
H3¢ Hed, ¢ 152.0 19.6 1.24 0.684 1.48 0.771 1.25
A1d o 207.0 28.0 1.30 0.65 1.30 0.52 1.40

Bound state e 1.20 0.70 1.25 A=25

2Reference 5.
bReference 19.
¢Reference 20.

dReference 6.

¢ Adjusted to reproduce the binding energy of each

level,
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FIG. 6. Four angular distributions for levels in Y®, two each forl =1 and ! =4 stripping patterns in the
Sr87(He?, d) Y% reaction. The curves are DW calculations.

bers of the (g,,,)* multiplet were made on the ba-
sis of the yields of the (He3, d) reaction. These

are indicated in Fig. 8, where the data are normal-
ized to the 1.47-MeV state, which is assumed to
have J" =9*,

The transition strengths did not provide a unique
association of the levels with states of the (g;,,)?
configuration since they did not form a perfect
(2J +1) pattern. In particular, the strength for the

0.71-MeV state was exceptionally large and those
for the 1.23- and 2.06-MeV states were too small.
Additional information was provided by the angular
distributions of the Sr®®(He?, {)Y®® reaction. These
could be readily ordered so that the maximum
cross section occurred at successively larger an-
gles, as shown in Fig. 9. On the assumption that
the spins have the same ordering as is suggested
by the DW calculations and by previous studies of

10.0
E
g.s. (47)

o (@), mb/sr

0.1% | 1 1

= 25 MeV

lllIIlI

0 20° 40° 60
c.m,

FIG. 7. Two angular distributions for levels in Y3, one showing an [ =1 stripping pattern and the other anl =4
in the Y% (He?, ') Y88 reaction. The curves are DW calculations.
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the (He®, t) reaction,”~'® the tentative assignments
for the Y® levels were substantiated and ambigu-
ities were resolved.

Thus, even though the observed transition
strength in the (He?, d) reaction is slightly larger
for the 0.68-MeV state than for the 1.47-MeV
state, the angular distribution of the former in the
(He?, t) reaction is peaked at more forward angles
and supports the assignments J"=8* and 9*, re-
spectively. This ordering is also expected from
the known levels of Nb*, in which the 9* state is
about 900 keV above the 8* ground state.

The state at 0.71 MeV has a (He®, {) angular dis-
tribution which peaks at an angle between those for
the presumed 5* and 8* members of the multiplet.
Its transition strength in the (He?, d) reaction is
much too large for either a 6* or a 7* state, but it
closely matches the sum of the strengths for the
two states. In Nb®, both a 6* or a 7* state are
present between the 5% and 8* states. Hence we in-
fer that the level at 0.712 MeV in Y®® is an unre-
solved doublet whose members have assignments
J"=6"and T".

The transition strength for the 1.28-MeV state
also appears to be unusually large. Although the
ratio to the expected value for the (He®, d) reac-
tion is not significantly larger than the ratios for
other states, the (o, ) reaction seems to confirm
the excess. Furthermore, as seen in Fig. 6, the
angular distribution for this level in the (He?, d)
reaction exhibits deviations from the characteris-
tic /=4 shape. In addition, this level is populated
moderately strongly by the Y®°(He?, a)Y®® reaction.

sr07* p (l=4! Ygg
30— ‘;L‘
(Re®, d) ]
- d
Ot 068
20 0 1.47
_ T
+ -4
« oes HT
o 28 999
i 2.06
P ‘-1-23.27‘.
LAy

| 2 3 4 5 6,7 8 9
J

FIG. 8. The transition strengths (2Jf+1)CZS for levels
of Y88 populated with I =4 transitions by the (He?, d) and
(@,t) reactions on Sr®?, The energies of the states
(in MeV) are shown above the bars, Since C2S=1 for pure
configurations, the lengths of the bars for each assigned
value of J should be nearly equal to 2J +1. These values
are indicated by horizontal lines. The strength for the
1.23-MeV state may be divided between J" =1* and 2*
states.

This would not be expected if the state has a rela-
tively pure (g,,,)* configuration, as noted in Fig. 2.
We believe that this level is also an unresolved
doublet. More will be said about this later in this
section.

The angular distribution from the (He®, t) reac-
tion for the 1.23-MeV state shows an oscillatory
pattern that is very similar to that for the 0* state
at 0.77 MeV. The 0* strength of the (g, ,)* multi-
plet is shared between the lowest analog state near
T MeV and the 0.77-MeV state. Figure 2 shows
that no other 0* states are available in this excita-
tion region and the 1.23-MeV state most likely has
J"=1%. The most probable configuration for this
state is (p,,, p5,,7") since, from the known order-
ing of levels in Nb*, the 1* member of the (g, ,)?
multiplet should be located at about 3-MeV excita -
tion. The state is also populated by the (He?, a)

s50f E
- Ey =23MeV b
L He ]
L ]
200 .
+ O (ANTI -ANALOG)
10 E,20.77 Mev ]
a teg ]
st ¢ 1
4o i
501 )
. )

units)

a(8) (arbifrary
T TN

T T

T

FIG. 9. The angular distributions from the Sr8®(He3,¢)-
Y% reaction for states believed to be members of the
(gs/z)2 multiplet. The 0* antianalog state, however, is
expected to have a main component from the (p1/2)2 con-
figuration, the 1* state probably has a principal compo-
nent from the (p1/2p3/2'1) configuration, and the 3* state
may be unresolved from a 4~ state. The curves are DW
calculations with microscopic form factors but without
tensor terms.
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reaction, as would be expected for this configura-
tion, with a strength nearly equal to that for the

1* state at 0.39 MeV. In contrast, Fig. 8 indicates
that this level also has nearly a full transition
strength for g,, proton transfer. It is impossible
for this state to be populated strongly by both the
(He®, d) and (He®, ) reactions, regardless of the
amount of mixing between the two J™ = 1" configura-
tions, and the presence of a third unresolved dou-
blet is strongly suggested. The second member
probably has most of the g,,, proton strength and
may be a fragment of the J" = 2* state.

Finally, the transition strength for the J" =2*
state at 2.06 MeV falls considerably below the ex-
pected value. The (He?,{) angular distribution for
the 1.95-MeV state appears to match that for the
2.06-MeV state very well. Undoubtedly the (g, ,)?
strength is fragmented among several possible 2*
states. Hence, the 1.95-MeV state is also as-
signed J" =2* even though it was difficult to re-
solve it from the 1.97-MeV state in the proton-
transfer reactions and thus to verify the presence
of /=4 strength.

The presumed (g, ,,)* spectra in Y®® and Nb* are

2
(g9/2)
-
/—(2*)
- — (2%
//
//
. y
7
/
1.0— 7
P .
= — 9
> 9+ >/
L4 \
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w’ N—(2*, 1%)
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o /// 8
oLt—
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FIG. 10. The energies E, of the states of the (g/,)°
multiplet in Nb® and Y®, plotted with respect to the ex-
pected ground-state particle-hole energy Eg.

compared in Fig. 10. The energies are plotted
with respect to the single-particle, single-hole
energy in the respective nuclei. It is apparent
that the level ordering is the same and that the
level spacings are very similar. The greatest
discrepancy occurs for the 2* states. Two such
levels appear to be present in Y*® at a much high-
er relative energy than in Nb®. However, as dis-
cussed above, there are indications of (g,,,)?
strength for a 2* state at much lower energies, so
that the centroid may not be significantly different.

C. Nonidentical-Orbit Configurations

1. (py 2892 Mulliplels

The ground state of Y®® has long been assigned?®
J"=4" and a large body of data suggests®:22:23:27
that the 0.23-MeV state has J" =5, These levels
are presumed to arise from the (p,,8,,"") con-
figuration. The present data are again consistent
with these assignments and interpretations. The
cross sections are almost exactly proportional to
(2J + 1) in both the (He®,d) and (He®, a) reactions.
This indicates nearly equal spectroscopic factors
for the proton particle and the neutron hole, re-
spectively, in the two states. The normalized
spectroscopic factors in the (He3, d) reaction sug-
gest, however, that 15-20% of the single-particle
proton strength is unavailable because of mixing
with other configurations.

Among the other configurations is the (g,,, P,
multiplet, whose centroid is expected to be near
1.3 MeV. The (He®, ) DW calculations for these
conjugate configurations show that the states with
the same spins should have the same cross sec-
tions. In addition, the two multiplets should have
the same order of spins if the configurations are
pure. There were, however, no peaks in the spec-
tra of the (He3, () reaction with cross sections and
angular distributions like those for the ground-
state doublet.

Mixing between the two configurations will alter
this situation. If the mixing is near 15-20% (as
suggested by the proton-transfer measurements)
and coherent for the ground-state doublet, this
doublet could be enhanced by nearly a factor of 2
and have (He?, /) cross sections 10 times those of
the states of the orthogonal doublet.

Three levels in the energy region near 1.3 MeV
have (He®, d) angular distributions with /=1 shapes,
indicating states of negative parity, and (He?, {) an-
gular distributions with shapes very similar to
that of the 5~ state at 0.23 MeV. These are shown
in Fig. 11. The level at 1.09 MeV is seen quite
weakly in the (He?, d) reaction and does not seem
to be a good candidate for the J" =5 state of the
(&9/2b12~") configuration. Evidence from the
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Zr®(d, a)Y®® reaction suggests?® that the 1.32-MeV
state has J" =6, This spin assignment is consis-
tent with the angular distribution from the (He?, ¢)
reaction. The remaining level at 1.13 MeV has a
proton stripping strength that is about ¢ of the
strength for the state at 0.23 MeV. This would
approximately account for the single-particle
strength that appears to be missing from the low-
er state.

There appears to be no candidate below 1.13
MeV for a second 4~ state. On the other hand,
the (He®, !) angular distribution for the 1.28 -MeV
state has a shape similar to that of the ground
state. The (He®, d) angular distribution, as noted
earlier and shown in Fig. 6, deviates from the
usual /=4 shape and possibly indicates a weak /=1
contribution. This apparent reversal of the order-
ing of the second 4™ and 5~ states indicates possi-
ble additional mixing from higher configurations
such as the (g,,, 5 ,,~") configuration.

A significant difficulty for the ground-state dou-
blet is apparent in the data of the (He?, t) reaction.
In Fig. 12 the angular distributions are compared
with DW calculations. The data are peaked at
more forward angles than the calculations, and
the most forward peak of the 4~ state could not be
reproduced. This problem is discussed in more
detail in Sec. V.

2. (busby.”") Mulliplet

The level at 1.23 MeV has already been suggest-
ed (Sec. IVB2) to be the J" = 1* member of the

T T I T T I

7 4
Sr8 (Hes.d) Y88

=18 MeV
ENG’ 8 Me

100.0 [
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11 111
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(P12 P3,,~") configuration. It was also argued that
this level is an unresolved doublet and that the oth-
er member may have a fragment of the J" =2*

state of the (g,,,)? configuration. While such a
state would undoubtedly have some (p,, b3/, ")
component in its wave function, additional compo-
nents must lie higher.

The level at 1.57 MeV has considerable strength
in the (He®% a) reaction and its angular distribution
appears to have an /=1 shape. The value /=1 has
also been assigned for transitions to this state in
earlier studies of the (He®, @)%' %2 and (p, d)*° reac-
tions. The level is weakly populated by the (He?, d)
reaction and its angular distribution in the (He3,¢)
reaction is very similar to those for the presumed
2* states at 1.95 and 2.06 MeV. All these consider-
ations confirm the interpretation that this state has
most of the strength of the (p,,,p;,,"Y), J"=2% con-
figuration.

3. (byaofs ") Multiplet

The level at 1.70 MeV is also populated strongly
by the (He®, @) reaction and quite weakly by the
(He®, d) reaction. In earlier studies of the (He?, a)
reaction, /=3 has been assigned® ? for this state,
and the present (He®, a) data are consistent with
this value. The state is thus an excellent candi-
date for one member of the (p, ,f;,,~') configura-
tion expected in this excitation region. Unfortu-
nately, the L value assigned for the (He®, {) angu-
lar distribution from the empirical calibration sug-
gests L>4. However, the DW calculation for a 3*
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FIG. 11. Angular distributions from the Sr8(He?, d)Y?® and Sr88(He?,t)Y?® reactions for three states of Y3, The curves
for the (He3,d) reaction are ! =1 DW calculations. The curves for the (He3,t ) reaction were obtained by drawing a
smooth line through the data of the 5~ state at 0.23 MeV (Fig. 10) and superimposing it on the data here.
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state fits the data quite well. This aspect is dis-

cussed in Sec. V. All things considered, no other
state could reasonably be an alternative possibil -
ity for the 3" member of the (p,,,fs, ') configura-
tion — even though fragments of it may be present

elsewhere.

The only higher states that have moderately
strong (He3, ) transitions and apparently do not
have negative parity are those at 1.95 and 2.06
MeV. Arguments that these are 2* states have al-
ready been presented. The wave functions appar-
ently have admixtures of (g,,)? and (p,,,fs,,™")
configurations.

4. Other Multiplets

A number of levels above 1.5 MeV were ob-
served to have /=1 angular distributions in the
(He®, d) reaction and thus have negative parity. A
few others also were tentatively identified as hav-
ing I=1 angular distributions. These states pos-
sibly are members of the multiplets (discussed in
Sec. I) whose population in the (He?, d) and (He?, ¢)
reactions is not expected to be very strong. In
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FIG. 12. The angular distributions from the Sr®(He?3,¢)-
Y88 reaction for the ground state and first excited state,
believed to be members of the (py/,85/, !) multiplet. The
curves are DW calculations (without tensor interactions)
and the normalization to the data is the same for both
states.

view of the weak cross sections, even tentative
assignments are precluded for these states.

D. Summary

The assignments and principal configurations of
the states of Y® are summarized in Table II and
a level scheme is shown in Fig. 13. The assign-
ments are those indicated by the present data on
the basis of the foregoing arguments. Only the
assignments of the first four states and of the 0*
state at 0.77 MeV were known with reasonable
confidence® prior to the present investigation.

While it is difficult to state the degree of confi-
dence for each of the new spin assignments, we
believe that the members of the (p,,)?, (& ,)?,
and (p,,,8,,,~") multiplets are well identified and
those of the (puz pa/z_l)’ (puzfs/z-l), and (gg/zpl/z-l)
multiplets are only slightly less well known. The
data considered together are most consistent with
the new spin assignments, and significant difficul -
ties would be created by alternative assignments.
Indeed, the only difficulties presented by the pres-
ent data are related to the mechanism of the (He?, t)
reaction. These are discussed in Sec. V.

The principal disagreement between the assign-
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FIG. 13. The level diagram of Y% with spin and parity
assignments. With few exceptions, assignments for
states above 0.7 MeV were unknown prior to the present
study. The symbol D indicates an unresolved doublet (as
discussed in the text).
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ments in Table II and tentative assignments re-
ported previously concerns the members of the
(by1)2 b3 ,2~") multiplet. We reverse the previous
ordering®??2° and assign J" =1* and 2* at 1.23 and
1.57 MeV, respectively. While there quite possib-
ly is a 2* state also at 1.23 MeV, we believe that
the state observed in neutron-pickup reactions is
the 1" member of the (p,,, p;,~!) multiplet. The
present (He?, f) data would be inconsistent with the
previous ordering.

A second small discrepancy is associated with
the level(s) at 0.70 MeV. We assign a 6* and 7*
unresolved doublet at this energy. The Y®(p, d)Y®®
reaction appears to show?® [=1 strength to a level
at this energy and J" = 1* has been tentatively as-
signed. If such a level is also present, it possibly
arises from a “forbidden” (p,,, p;,,~') multiplet
discussed in Sec. I. It should not be populated by
the reactions studied here.

It is apparent that Y®® is a much more complex
nucleus than had been previously realized. There
is a large number of states below 2.5-MeV excita-
tion energy, and even with 20-keV resolution there
is evidence for several unresolved doublets. Nev-
ertheless, many of the levels can be readily inter-
preted as arising from simple particle-hole multi-
plets. Configuration mixing is present, but this
does not appear to destroy the simple understand-
ing of the states.

V. (He’, ) REACTION MECHANISM

As noted in Sec. IV D, the present (He®, {) data
could not be well fitted with DW calculations.
Examples of the fits are shown in Figs. 9 and 12.
However, such difficulties did not seriously affect
the interpretation of the data since an empirical
calibration could be established. Some of the seri-
ous discrepancies between the DW calculations
and the data have been discussed in a previous
article.®® Considered together they imply a seri-
ous defect in our current understanding of the re-
action mechanism.

A. Systematics of the Data

Before discussing the DW calculations in detail,
we shall note two general systematic features of
the (He?, t) data. Each feature, however, has
some specific exceptions.

First, it has been observed previously®® that the
angular distributions for even-parity states with
odd J are very similar to those for states with the
next higher even J. This feature is also consistent
with some of the present data, although it is com-
plicated by the presence of unresolved doublets.

It has been attributed'®3! to a tensor term in the
charge-exchange interaction.

A more general statement would be that all an-
gular distributions for transitions to unnatural -
parity final states (from spin-zero targets) should
show this feature. Indeed this is generally the ef-
fect of the tensor term in the DW calculations.
However, our experimental result for the 4~
ground state of Y®® shows that this generalization
is wrong, the angular distribution being quite dif-
ferent from that to the 5~ first excited state at
0.23 MeV. The DW calculations with a tensor
term here again predict that the L=5 cross sec-
tion should dominate over the L =3 cross section,
and therefore that the 4~ and 5~ states should have
similar angular distributions. The failure to fit
the data raises serious doubts about the validity of
the tensor term in the effective interaction, since
such a term cannot arbitrarily be included for
some configurations and not for others.

Since most of the data hitherto have been for
transitions in which the neutron was replaced by
a proton in the same orbit [(f;,)? and (g, ,,)?], one
might conclude that the rule for unnatural-parity
transitions applies only in these identical -orbit
cases. However, in the Zr°®(He?, {)Nb% reaction,®
in which a d; ,, neutron was replaced by a g,,, pro-
ton, the unnatural-parity states are populated by

100 T T T T T T =
o R s He® t e .
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FIG. 14. The angular distributions for the probable 2*
and 3* doublet of the (py/, f5/,”") multiplet in Y%, The
curves are DW calculations without a tensor term in the
effective interaction.
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the higher L values. This agrees with the pattern
for the (j)? transitions but contrasts with the ob-
servation of the (p,,,8,,”") states in Y®8,

It is also interesting to note that microscopic
DW calculations without a tensor term can predict
that unnatural-parity transitions for some configu-
rations will proceed with the higher of the allowed
L values. This is the case for all transitions be-
tween states in which both the proton and the neu-
tron are in shell-model orbits with j=1- 332 In
Sec. IVC 3 we tentatively identified the 1.70- and
1.95-MeV states with the 3* and 2* members of
the (p,,,fs,.”") configuration, respectively. In
Fig. 14, DW calculations with purely central in-
teractions are compared with the data. The tran-
sition to the 3* state is calculated to proceed main-
ly by L=4 and indeed, in these cases, very good
fits are obtained. In fact, if a tensor interaction
were included, the L=2 contribution to the 3* state
would be sharply enhanced so that the good agree-
ment with the data would be destroyed.

Note added in proof: 1t is possible to get the
same good fits to the 3* state with a tensor term
if mixing with the (g,,,)* configuration is allowed.
Such calculations are considered specious, since
the unmixed results do not even reproduce the
most striking feature of the data: The first maxi-
mum of the (g,,,)* 4" state at 0.98 MeV occurs at
a smaller angle than that for this 3* state.

The second anomalous feature in (He?, {) reac-
tions is the fact that, as has already been noted,°
the experimental angular distributions peak at an-
gles ~5° farther forward than do the DW calcula-
tions. This feature could not be eliminated by any
reasonable choice of distorting parameters. It is
clearly present for natural-parity states whose L
values are unique, and it also appears to be pres-
ent for the unnatural -parity transitions, though in
the latter case the issue is somewhat clouded by
the question of mixed L values and the tensor-force
questions raised above. It is interesting to note
that for the 1.70- and 1.95-MeV states mentioned
above there appeared to be no sign of such an an-
gular shift.

B. DW Calculations

The formalism for the charge-exchange (He3, ¢)
reaction with microscopic form factors is present-
ed in the literature® -3 and will not be repeated
here. The DW calculations were done by use of
the computer program DWUCK.!® Microscopic
form factors were used. The effective interac-
tion included central, spin-flip, and tensor terms.
These were treated with the same procedure as
Refs. 31 and 32.

The optical potentials are listed in Table IN. In

general, the same potentials were used for both
the He® and ¢ channels. However, an isospin cor-
rection was also investigated for potential set H2
in the manner of Drisko, Roos, and Bassel.”® The
effects of such a correction were entirely negligi-
ble. The mixed potential set H2-H3 was also tried.
While the choice of optical potentials strongly af-
fected the cross sections, it did not significantly
affect the shapes of the angular distributions and
produced no angular shifts. The set H1-H1 was
used for the final calculations.

C. Discussion

None of the DW calculations were able to satis-
factorily reproduce the data in the present study.
More discussion of the detailed investigations re-
lated to these calculations has been given else-
where.3° A tensor term can explain the preference
for the higher allowed L value shown by some tran-
sitions to unnatural -parity states, but it fails for
others. It is not needed when both values of j are
equal to /-3, and it fails completely for the odd-
parity states of Y®,

The angular shift seems to be present for most
states except that it does not seem to be required
for the two (p,,,f5,,”") final states, for which
j=1-%. It does, however, appear to hold for the
odd-parity states. It is very difficult to find an ex-
planation for this shift. It appears to be indepen-
dent of any reasonable optical potential.

It thus may be necessary to consider various
corrections to the usual DW calculations or to
look for new terms in the charge-exchange inter-
action. Many of the possible corrections have
been reviewed elsewhere,? and it appears unlikely
that they could account for the present difficulties.

A correction that may be significant, and which
has not been considered in detail, results from
spin-orbit coupling. The sum over L and S in the
expression for the cross section becomes coherent
if spin-orbit terms are included in the elastic scat-
tering channels and the form factor. For the lat-
ter, such a term could arise from the I.- S terms
in the nucleon-nucleon potential.

It is conceivable that the coherence brought about
by the spin-orbit interactions could account for
some of the phenomena, but it appears unlikely to
account for all of them. The effects should be
most noticeable when two values of L are involved,
but it would hardly appear to matter in cases in
which only one is present, as for the 5~ states of
Y®. It certainly does not matter for the natural-
parity states of identical-orbit multiplets, which
have only one term (S =0) anyway.

An interesting feature is illustrated in Fig..15.
The sum of L=1 and L =3 curves is compared with
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the data for the 4~ state, and the sum of L=3 and
L=5 curves is compared with the data for the 5~
state. The fit to the 5~ state, for which only L=5
is allowed by the selection rules, is exceptionally
good. The fit to the 4~ state is not as good, but
appears to be a considerable improvement over
the fit (L=3) shown in Fig. 12. In both cases, the
fits were achieved by incoherently adding cross
sections calculated for L values two units less
than those allowed by selection rules. (DW curves
with L values only one unit less than allowed val-
ues could not produce good fits.)

An explanation of this phenomenon is not offered,
and it should be regarded as a phenomenological
comment with no apparent theoretical basis.
Since the mass-3 particles can have a spin momen-
tum change of at most one unit, the total angular
momentum change of the nucleus can differ from
the orbital angular momentum transfer by only
one unit. Mechanisms for obtaining an extra two
units of L, such as transitions between the 3?D ,
and '/2S, ,, components of the wave functions of the
mass-3 particles, are incapable of explaining this
effect in zero range. Indeed, consideration of
such transitions with central forces, and ignoring
exchange effects, shows®* that they may be de-
scribed by an effective tensor interaction. It re-
mains to be seen what finite-range calculations
may produce. As an example with possible rele-
vance, we cite the (Li’, ¢) reaction connecting
J" =0* states: It proceeds with an apparent L=0
transition, though a zero-range calculation would

J. R. COMFORT AND J. P. SCHIFFER
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require L=1 because of the 3~ ground state of
Li7.85

This admixture of forbidden lower L values is,
in effect, the angular shift we have already dis-
cussed here and elsewhere.3® One may describe
the transition to the 4~ state as being fitted by
L=3 and L=5 DW curves (without a tensor inter-
action) with an angular shift of about 7°. This
would be consistent with DW calculations for other
states.’® The explanation is less satisfactory for
the transition to the 5~ state, since the experimen-
tal maximum in the angular distribution seems
broader than that for the calculated L=5 curve.

It is possible that the (He®, ¢) reaction to T
states is dominated by a two-step or other second-
order process and that the analogy to inelastic
scattering is not valid except for the quasielastic
process to ground-state analogs. The reaction
has been applied to a large range of nuclei over a
broad range of bombarding energies. The essen-
tial characteristics of the reaction, such as the
dependence of the angular distributions on the an-
gular momentum transfers and the sensitivity to
nuclear configurations, have been noted through-
out the entire range of investigation. In addition,
the nuclear-structure information which has been
extracted has been found to be very consistent with
the results obtained from other, better understood,
reactions.

In conclusion, the present study has shown the
(He®, t) reaction to be very useful in probing the
structure of Y®, particularly when it is used in
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conjunction with other reactions. Systematic fea-
tures of the (He®, f) data appear in a comparison
with DW calculations and are noted here, but some
interesting exceptions are found. The persistent
inability of the DW calculations to reproduce the
data presents a sharp challenge to the current un-
derstanding of the (He®, () reaction mechanism.
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