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dipole strength in the giant resonance, and have several
interesting features. The mode associated with the
nuclear syaunetry axis 0~

~
appears to be a doublet, the

higher component of which may be a vibrational satel-
lite predicted by the dynamic collective model. The
other mode 0-~ has a broad base but a sharp peak, sug-
gesting a distribution of dipole strengths somewhat
different than that calculated from either of the collec-
tive models discussed.
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The Zr94(Hel, d)Nb" reaction was studied with 34-MeV Hes particles from the Argonne cyclotron.
Experimental angular distributions were analyzed oa the basis of the distorted-wave Born-approximation
theory to determine the l values and spectroscopic factors. The results are compared with the previous
data on the (fg, He } reactions on Mo and Zr isotopes, and the proton configurations of the nuclei in this
region are discussed.

The experiments were done in the 60-in. scattering
chamber6 with the 34-MeV He' beam of the Argonne
cyclotron. A (dE/Ch)-E telescope consisting of surface-
barrier silicon detectors was used for particle detection.
Self-supporting metallic zirconium foils, 960 isg/cms
thick and enriched to 95% in Zr", were used. The
angular distributions obtained were compared with
distorted-wave Born-approximation (DWBA) cal-
culations performed with the code JUT.IE7and the optical-
model parameters listed in Table I. The normalization
factor' used was 3.84.

I. INTRODUCTION

r 18K proton structure of nuclei in the region near..K=50 has been extensively studied, mainly by
single-nucleon stripping and pickup reactions. ' ' The
results seem to support the shell-model calculations4'
with the assumptions of the Sr" core, in spite of the
fact that states with large ps/s and f~~s strength were
observed" at very low excitation energies. It may be
interesting to study the (Hes, d) reactions on the nuclei
in this region in order to compare the results with those
from (d, He') reactions. Jn this paper the results of the
Zr" (He', d) Nb" reaction are reported.

a

II. EXPERIMENTAL PROCEDURES
AND ANALYSIS

III. RESULTS AND DISCUSSION

A typical deuteron spectrum of 20' is shown in Fig. 1.
Angular distributions for the low-lying states of Nb95

are given in Fig. 2, where the solid and dashed curves
show the DWBA calculations. For unresolved states,
solid curves represent the sums of two dashed lines.
Separation of the angular distributions in the latter
cases was found rather dificult and unreliable; since
both /=1 and /,=4 angular distributions have their
maximum around 19', the shapes of the summed
curves are not sensitive to the relative amplitudes of
the two components. Therefore, the assignments and
spectroscopic factors for the unresolved states should

Details of the experiments and analysis were given
in the previous paper' and will. not be repeated here.
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TAax.E X. Optical-model parameters used in the DKBA calculations.
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not be taken too seriously. However, both for Q=0.54
MeV and for Q= —0.32 MeV the angular distribution
shows clear evidence of an l=2 component. Two 2+
states (at 0.'tt26 and 0.'H7 MeV) in Nbss are known from
the study of the P decay' of Zrs'. On the other hand, the
0.77-MeV state observed in the Mo" (tf, He') Nb"
reaction' is most likely ~, and therefore should not be
strongly excited in the (Hes, d) reaction. From these
considerations the angular distribution to the 0.77-
MeV state was tentatively assumed to be doublet
consisting of I,=2 and /=4 components. In the case of
the 1.63-MeV state, the separation was more arbitrary.

The results of the present experiment are summarized
in Table II and are compared with the previous data
in Fig. 3. A shell-model calculation by Vervier' predicts
that there are ~+, ~~+, ~~+, and ~+ states around 0.9
MeV, none of which should be excited by the (He', d)
reaction according to the assumption of a Sr~ core. It
is not surprising that some of them, especially the ~~+

and ~+ states, contain some single-particle components
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and are excited by the (He', d) reaction. The calcula-
tions also shows that there is a —,'+ state at about 1.2
MeV. A state observed at 1.27 MeV in the present
experiment may correspond to the predicted ~~+ state.

The l=2 strength, which belongs to the next major
shell, seems to be distributed among many states. The
strongest 3=2 transition was observed at 2.i6 MeV in
Nb'5, but it carries only a fraction of the total strength.
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Fro. 1. Typical deuteron spectrum from the ZrII(Hes, d)Nbes
reaction at 8~b =20'.
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FIG. 2. Angular distributions for the Zr~(HeI, tf) Nb~ reaction.
Solid and dashed curves axe DWBA calculations. For unresolved
states, solid lines show the sums of two dashed lines.
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Tmx, E II. Summary of the results of the present
Zr94(He', {f)Nb~ experiment.
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This may be understood from the presence of four
extra neutrons outside the /=50 core and the ~5-
MeV separation'o between the g9/Q and ds~q single-
particle orbits.

It may be interesting to compare the spectroscopic
factors of the ground state and the first excited state
obtained here with the spectroscopic factors from the
other experiments. For that purpose the wave functions
assumed were:

Zr~ (ground state)

~(Pt/9) 9+&(go/9) o

Nb" (ground state)

&(go/9 )~1,9/9+dLgo/9(P1/2 )079/sp

(6rst-excited state)

L(go/9') oPr/sjt/»

Mo" (ground state)

L(p ')o(g ').3o+f(g ')-o.o.

%ave functions of this kind are probably inadequate
to describe the higher states, but they might be reason-
ably good for the ground state and the first excited
state. From the study of the Zr 4(d, He') Y99 reaction,
Preedom et al.' obtained the values a'=0.66 and b2=
0.34. From our (He, d) spectroscopic factor of the
6rst excited state of Nb", one obtains f/9=0. 27 and
accordingly as=0.73. These are in good agreement with
the results of Preedom et al. , considering the large

4' B.L. Cohen, Phys. Rev. 13O, 227 (1963).

Fro. 3. Energy-level schemes of 4&Nb4494 as deduced from (He', 4f),
(4f, He'), and p-decay experiments.

ambiguities in the extraction of the spectroscopic
factors. Therefore, one can safely assume that us~~0. 7
and b' 0.3. The spectroscopic factors previously
obtained for the Mo '({f,He') Nbos reaction are
C9S(g.s.) =2.9 and C'S(1st e.s.) =1.6. If we normalize
these values to the sum-rule limit, we obtain C'S (g.s.)~
2.6 and C'S(1st e.s.)~1.4. The latter gives co~0.7 and
therefore f9~0 3 Fro.m. these values and C9S(g.s.)~
2.6, one obtains two sets of values: c'=0.36, d'=0.64
and c =0.58, d =0.42. For the present case of the Zr94

(He', d) reaction, the 6rst set gives C'S(g.s.) =0.92
or 0.14 and the second set 0.85 or 0.03, depending on the
phase factors. Although our experimental value 0.78
favors the second set, both sets give reasonable agree-
ment within the errors. Spectroscopic factors for the
Mo"(d, He') Nb" and Zr"(He', d) Nb" reactions have
about 15% errors, without including the ambiguity in
the DWBA calculations. The shell-model calculations4 5

indicate d 0.6-0.7 for Nb isotopes and thus favor-
the 6rst set. Study of the (He', d) reaction on the other
Zr isotopes and on Mo isotopes, combined with the
results of the (d, He') reaction on these nuclei, will
give more systematic information on the wave func-
tions.
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