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The angular distribution of deuterons from the *°Zr(n,d)*Y reaction at E, =22 MeV has been
measured with a spectrometer consisting of three multiwire proportional counters followed by a
curved plastic scintillator. Spectra were obtained with an energy resolution full width at half max-
imum, of about 0.7 MeV and an angle resolution full width at half maximum of about 4°. Two
prominent peaks were observed in the spectra corresponding to transitions to the ground state and
to two states at ~ 1.6 MeV excitation in Y. Distorted wave Born approximation analysis of the
angular distributions yielded spectroscopic factors of 1.7(5), 1.8(5), and 0.8(4), respectively, for the
transitions to the ground state, the 1.51 MeV state, and the 1.75 MeV state. The results are com-
pared with previous measurements and model predictions.

I. INTRODUCTION

Theoretical and experimental interests in the nuclides
around 4 =90 stem from the fact that they comprise the
lightest nuclei in which the valence protons and neu-
trons fill different shell model orbitals.! =3 In the case of
90Zr, its shell model description consists of two valence
protons outside the closed 2p;,, shell, i.e., coupled to an
inert 8Sr core. The ground state configuration of *°Zr is
shown in Fig. 1. Admixtures of J=0% states of the
(2p1,2)* and (lgg,,)* proton configurations lead to the
0" ground state and first excited state. The other low-
lying levels arise from the (1gg,,)? and (p;,5,89,2)°
configurations.

The low-lying states of 3°Y have been described in
terms of two models: in one these states are expected to
arise from the extra proton outside the filled 2p;,, and
1fs,, subshells, while an alternative model of the low-
lying 2~ and 3~ states describes them as proton holes in
the 2p;,, and 1fs,, orbitals of **Zr. Proton pickup re-
actions provide a convenient test of these shell model
descriptions. Investigations via the (d,*He) reaction have
yielded quite differing values for the spectroscopic fac-
tors for the transitions to the 1.51 MeV (37) and the
1.75 MeV (37) states in ¥Y.*~¢ Further investigations
have been carried out using the (°Li,”Be) reaction,” while
the (e,e'p) reaction has been recently used to investigate
the fragmentation of 1f-hole strengths in *°Zr.® In this
paper we report on the *°Zr(n,d)®’Y reaction, studied at
E_ =21.8 MeV.

Haight et al.® investigated the mechanisms by which
(n, charged particle) reactions induced by 15 MeV neu-
trons on °°Zr proceed. While the proton and alpha
emissions were found to proceed mainly through com-
pound nuclear processes, the deuteron emission
displayed preequilibrium, most probably direct, reaction
behavior. We therefore used a direct reaction analysis
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on our measurements at 22 MeV, and derived spectro-
scopic factors for transitions to the ground state and ex-
cited states at ~1.6 MeV in ¥Y.

II. EXPERIMENTAL DETAILS

The measurements of the deuteron cross sections were
made with a spectrometer specifically designed for the
study of neutron-induced reactions with low charged
particle yields.!®!! The spectrometer is shown schemati-
cally in Fig. 2. It consists of three multiwire proportion-
al counters (A/Co, PC1, PC2) followed by a plastic scin-
tillator. Neutrons with an energy of 21.8 MeV were pro-
duced via the (d,t) reaction with 5.25 MeV deuterons in-
cident on a tritium gas cell. The target sample was posi-
tioned 12.0 cm from the center of the tritium cell. It
was in the form of a 15 mgcm ™2 foil enriched to 97%
%0zr with an effective surface area of 1.0X 1.0 cm, and
was sandwiched between proportional counters A/Co
and PC1. The proportional counters were operated in a
continuous flow mode with a 10% CH,/90% Ar gas
mixture. A/Co was operated in anticoincidence, and
PCl and PC2 in coincidence with the scintillator to
select only events originating in the target sample.
Counters PC1 and PC2 act as two “AE” detectors, and
the scintillator as an energy “E” detector, thus providing
AE-E particle identification. The plastic scintillator (5
mm thick, 50 mm high, and 300 mm long) is shaped into
a curve with a radius of 200 mm, and is viewed by two
photomultipliers, 4 and B. The energy signal E is ob-
tained by summing the outputs 4 and B, and the posi-
tion (i.e., nominal angle) information from the function
(A —B)/(A +B), which was found to vary nearly
linearly with position along the scintillator. The outputs
A and B were matched, and the position sensitivity was
calibrated using a 1 MeV conversion electron source
(*"Bi). The spectrometer thus provides particle
identification and background suppression, and allows
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FIG. 1. Ground state configuration of **Zr.

the simultaneous accumulation of data over an angle
range of 80° with an angular resolution of ~4° full width
at half maximum (FWHM). The raw data outputs A
and B from the scintillator, and C, and C, from the pro-
portional counters, were gated by the coincidence-anti-
coincidence requirements and accumulated in a mul-
tiparameter mode on a buffer tape. The data were ana-
lyzed with the aid of a program which was used to com-
pute the angle of detection, make corrections to the in-
put parameters, set particle identification limits on AE-E
displays, and scan the data for the energy or angle spec-
tra of all events in specified deuteron loci and angle or
energy limits.

The detection system was checked by observing recoil
protons from a thin polythene sample with a coating of
carbon to provide conducting walls for the proportional
counters. A similar deuterated polythene sample was
used to check the efficacy of the particle identification.
The recoil particle spectra were used to check the
efficiency of the spectrometer and to provide the normal-
ization for the (n,d) reaction cross sections.

Operating the proportional counter sandwich without
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FIG. 2. A schematic representation of the spectrometer.
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a wall between the anticoincidence counter and its adja-
cent one produced spectra from conducting foil samples
that were essentially free of reaction background. The
background from the counter gas was checked during
runs with target-in and target-out measurements.

Deuteron spectra from the *°Zr(n,d)®’Y reaction were
generated for nominal scattering angles 2.5°, 7.5°, 12.5°,
22.5°%, 27.5°, 35°, and 50° with a nominal angle spread of
5°. Calculations of the angle resolution functions, allow-
ing for the extended neutron source, the finite target di-
mensions, and the scintillator height, showed that these
angles in fact correspond to mean scattering angles 6.0°,
9.1°, 13.5° 18.2° 23.1° 28.0°, 35.4°, and 50.2°, respective-
ly, with a full angle spread at half maximum of about 8
deg. Figure 3 shows a deuteron spectrum integrated
over the angle range —30° to + 30° relative to the direc-
tion of the incident beam. Two prominent peaks are
seen, corresponding to transitions to the ground state
and to states at ~1.6 MeV excitation in 3°Y. There is
also evidence of excitation of higher energy states.

III. DISTORTED WAVE ANALYSIS

The comparisons between the experimental and
theoretical cross sections were carried out via the rela-
tionship

U(e)expt:%D(z)(CZS )U(G)DWBA ’

where DWBA denotes distorted wave Born approxima-
tion. The value of the overlap integral D3 was taken to
be 1.55 from calculations which included the effect of d-
state admixture in the deuteron wave function.'? The
quantity C2S, where (C)=(T;T;it,|T;T,), is the
isospin Clebsch-Gordan coefficients with T; and T, be-
ing the isospins of the initial and final nuclei, is then the
spectroscopic factor. The DWBA calculations were per-
formed in the local energy approximation (LEA) which
includes corrections both for finite range and nonlocality
of the optical model potential. The calculations were
performed with the code DWUCK4 (Ref. 13) with an opti-
cal potential of the form
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FIG. 3. Deuteron spectrum from the *°Zr(n,d)*Y reaction,
integrated over an angle range from —30° to +30°. A small
proton background ( < 10%) underlies the spectrum.
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TABLE 1. The optical model and bound state parameters.
Vo TR ag W, Ty a, Wa 74 ay Vso ’so aso re

(MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm) (fm)
n® 46.7 1.17 0.75 3.19 1.26 0.58 6.2 1.26 0.58 6.2 1.01 0.75
d° 92.1 1.17 0.74 2.97 1.33 0.80 12.3 1.33 0.80 6.9 1.07 0.66 1.3
p* c 1.17 0.75 6.2 1.01 0.75 1.3
“Reference 11.
"Reference 12.
“Potential depth adjusted to give correct binding energy [ | B, | = | B,(g.s.)| +Egx |-

V(P)=—Vof (r,ra,ag ) —iWof (ryr,,a,) ol [N'C2S0(6;)pwea—0 (6; expt]*

+i4Wd%f(r,rd,ad)

1 d
+ VsojEf(",rso,aso)L-s—f- v.(r),
where the Woods-Saxon form factor of the potential well
is given by

frria)={1+exp[(r —r;A'3)/a;]} 7" .

The Coulomb potential V,(r) is approximated by the po-
tential due to a uniformly charged sphere of radius
r.A'3. The imaginary part of the potential could be
fixed to either pure volume (W,£0, W, =0) or pure sur-
face (Wy=0, W,50).

Data on optical model analyses of elastic scattering of
21.8 MeV neutrons from *°Zr and 13-15 MeV deuterons
from %°Y is scarce. Hence the parameters used in the
present calculations were derived from global parameter
sets.!#~1® The parameters are listed in Table I. Finite
range corrections in these calculations were within the
LEA, with the finite range parameter set to 0.667. The
parameters to minimize the effects of nonlocality of the
potential were set at their usual value of 8=0.85 for nu-
cleons and B=0.54 for deuterons.!’

Least squares fits to the experimental cross sections
were obtained by minimizing the expression

40

Ground State
(1/2)- only
(1/2)- and (9/2)+

30

20

Cross Section (mb/sr)

20
Reaction Angle (deg)

FIG. 4. Angular distribution of deuterons corresponding to
transitions to the *Y ground state. The curves represent
DWBA fits (see text).
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The deuteron angular distributions are shown in Fig. 4,
together with DWBA fits in which the *°Zr ground state
was taken to be a mixed configuration

Y(0)=a(p,,,)*—bih(gy,,)?, a’=0.7 and b>=0.3 .

The ground state peak in the deuteron spectrum corre-
sponds to a residual nucleus spin J"=1". This corre-
sponds to the pickup of a valence proton from the 2p,,,
shell model orbital in °°Zr. The proton occupancy of
this orbital is 1.33.3 Fitting an /=1 distribution to the
experimental points gives a spectroscopic factor of
1.84+0.5. As the energy resolution of the spectrometer is
~0.6 MeV (FWHM) it is likely that the “ground state”
peak contains some contribution from proton pickup
leading to population of the first excited state in ¥Y at
0.91 MeV (see Fig. 3). Indeed, a direct transition to this
level is obtained from a pickup of one of the valence pro-
tons in the *°Zr 1g,,, orbital. Taking account of this
contribution does improve the fit to the experimental
cross sections, with the best fit being obtained with only
a 15% contribution. This is shown in Fig. 4. The spec-
troscopic factor then obtained for the transition to the
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FIG. 5. Angular distribution of deuterons corresponding to
transitions to the 1.51 MeV (%”) and 1.75 MeV (%“) levels in
8Y. The dashed curves represent the distributions for / =1
and /=3 transfer; the solid curve represents the summed
DWBA fit to the data.
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TABLE II. Comparison of spectroscopic factors.

Cc’s
Present Previous work
E, (MeV) J7 1 work a b b’ c c’ d e Model
0.0 - 1 1.7(5) 1.41 1.91 ) 1.8 ) 1.1 1.4
0.91 %+ 4 0.51 1.10 1.25 0.6 0.6
1.51 %‘ 1 1.8(5) 2.2 4.25 2.8 3.9 2.6 2.1 4
1.75 %* 3 0.8(4) 2.0 7.80 5.2 8.9 5.8 5.2 2.9 6

2Kovaloski et al. (1967): (d,’He).
®Preedom et al. (1968): (d,’He).
®Normalized values of footnote b (see text).
°Stuirbrink et al. (1980): (d,*He).
“Normalized values of footnote ¢ (see text).
dWadsworth et al. (1983): (°Li,’Be).

¢den Herder et al. (1985): (e,e'p).

8Y ground state is 1.7+0.5. The “1.6 MeV” peak con-
tains deuterons corresponding to transitions to the
second and third excited states in **Y at 1.51 MeV and
1.75 MeV. Deuterons populating the fourth excited
state at 2.22 MeV could be present in the tail of the “1.6
MeV” peak. However, this state has J"=3" and is un-
likely to be excited in the (n,d) reaction since the 2ds,,
orbital in *°Zr has zero proton occupancy. The 1.51
MeV and 1.75 MeV levels have J"=3" and $~, respec-
tively, corresponding to proton transfers from the 2p;,,
and 1fs,, orbitals in *°Zr. The angular distribution for
the sum of the reactions to these two levels is conse-
quently very sensitive to their relative excitation intensi-
ty (see Fig. 5). This makes it possible to determine
separate spectroscopic values. The spectroscopic factors
derived from the analysis are listed in Table II. The er-
ror in the spectroscopic factors are set at 30%, taking
into account a 15% experimental error and a 25% error
on the Bassel normalization factor.

IV. RESULTS AND DISCUSSION

The spectroscopic factor determined in the present
work are compared in Table II with previous measure-
ments and the shell model limits. Our spectroscopic fac-
tor for the I =1 transition to the ¥Y ground state agrees
well with previous measurements, and within error, with
the model limit.

The spectroscopic factor of 1.8(6) for the transition to
the 1.51 MeV state is in very good agreement with the
(d,’He) measurement of Kovaloski et al.,* and the (°Li,
"Be) measurement of Wadsworth et al.” At first sight
our results and those of Refs. 4 and 7 appear to be in
disagreement with the (d,’He) measurements of Preedom
and Newman® and Stuirbank.® However, when the re-
sults are normalized so that the proton pickup strengths
for the transitions to the ground state and the gy, first
excited state add up to the model limit of 2 (columns b’
and c’ in Table II), the spectroscopic factors of these au-
thors reduce to 2.8 and 2.6, respectively (and ours in-
creases to 2.1), which then bring all the measurements
into reasonable agreement.

Our results, combined with the previous measure-
ments, suggest that the wave function for the 1.51 MeV
state in %°Y contains about 60% of the (p;,,)~' hole
strength. However, Kovaloski et al.* have pointed out
that the (p,,,)?-(gq,,)? mixing is unlikely to be identical
for Y and *°Zr. Assuming that the paired proton in
8Y were in the (2p,,,)? configuration only, reduces the
model spectroscopic factor to 2.8.* In such a case the
single hole strength in the %Y 1.51 MeV state would
amount to about 80%.

For the transition to the 1.75 MeV, 3~ state we ob-
tain a value of C%S =0.8(4), which is very much lower
than any of the previous measurements and the model
limit. We do not have a ready explanation for this
discrepancy, nor are we able to explain the large
discrepancy between the (d,He) measurements which
yield C2S values ranging from 2.0 to 8.9 (5.8). As stated
already, the spectroscopic factor for the transition to
this state has been obtained from a simultaneous / =1
plus / =3 analysis of the unresolved “1.6> MeV deuteron
peak. Even allowing extreme values in the experimental
error and overestimation of the / =1 contribution in the
angular distribution (see Fig. S5) is unable to account for
the low / =3 strength we obtain. A possible explanation
may be that the 1f-hole strength is fragmented over
several MeV. Our summed deuteron spectrum does
show evidence of excitation of higher 3~ and 3~ states.
Indeed summing events for each AE =0.7 MeV bin sep-
arately does show additional /=3 type distribution.
However, the statistics are too poor for a DWBA
analysis. Strong evidence for the fragmentation of the
1f-hole strength has recently been obtained from
90Zr(e,e’p) measurements which shows the 1f strength to
extend beyond 10 MeV excitation energy.®'® The (e,e’p)
measurements give a total 1f strength below 9 MeV of
> C 25 =8, which is much lower than the sum rule value
of 14.

Further evidence of a strong fragmentation of the fs,,
hole strength comes from the 11651 (d,*He)!'*In measure-
ments of Hesselink et al.'® The spectroscopic factors
deduced by these authors for p,,,, p3 ., and f5,, proton
pickup to the first three excited states of !"’In are 1.7,
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2.0, and 0.7, respectively, which are similar to our
values. While this agreement is perhaps fortuitous, the
occupancy of the p3,, and fs,, shells in ''°Sn(Z =50)
and °Zr(Z =40) are the same, and the pickup strengths
from these shells in the two nuclei, to a first approxima-
tion, are expected to be similar. Our measurements ap-
pear to support this.
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