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The "Sr('He, d)"Y reaction has been studied at a bombarding energy of 18 MeV to extend the systematics of
proton states in the odd-A yttrium nuclei. Thirty-seven states in the previously uninvestigated 'Y were observed.

A distorted-wave analysis was used to determine I values and spectroscopic strengths. The ground state of
"Y is assigned J = 1/2 and the first excited state (at 20 keV) 9/2+. The results are compared with previous
('He, d) reaction studies on Sr and "Sr.

NUCLEAR REACTIONS Sr(3He, d), E =18 MeV; enriched target; measured
o(E„, 8); deduced 'Y levels, l, j,

I. INTRODUCTION

The yttrium nuclei near A = 90 have been stud-
ied" with the ('He, d) reaction to investigate the
closed-shell behavior of the Z = 38 configuration.
The behavior of proton strengths as one goes away
from the N=50 closed shell in "Y is of interest
and should aid in testing various deformed-nucleus'. .

and weak-coupling" models used in current calcu-
lations. The present work extends the systematic
study of Z=39 nuclei to the N=46 nucleus, "Y.
The present work is the first direct information on
the levels in "Y. A previous study' of the decay of
"Zr assigned three y rays to transitions in "Y.

In the P decay of "Y, two activities are observed.
One, with a transition energy of 3.26+0.01 MeV,
has a half-life of 4.8 h and populates states with
J'= (~)" and (f)', suggesting that this P-decaying
level of "Y has J'= z'. The other has Ti/2 —2.68
h, with a transition energy of 3.30+ 0.02 MeV, and

populates (,—,') levels in "Sr, suggesting j'= ~

for the second t}-decaying level. Those authors
placed the (-,

'
) level above the ( —',)'.

II. EXPERIMENTAL PROCEDURE

The experiment was performed with an 18-MeV
'He beam from the University of Pennsylvania tan-
dem accelerator. The outgoing deuterons were mo-
mentum-analyzed with a multiangle spectrograph.
Spectra (see Fig. I) were recorded on Ilford K2
emulsion plates in 3.75' steps, starting at 3.75'.
The energy resolution was about 23 keV full width
at half maximum (FWHM). The target was enrich-
ed "Sr (99.78%%uo) and peaks arising from the ('He, d)
reaction on "C, "0, and small amounts of con-
taminants from the target evaporation were iden-
tified or were negligibly small. The data were an-
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FIG. 1. Typical deuteron spectrum of the Sr(3He, d)-
Y reaction.

alyzed with the program AUTOFIT in order to ob-
tain yields and excitation energies. Cross sections
were calculated from the measured integrated
charge and the target thickness ( 50 pg/cm'}, the
uncertainty in the latter being responsible for un-
certainties of about +30'$ in the absolute magni-
tude of the cross sections.

The measured angular distributions were com-
pared with the results of distorted-wave Born-ap-
proximation (DWBA) calculations, using the code
.DWUCK. The optical model parameters used in

the ~
& esent analysis were the same as those in Ref.

9. The spectroscopic strengths G„=(2J&+I) C'S„.
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TABLE I. Present results for the +Sr{ He, d) 5Y reaction.
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Excitation energies if the lower member of the g.s. doublet is assigned &„=—O. The values for known states in
N and F from target impurities were used in the energy calibration. Uncertainties in the energies are +4 keV

below 1 Mev excitation energy and +6 keV above.
b Calculations assume 2pfy2, 2d5y2, lf5~2, and 1g9g2 for /p =1, 2, 3, and 4, respectively.
'Doublet.

were derived from the differential cross sections
by use of the expression

DWUCK

do'

where Jf and j are the t;otal angular momenta of the
residual nucleus and the transferred proton, re-
spectively. The l~=1, 2, 3, and 4 calculations
were made for 2P,&„2d,&„1f,&„and 1g,~„re-
spec tively.

III. RESULTS

Thirty-seven levels in "Ywere observed in the
present ('He, d) experiment up to an excitation en-
ergy of 3375 keV. The l& values and excitation en-
ergies determined in the DNBA analysis are shown
in Table I and in Figs. 2-5. The "g.s." peak is as-
signed as a ~ - z' doublet on the basis of the angu-
lar distribution which can be fitted only by a com-

bination of l = 1 and l =4 calculated curves. Also,
the spectroscopic strengths of 1.48 and 6.0, re-
spectively, are consistent with the observed"
strengths of the 2P,~, and 1g,&, transfers on "Sr
and "Sr targets. The systematics of the ~ - ~'
energy differences in the N= 50 and 48 nuclei sug-
gest that the two states should lie quite close in

energy in "Y. The question of whether the —, or
state is the g.s. was answered from the present

('He, d) data by the observed broadening of the
"g.s." peak for 0, ~ 23'. Beyond that angle, two
peaks with energy separation 20 + 3 keV can be fit-
ted to the g.s. doublet. At small angles where
l~ = 1 is much stronger than /~ =4, only the lower
energy (and hence g.s.) member is observed. We
therefore propose the l~ = 1 transfer to the g.s. ,
and the l~ = 4 to an excited state at 20 keV.

As shown in Fig. 1, two strong peaks were ob-
served at 268 and -420 keV. The 268-keV angular
distribution is reproduced well by an l~ = 3 calcu-



1454 ME DSKER, F LORE Y, FORTUNE, AND WIE LAND 12
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FIG. 2. Angular distributions of the deuterons leading
to states in 8 Y from the Sr(3He, d) reaction. The lines
are the distorted-wave Born-approximation calculations
for the indicated l~ values.
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FIG. 4. Angular distributions for states with 4„—793
keV reached by l& ——2 and l&

——4 transfers. The lines are
the DWBA calculations.
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FIG. 3. Angular distributions of the deuterons leading
to states in 5Y. The lines are the DWBA calculations
for /&=1 transfers.

FIG. 5. Angular distributions for states with E„~1366
keV reached by E~=O and 7~=2 transfers. The lines
are the DWBA calculations.
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TABLE II. Sums of spectroscopic strengths and centroid energies (MeV) for various l&

transfers in the (3He, d) reactions on 848r (present work), 88Sr (Ref. 1), and 888r (Ref. 2).
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G
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86 »Sr, o
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G

3
4
2
0
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2pg2
(0)
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0.27
0.29
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0.0-3.38

(1.48)
(1~ 33)
1~ 80
7.10
2.21
0.55

14.47

0
(1 21)
1.15
0.63
2.67
3.20

0.0-3.5

1.15
(0.70)
1.45
8.51
1.39
0.04

13.24

0
(1.77)
1.74
0.90
4.49

0.0-5.3

1.80
(0.51)
0.55
8.80
3.15

14.81

lation. An analysis of the 420-keV peak shape sug-
gests the presence of a doublet, with a separation
between the two members of 19+3 keV. The angu-
lar distribution is fitted in Fig. 2 with a combi-
nation of l~ = 1 and L~ = 2. The strong transfers to
the first four states are consistent with assigning
them to the major components of the 2P,~„1g,&„
If,'„ and 2P, ', strengths, analogous to previous
studies" of ('He, d) on "Sr and "Sr.

Above 436 keV excitation energy, 32 states were
observed in the present ('He, d) experiment. Only
one other $~ =4 transfer was observed, to a state
at 1776 keV. The remaining states were reached
by L~ = 0, 1, or 2 transfers. No further l~ = 3 tran-
sitions mere seen. The energies, 4" restrictions,
and spectroscopic strengths are shomn in Table I.

The summed spectroscopic strengths and energy
centers of gravity for the various l~ transfers in

"Sr('He, d) are shown in Table II in comparison
with the results" for ('He, d) on "Sr and "Sr. The

total spectroscopic strength measured for ll( = 1, 3,
and 4 transfers to states in "Y is 11.7. The value
expected from the sum rule is

QG»(T, )=[Number of proton holes in N= 50]

G', (»)
= 12 -', = 11.56.

The summary in Table II shows that the If«, and

2P3/2 orbitals become more empty as one moves a-
way from the V= 50 closed shell. The summed
I'=4 strength is weaker, indicating either that the

1g,&~
orbital is more full in ~Sr or that some 1g9~,

strength was missed. The centroids of the ob-
served strength for all the orbitals decreased in

energy as the neutrons are removed.

IV. DISCUSSION

In the compilation" for A = 85, the 4.8-h (~~+) state
was tentatively assigned to the g.s. and the 2.68-h
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pLG. 6. J evel diagrams for states below 1 MeV excitation in Y. Column 1 is the information from the present
(3He d) work, and columns 2 and 3 are proposed schemes incorporating the y rays assigned to Y in Ref. 6.
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(-,' ) state to a low-lying excited state on the basis
of measured energies of the P'decays of "Y and
"Y . The order of the two states was considered"
uncertain, though, because of the uncertainty in
the deduced decay energies Q'(4. 8 h) =3.26+ 0.01
MeV and Q'(2. 68 h) = 3.30+ 0.02 MeV.

Subsequent to the compilation, three y rays were
assigned' as transitions in "Y following the 6-min
decay of "Zr. Their energies (intensities) were
265.8 ( I + 2), 415.9 (63 + 5), and 454.0 (100) keV;
however, no decay scheme was deduced. It is in-
teresting to try to place these y rays with the aid
of the present "Sr('He, d) "Y results. In the latter,
the separation between the g.s. and the first(-, ) ex-
cited state is 268+4 keV. The 265.8-keV y ray
could therefore be due to a transition from this
state to the lower member of the g.s. doublet (see
Fig. 6). The strong 415.9-keV y ray is likely due
to an ~l transition from the 417-keV state ob-
served in ('He, d) by /~=1 transfer. Then, from
the measured separation (19+3 keV) between the
members of this doublet, the l =2 state would be
at 435+3 keV.

Alternatively, the 415.9-keV y ray could arise
from the decay of the higher member of the dou-
blet to the 20 keV ~' excited state. In that case,
the l~ = 2 state has an energy of 436+ 3 keV, and
the l~=1 member 419+4 keV. The 1~=2 state is
then very likely ~'.

The 454.0-keV y ray cannot be due to a transition
to the g.s. or to the first &" state unless a state
exists at 454 or -474 keV which was not populated
with the ('He, d) reaction. Of the levels observed
here, the energies are consistent with a 454-keV
transition from a state at 889+ 3 keV to the state
at E„=435keV with J"=&'.

Several possible J' assignments can be inferred
from the proposed decay scheme. For example,
the strong population of the 889-keV state in the
decay of "Zr, together with /~ =2 in ('He, d), sug-
gests J'= —,".
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FIG. 7. Binding energies of the ~ ground states and8p excited states in Y nuclei for different values of
neutron number
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Thus, all the known odd-A Y nuclei have
ground states and &' first excited states. In Fig. 7

is shown the binding energies of the ~ and &'

states in the %=46, 48, and 50 nuclei. For simple
single-particle nuclei the values would be approx-
imately linear with respect to ¹ Qn the basis of
the splitting in "Y and '9Y, the & and &' states
should lie very close in "Y, as observed. These
same systematics would suggest that the ~' should
become the g.s. for lighter Y nuclei. It will be in-
teresting to see if this behavior does occur as more
neutrons are removed and if calculations will be
able to- explain these systematics.
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