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Differential cross-section and vector analyzing-power angular distributions were measured at
E; =58 MeV for the *Zr(p,d)¥Zr reaction in the angular range from 6° to 50° and up to 10 MeV
excitation energy, with 80 keV energy resolution. In addition to the transitions to low-lying states,
the spectra display strong clusters of states from E, =3.5 to 7 MeV. The observed fine structure
was used to define energy bins for which cross sections and analyzing powers were obtained. The
latter allowed spin and parity assignments for deep-lying hole states. Spectroscopic factors were de-
duced from standard distorted-wave Born approximation calculations. From the vector analyzing-
power measurements, it was shown that most of the strength observed above 3.5 MeV belongs to the

1f7,, inner neutron hole orbital.

I. INTRODUCTION

One-nucleon transfer reactions have been extensively
used over the last decade to investigate the deeply bound
hole states in medium and heavy nuclei, and have allowed
the location of the main contribution of high [/ orbital
strengths belonging to the first inner shell in a number of
nuclei.! Such states manifest themselves in pickup spec-
tra as “‘giant-resonance-like” structures in which the hole
strength is spread over many states. Unambiguous J spin
determinations need measurements of vector analyzing
powers, which have been shown to enable a discrimina-
tion of J=1—1 and [+ transfers, for deep-lying proton
hole states®? as well as for neutron hole states.* % Such a
determination allows us to deduce less model-dependent
strength functions, as well as the spin-orbit splitting be-
tween two partners belonging, respectively, to valence
and inner shells. This type of model-independent analysis
is required for a comparison with theoretical predictions
in %Zr. Recent experiments lead to rather different re-
sults concerning the 1f,,, and 1f5,, neutron hole
strength distributions. In the *°Zr(*He,a)%*Zr reactions
performed at 97 (Ref. 9) and 39 MeV,!® respectively,
about 50% of the 1f;,, neutron hole strength has been
observed in the excitation energy range of E, ~3.5-7.7
MeV. In contrast, the (p,d) reaction at 90 MeV (Ref. 8)
showed that in this energy range the strength originates
mainly from the 1f5,, neutron subshell, most of the
1f,,, strength being distributed above 7 MeV excitation
energy. Moreover, the value of the 1f spin-orbit splitting
deduced from this (p,d) study was about 2 MeV larger
than the one deduced from the (*He,a) experiments® ! or
predicted by microscopic calculations.!! However, in the
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(*He,a) experiments, unique J assignments were not pos-
sible because unpolarized beam was used, while in the
(p,d) work the J assignment and the strength distribu-
tion were obtained for rather large energy bins (1-4 MeV
width). In order to solve these discrepancies and to
deduce accurate strength distribution for the 1f5,, and
1f,,, neutron hole orbitals, it appears desirable to per-
form experiments with good energy resolution and polar-
ized beam.

We present in this paper the differential cross section
o(0) and vector analyzing power A4,(6) angular distribu-
tions obtained up to 10 MeV excitation energy in an in-
vestigation of the (p,d) reaction at 58 MeV incident en-
ergy on a *°Zr target with 80 keV energy resolution. The
present work was focused on the fine-structure region
from 3.5 to 7 MeV, for which the discrepancies between
previous experiments require a careful analysis. Unambi-
guous spin assignments were made by means of the asym-
metry measurements Ay(B), which have been compared
both to empirical A4,(0) curves obtained for states with
well-established spin and parity, and to distorted-wave
Born approximation (DWBA) predictions.

II. EXPERIMENTAL PROCEDURE

The experiment was performed using the 58 MeV po-
larized proton beam from the Grenoble I.S.N. cyclotron.
The beam polarization was measured with a carbon po-
larimeter periodically inserted into the beam 0.6 m
upstream from the scattering chamber. The spin direc-
tion was automatically flipped every 0.2 sec during data
acquisition in order to reduce systematic errors. The po-
larization in both “‘spin-up” and ‘“‘spin-down’ orienta-
tions was found to be about 63%. The detailed proper-
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ties of the polarized proton beam were previously report-
ed in Ref. 12.

The target consisted of an isotopically enriched self-
supporting *°Zr (96.33%) metallic foil with thickness of
5.98 mg/cm?. An overall energy resolution of 80 keV
was obtained, mainly due to the energy straggling in the
target. '2C and Mylar foil targets were used to calibrate
the position residual energy spectra in the 3°Zr nucleus.

The outgoing deuterons were momentum analyzed in a
magnetic spectrometer covering a solid angle of 0.96 msr
and detected in the focal plane by means of a position-
sensitive multiwire proportional chamber followed by
two plastic scintillators, 6 and 10 mm thick. The thick-
ness of the first scintillator was chosen to stop the tritons,
but not the deuterons. Energy-loss AE signals from the
two scintillators were used for particle identification. A
more extensive description of the experimental setup can
be found in Ref. 5. The beam current, measured in a
Faraday cup, was typically about 10 nA.

The differential cross sections and analyzing powers
were measured from 6° to 45° laboratory angles by typi-
cally 4° steps. Experimental difficulties at forward angles
have lead us to apply a renormalization procedure involv-
ing an additional uncertainty in the cross-section absolute
values of +20% for these angles, which explains the larg-
est error bars in the cross-section angular distributions.
However, the 4,(0) values were not affected by this pro-
cedure. Two magnetic-field settings were required to ob-
serve states in %Zr up to ~10 MeV excitation energy,
and care was taken to ensure significant overlap between
adjacent momentum bits in order to facilitate the peak
identification and energy calibration of the spectra. It
was achieved by using the well-known energies of the
low-lying levels and first four isobaric analog states (IAS)
in ¥Zr. The relevant states are labeled with an asterisk in
Table II. The uncertainties in the excitation energies re-
sulting from this energy calibration range from 20 keV
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for the strong transitions below 2.2 MeV to about 50 keV
for weaker ones or more complex groups above 2.2 MeV.

A ¥Zr typical spectrum (at 6,,,=20° is shown in Fig.
1. At small angles ( <20°),/=1 transitions are strongly
enhanced up to 10 MeV excitation energy, but at larger
angles, / =3 and 4 states dominate the spectrum. Owing
to the 80 keV energy resolution, distinct levels or groups
of levels can be observed in the 3.5-7.0 MeV excitation
energy range, superimposed on a smooth background.
Above 7 MeV, the spectra are rather structureless except
for the sharp isobaric analog states located between 8 and
10 MeV excitation energy. In order to obtain the back-
ground shape, spectra are recorded up to 13 MeV excita-
tion energy at three angles.

III. DISTORTED-WAVE ANALYSIS

The experimental cross sections and analyzing powers
were analyzed in the framework of the DWBA theory of
direct reactions. The calculations were made using the
code DWUCK 4 (Ref. 13) with local zero-range (ZR) ap-
proximation. Different sets of proton and deuteron opti-
cal parameters taken from the compilation of Perey and
Perey,'* or from some more recent elastic, inelastic, and
transfer reaction studies,”” ! were used in order to
reproduce, as test cases, the data obtained for the first
four known low-lying states of ¥Zr [E, =0.0 MeV (%),
0.595 MeV (17), 1.1 MeV (37 ), and 1.46 MeV (3 7)].

The selected potentials have also to reproduce the data
for the first four IAS located at 8.11 MeV (47), 9.02
MeV (27),9.62 MeV (£7), and 9.86 MeV (3 7). An ad-
ditional test is provided by a comparison of the strengths
extracted® ! with a normalization constant N =2.29.
This analysis leads to the following conclusions: (i) The
different proton potentials associated with the same
deuteron potentials give almost identical results in both
shape and magnitude for all / transfers. (ii) For the exit
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FIG. 1. Deuteron energy spectrum from the *°Zr(p,d )*Zr reaction recorded at 0,,=

20° the horizontal line shows our back-

ground assumption. The shaded areas are peaks due to contaminants.
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TABLE L. Optical model parameters used in the analysis of the **Zr(p,d )*Zr reaction at E; =58 MeV.
Vr r, a, Wv u/s i a; VsAo. s.o. As.o. 7e
Nucleus Projectile (MeV) (fm) (fm) (Mev) (MeV) (fm) (fm) (MeV) (fm) (fm) (fm)
07Zr p? 43.64 1.16 0.75 6.42 3.022 1.37 0.387 6.04 1.064 0.78 1.27
X4 X4
d® 98.54 1.17 0.779 6.30 12.8 1.29 0.632 6.2 1.01 0.75 1.25
X4 X2
n v, 1.25 0.65 A=1.25 1.3

*Reference 18.

"The so-called “adiabatic” deuteron potential has been constructed from the averaged neutron and proton parameters of Bechetti and

Greenless (Ref. 19) following the prescription of Ref. 20.

channel, the adiabatic potential®® is found to give the best
overall fit to the cross sections for all / transfers and
reproduces reasonably well the shape and magnitude of
the observed analyzing powers.

The adopted set of optical parameters is listed in Table
I. The comparison between experimental points and
theoretical curves for the levels mentioned above are
displayed in Figs. 2 and 3 for the low-lying levels and IAS
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FIG. 2. Angular distributions of differential cross sections
and analyzing powers for the first four well-known low-lying
levels. The solid lines stand for the DWBA predictions relative
to the J7 assignments, while the dot-dashed lines show the
DWBA calculations for the corresponding spin-orbit partner.
The dashed lines are empirical 4,(0) angular distributions tak-
en from ?Mo(p,d)’' Mo experiment at E,=50 MeV (Ref. 21).

respectively. Concerning the low-lying levels, the fits to
the differential cross sections are rather good. As regards
the analyzing powers, the agreement is quite reasonable
for all the [ transfers. The 4,(6) experimental curves
display an out-of-phase oscillatory pattern for the J =27
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FIG. 3. Angular distributions of differential cross sections
and analyzing powers for the four strongest populated T . states
(IAS), namely, 5~ (8.11 MeV), 37 (9.02 MeV), 3 (9.62 MeV),
and %‘ (9.86 MeV). Solid and dot-dashed lines: the same as
Fig. 2. Dashed lines are empirical behavior from the corre-
sponding first low-lying 3~ and 3~ T'_ levels.
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and 1~ levels, both for the low-lying and isobaric analog
states. For all the considered spin-orbit partners, the cal-
culated 4,(0) curves show substantially different behav-
ior with scattering angle (see Fig. 2), which allows unam-
biguous spin assignment. A comparison with the 4,(6)
experimental curves (see Fig. 2) from the **Mo(p,d )°'Mo
reaction studied at EE’ =50 MeV (Ref. 21) reveals similar

characteristics for the 17, 37, 27, and %+ levels. Such
empirical analyzing-power curves help us to propose a
definite spin assignment in the same way as in previous
(p,d) studies (see, for example, Refs. 4 and 8).

The spectroscopic factors for the low-lying levels were
extracted using the usual separation energy (SE) method,
which is known to give too large C2S for IAS. For these
levels, the spectroscopic factors were extracted using the
effective binding-energy procedure, which gives more ac-
curate values for such levels with large separation ener-
gies (see Table II).

The C2S values compared with the ones obtained from
previous works® 10 are listed in Table II for levels up to
3.5 MeV (see Sec. IV) and in Table III for levels from 3.5
to ~7 MeV (see Sec. V). The fragmentation and intensi-
ties of the /=4, 1, and 3 neutron hole strengths will be
discussed in Sec. VI.
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IV. EXCITATION ENERGY REGION 0-3.5 MeV

Typical differential cross sections o(0) and analyzing-
power angular distributions 4,(8) are shown in Fig. 4 for
levels above 1.5 MeV. The extracted spectroscopic
strengths are listed in Table II, together with the !
transfers and spin values determined from the present
work, and compared with the C2S obtained from previ-
ous experiments. The 1g9,,, 2p,,5, 2p3,5, and 1f5,,
valence hole strengths are found to be mostly exhausted
(255%) by the four first levels, respectively, in agree-
ment with previous pickup studies.® ! Some other
weaker [ =1,3,4 transitions are observed in the 1.5-3.5-
MeV region, which spins can be clearly assigned from the
present work. These levels could correspond to frag-
mented states mainly due to the weak coupling of the sin-
gle hole valence states with strong collective states of the
%9Zr core such as the 2", 5[, or 37 levels at E, =2.18,
2.32, and 2.75 MeV, respectively.

The few [ =1 transitions observed in Ref. 10 above 1.5
MeV in %Zr were all assumed to have spin and parity
J7=2". However, in the present study, the two /=1
levels clearly identified at 1.75 and 1.87 MeV exhibit ex-
perimental A4,(6) completely out of phase; on the basis of

TABLE II. Spectroscopic results for low-lying levels up to 3.5 MeV and IAS in #*Zr. The asterisk
denotes level used for the excitation energy calibration curve.

J7 c’s c’s c’s Cc’s
(p,d) (*He,a) (He,a) (p,d)
E, (MeV) I This work (Ref. 10) (Ref. 9) (Ref. 8)

o* 4 2t 7.1 8.0 9.1 9.6
0.595* 1 1 24 1.7 1.6 1.2
1.1* 1 5 2.7 2.5 2.4 2.1
1.46%* 3 = 3.0 2.5 2.7 35
1.62* 2 3t 0.085 0.10
1.75* 1 1 0.38 SCS1gy,
1.87* 1 3 0.58 0.53 =0.60 0.53
2.11 3 e 1.12 1.00 0.66
2.28 @+ (2" > C2S2p,
2.39 @)+ 2 =0.10
2.62 4 2 0.12 ©.11)
2.78 [ 3 - 0.21 (0.28)

4 {‘;* 0.19 (<0.14) > C82ps 0.29
2.92 =0.90
3.02 3 7 0.30 (0.28) 0.46"
3.12 4 3 0.15 (0.13) SCS1fs),
3.37 4 2 0.20 (0.06) =2.10
8.11* 1 - 0.14 0.17 0.11-0.15 0.11
9.02* 4 3* 0.06 0.14 0.089-0.12 0.11
9.62% 1 3 0.22 0.33 0.2-0.27 0.24
9.86* 3 - 0.41 0.71 0.5-0.67 0.64

*The contribution from the unresolved 1.52 MeV (37) level calculated with C%S~0.37 (see Ref. 10)

has been subtracted.
°Proposed as J”= 3" in Ref. 8.
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DWBA calculations, these levels are unambiguously as-
signed as 2p f/lz and 2p 5/12 fragments, respectively.

The ! =3 transition at E, =2.11 MeV shows negative
measured A4,(6) values, especially between 20° and 40°,
very similar to those of the 1.46 MeV (37) level and is
well reproduced up to 40° by DWBA calculations involv-
ing 1f5,, transfer. Experimental analyzing power of the
Mo (37) level at 1.53 MeV exhibits similar characteris-
tics,?! which give us additional confidence in the pro-
posed assignment. In contrast, the / =3 transition at 3.02
MeV has slightly positive or near-zero A4,(0) values
throughout the measured angular range, qualitatively
reproduced by DWBA calculations assuming 1f,
transfer except around 32° where the predicted oscillation
is not observed. In any case, such A4,(6) data cannot be
fitted by 3~ theoretical or experimental curves (see Fig.
4). This 3.02 MeV level could be identified with the sug-
gested 1~ state at 3.016 MeV observed in the B decay of
89Nb.22

The 2.78 MeV complex level is not reproduced by
DWBA predictions including unique / transfer. The con-
tribution from the 2.732-MeV (/=4) state reported in
Ref. 10 cannot be excluded at this level, the experimental

G. DUHAMEL-CHRETIEN ¢f al.
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cross-section and analyzing-power angular distributions
of which are very well fitted by an empirical mixing of
I1=3(}7)and /=4 (2") contributions.

In addition to the /=4 ground state, which has well-
established J"=2" spin and parity, other weak /=4
transitions are identified between 2.5 and 3.5 MeV in
89Zr, which have been suggested in Ref. 10 as com-
ponents of the 1g5,5 neutron hole orbital. In the present
study, almost all the observed [ =4 states (E, =2.62,
3.12, and 3.37 MeV) display similar behavior for the
analyzing powers, i.e., slightly positive and rather struc-
tureless between 6° and 20°, very similar to the 4,(6)
data for the ground state (27) of **Zr and *'Mo.?! The
DWBA calculations assuming 1g,,, transfer reproduce
only qualitatively the data, but on the basis of the empiri-
cal curves the above levels have been assigned J7=27.
Moreover, two levels at 2.28 and 2.39 MeV, very weakly
populated by the (p,d) reaction, have measured cross
sections and analyzing powers compatible with a dom-
inant J’T'—‘%“L assignment. They could be tentatively
identified with the 2.297 and 2.388 MeV states observed
in the study of the ¥Y(p,ny) and ®Sr(a,ny) reactions,?
and are presumably populated through a two-step pro-

TABLE III. Spectroscopic results for the deeply bound hole states (3.5-7.0 MeV) in ¥Zr. The as-

terisk denotes the complex peaks.

Centroid JT Cc*s Cc’s Cc2s
energy (p,d) (*He,a) (p,d)
Group? (MeV) 1 This work (Ref. 10) (Ref. 8)
1 3.57 3 3 0.58 0.52°
3.75 3 3 0.47 0.46°
3 3.95 - 0.14 0.15¢
0.82°
4 4.1 3 - 0.28 0.43¢
s5* 4.27 3+(2) 77+ 0.25¢ 0.09¢
6 4.59 3 - 0.24 0.12°
7* 4.65 3+(2) I7+ED 0.44° 0.19,0.04
8 4.85 3 - 0.19 0.12°
505 . 3 - 0.18 0.15¢
0.35°
10* 5.17 3+(1) 77+(37) 0.28°
11 5.32 3+(1) 7 +G 0.19° 0.20°
12 5.40 3+(1) 7+ 0.14°
134 5.60 1+3 37417 0.042,0.068
14¢ 5.75 1+3 37+1- 0.04,0.069 0.11°
15¢ 5.95 1+3 31T+ 0.087,0.078 0.15¢
16 6.1 1+3 3I7+17 0.04,0.064 0.14°
174 6.25 1+3 374+1° 0.082,0.076 0.038°
189 6.52 1+3 3741- 0.04,0.066
19* 6.75 3+(1) 7+ 0.19 0.25¢
3CS1fsp
=17

2The numbering refers to the energy bins as indicated in Fig. 1.

°If pure fs,,.
“If pure f7,,

dAssuming the same yield from 2p;,, and 1f5,, at forward angles for the energy bins 13-18.
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cess. Such states could be components of the
(1g9,, X2%) multiplet, which is expected in a pure weak-
coupling scheme, to lie around 2.2 MeV.

The 2.92 MeV level was interpreted in Ref. 10 as a
component of the 1g4,, neutron hole orbital, but in this
work it shows atypical cross section and analyzing-power
angular distributions. None of the DWBA calculations
assuming a one-step process and unique ! transfer can
reproduce such a behavior.

To summarize, about 88%, 90%, and 75% of the
189,32, 2p3 5, and 1f5,, T _ strengths are observed below
3.5 MeV, the lowest-lying fragments exhausting, respec-
tively, 78%, 74%, and 55% of the corresponding
strength. The whole 2p, ,, T . strength is located in two
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FIG. 4. Typical angular distributions of differential cross sec-
tions and analyzing powers for the 0-3.5 MeV energy region
(see Sec. IV). The solid lines are the DWBA predictions for the
assigned J 7, while dot-dashed (or dashed) lines are experimental
A,(0) distributions of known levels with same J” (or opposite
spin-orbit partner). The dotted line is the spin-orbit partner
prediction.

components. The main one contains 86% of the mea-
sured strength which already exceeds the 2p,,, T . sum
rule limit by ~30%. In addition, a small part of the
1f7,, T . strength (~7%) has been observed in this en-
ergy range.

V. DEEPLY BOUND HOLE STATES: E, =3.5-7.0 MeV

In the excitation energy range of E, =3.5-7.0 MeV,
the ®°Zr spectra show a number of enhanced states or
groups of states superimposed over a smooth back-
ground. This region was subdivided into adjacent bins
(labeled by numbers 1-19) corresponding to the fine
structures which could be recognized at all angles at the
same excitation energy. The centroid energy of each slice
is indicated in the displayed spectrum of Fig. 1. The
cross sections and analyzing powers were extracted sepa-
rately after subtraction of the assumed background
drawn on the figure. This background corresponds to the
usually adopted procedure, which consists in connecting
the pronounced minima at 2.5 and 7 MeV, and extending
it to higher excitation energy, so as to match the struc-
tureless background observed beyond the IAS. Figure 5
displays some typical angular distributions and
analyzing-power data together with the results of DWBA
calculations. The spectroscopic factors measured in this
energy range are summarized in Table III. They have to
be considered as a lower limit, and a different but reason-
able choice of background would lead to higher C2S
value by ~15%.

The experimental cross-section angular distributions of
all fragmented components are consistent with a dom-
inant / =3 assignment. However, four classes of analyz-
ing power can be observed. The first one encompasses
the A4,(0)’s very similar to the 1.46 MeV (37) level
analyzing power, i.e., with negative values near 30°, but
which can be qualitatively reproduced only up to 35° by
DWBA calculations assuming 1f5,, transfer. On this
basis, a J”=3" assignment is proposed for the peaks at
3.57 and 3.75 MeV.

The second includes all 4,(6)’s similar to the experi-
mental analyzing powers of the 3.02 MeV level assumed
to have J"=1" spin and parity (see Sec. IV), and of the
4.1 MeV level, previously assigned %*.8 DWBA calcula-
tions involving 1f;,, transfer give only qualitative fits to
the data, the predicted peak near 32° not being observed.
On the basis of the empirical curves, we propose a
J”=%* assignment to groups 3-9, i.e., for the excitation
energy range 3.85-5.10 MeV, the main contribution be-
ing concentrated between 4.0 and 4.7 MeV with about
35% of the total 1f,,, T . hole strength observed up to
7.0 MeV. However, analyzing powers of groups 5 (at
E,=4.27 MeV) and 7 (at E, =4.65 MeV) seem better
fitted by an equal-weight empirical mixture of 1f,,, and
1ds /, transitions. The weak [ =2 states reported in Ref.
10 at 4.36 and 4.73 MeV were not resolved in the present
experiment, but they could give some contribution in
these two groups. It must be pointed out that in the
PZr(p,d ) Zr reaction at 90 MeV,? some 1f,,, strength
was also reported for peaks at 4.1 and 5.2 MeV, corre-
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sponding approximately to groups (3+4) and (9+10) of
the present work, respectively, with rather comparable
C?S values.

The third class encompasses the A, (8)s of slices
10-12 (5.10-5.45 MeV) and 19 (6.75 MeV), which
cross-section and analyzing-power angular distributions
are well reproduced by a mixing of /=3 (17) and /=1
(37) transfers assuming the same yield from 1f;,, and
2p;,, contributions.

The last class includes the 4,(6)’s from groups 1318,
corresponding to the excitation energy region 5.45-6.6
MeV. Although the corresponding cross sections are
rather well described by the same /=3-+/=1 mixing as
above, the experimental analyzing powers have a behav-
ior very similar to that of the 1.1 MeV (3 7) level (see Fig.
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FIG. 5. Typical angular distributions of differential cross sec-
tions and analyzing powers for the 3.5-7 MeV energy region
(see Sec. V). The caption is the same as Fig. 4. The dashed line
is the typical DWBA cross section for / =1 (3 7).
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5). This striking feature suggests a more significant con-
tribution of the / =1 transfer and, once more, shows the
strong sensitivity of analyzing powers to the spin mixing
ratio, opposite to the cross-section behavior. Since the
1.1 and 1.87 MeV levels exhaust about 90% of the 2p, ,,
strength, the missing strength could be partly concentrat-
ed in this region. The 2p;,, valence strength appears to
be much more fragmented and spread than the 2p,,, or
even the 1g,,, strength, and this fragmentation is clearly
observed for the first time in the present work. Such a
fragmentation of the 2p;,, strength can be related to the
various possibilities of weak coupling leading to J"=23"
components.

VI. SUMMED SPECTROSCOPIC STRENGTHS
AND DISTRIBUTION OF NEUTRON HOLE STATES

The summed spectroscopic strengths (3C2S) mea-
sured for /=1,3,4 transitions are summarized in Table
IV with the corresponding centroid energies. The
strength distribution of /=3 single neutron hole is
displayed in Fig. 6 and compared with the theoretical
predictions of the quasiparticle phonon model'! (QPM)
(see also Table IV).

A. | =4 transitions

The main part of the 1g4,, T _ strength (78%) is found
to be concentrated in the ground state, as in previous
works (Refs. 8—10). Other weak components are ob-
served between 2.6 and 3.5 MeV excitation energy, carry-
ing about 7.3% of the total strength. The 2.28 and 2.39
MeV levels populated via the / =4 transfer are assumed
to have a J7=2" assignment from the A4,(0) data. They
could belong, as the J7=3%, E, =1.62 MeV level, to the
(1g9,, X2*) multiplet, which is expected, in a pure-
coupling scheme, to lie around 2.2 MeV. The centroid of
the 1g9,, (T . + T ) strength, deduced from the present
experiment, is 0.40 MeV, to compare with the values of
0.32 MeV (Ref. 9) and 0.43 (Ref. 10) extracted from
(3He,a) experiments.

A comparison with the neighboring N =49 nuclei
shows similar features about the fragmentation of the
1g9,, strength, which is also mainly concentrated in the
ground state, and to a lesser extent in the second %*
state: In ®’Sr (Ref. 23) and °'Mo (Ref. 24) the values ex-
tracted from (*He,a) studies are, respectively, 0.45 and
0.42 MeV, close to the corresponding value in ¥Zr (0.40
MeV) deduced from the present (p,d) study.

B. I =1 transitions

The 2p,,, (T _) strength is found to be concentrated
(~86% of the total observed yield) in the first known 4~
level at 0.595 MeV, but another weak 2p,,, component,
previously assumed to be 2p;,,, is clearly identified at
1.75 MeV and carries ~14% of the total observed
strength. The whole 2p, ,, strength appears to be fully
exhausted by these two levels, the C2S value determined
for the lowest 1~ state already exceeding the 2p,,, T .
sum rule by ~30%.
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) level, which exhaust 74% and 16%, re-

spectively, of the total measured strength. The missing
strength (~10%) appears to be much fragmented and

3—
2

first one includes the main fragment, at 1.1 MeV, and the

1.87-MeV (

mainly located in the 5.45-6.6-MeV excitation energy
range, as clearly demonstrated by the 4,(0) angular dis-

tributions recorded in the present experiment.
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energy octupole resonance (LEOR) of 071 located at
E _=7.2MeV.?®

The centroids of 2p, , and 2p;,, (T . + T, ) strengths,
deduced from the present study, are, respectively, 1.11
and 2.14 MeV, which compare very closely with the
values of 1.23-1.95 MeV,® 1.0-2.11 MeV,” and
1.28-2.01 MeV, ' extracted from (p,d)or (*He,a) exper-
iments (see Table IV). The corresponding 2p spin-orbit
splitting values are 1.03 MeV (present work), 0.72 MeV,?
1.11 MeV,’ and 0.73 MeV,'° to be compared to the value
of 1.78 MeV deduced from Hartree-Fock calculations.?

In the neighboring N =49 nuclei,’»?* similar strong
fragmentation of the 2p;,, remaining strength is suggest-
ed. In %'Sr, for example,23 most of the [ =1 levels ob-
served between 2 and 6 MeV, and the 2p strength
identified in the high-energy continuum up to 12 MeV,
are assumed to be J7=3", the first low-lying 3~ state al-
ready exhausting the 2p, , T _ sum rule by ~36%.

C. [ =3 transitions

The 1f5,, T . hole strength is mainly exhausted in the
first two known 3~ levels at 1.46 MeV (55%) and 2.11
MeV (20%). Most of the remaining strength (~19%) is
found to be shared between the two levels at 3.57 and
3.75 MeV, which were unambiguously assigned J"=3"
in the present work. Then the 1f5,, T _ hole strength is
practically fully exhausted below 3.9 MeV excitation en-
ergy, allowing us to give a reliable estimation of the cen-
troid of 1f5,, (T_,T.) neutron hole strength. The
value deduced from the present work is 2.91 MeV, very
close to the values given in Ref. 9, E; (T _,T.)=2.86
MeV, or in Ref. 10, E;=2.95 MeV, but lower than the
value of 3.27 MeV deduced from the *°Zr(p,d)¥Zr ex-
periment at 90 MeV.? In this latter study, a larger part
(~25%) of the observed 1fs,, T . strength is found to
be located in the 3.4-7.0-MeV region, which leads to a
larger C%S and therefore to an overestimate of the corre-
sponding centroid value, and moreover leads to exhaust
the total sum rule (see Table IV). It must be noted that in
the neighboring nucleus %'Sr, the 1fs,, T. centroid
value extracted from the (*He,a) experiment23 is 2.4
MeV, assuming that all the 1f5,, T _ strength is exhaust-
ed below 5 MeV.

Turning now to the the 1f,,, orbital, the two weak
components identified below 3.5 MeV, at 2.78 and 3.02
MeV, carry ~7% of the 1f5,, T . strength. Almost the
whole structure extending from 3.5 to 7 MeV is found to
be mainly populated via 1f;,, pickup (apart from the
2p;3,, concentration in the 5.45-6.6 MeV range, as ex-
plained above), and carries ~40% of the total 1f,,, T .
sum rule. Such a value is quite different from the 16%
deduced from the (p,d) experiment at 90 MeV.® This
discrepancy may be due in part to their global analysis of
the 3.5—7 MeV structure, which does not allow accurate
separation of the 1f5,, and 1f,,, respective contribu-
tions, and to a possible overestimation in our data of the
1f,,, contribution in the region of 2p;,, concentration.
In summary our results indicate that ~50% of the 1/,
T _ strength lies in the 0—7 MeV region, with strong con-

centration (~40%) in the 3.5-7 MeV bump. The corre-
sponding energy centroid of the observed T _ strength is
4.71 MeV, in agreement with the values given in Ref. 10
(5.20 MeV) and Ref. 9 (4.9 MeV). The missing 1f,,, T .
strength (~50% ) located at higher excitation energies, as
observed in previous (*He,a) (Ref. 9) or (p,d ) (Ref. 8) ex-
periments is out the scope of this study. So the 1f,
strength appears to be more widely spread than the 1f’5,,
one, with no sharp level comparable to the 1.46 MeV
(37) one.

A comparison with the N =49 neighboring nuclei
shows that in ¥’Sr (Ref. 23) and °'Mo (Ref. 24) only 21%
and 14%, respectively, of the 1f;,, T . strength lies
below 7 MeV. These values are appreciably lower than
the 50% observed in the present work, but it must be not-
ed than these two (*He,q) experiments were not able to
discriminate between 1f5,, and 1f,,, strengths, leading
to a possible underestimation of the observed 1f;,
strength.

Theoretical calculations performed in the frame of the
quasiparticle phonon coupling model!! predict the distri-
bution of 1f5,, and 1f,,, neutron hole strengths in ¥Zr
and *’Mo. In the ¥Zr nucleus (see Fig. 6), the 1fs,
strength is predicted to be at higher excitation energy
than experiment shows. The calculated energies of the
two first 37 states are higher (~0.7 MeV) than the ex-
perimental ones with spectroscopic factors smaller than
observed. Moreover, the first %7 level is predicted to be
weaker than the second one, opposite to the experimental
situation. The remaining 1f5,, T . strength (~55%) is
predicted to be distributed from 3.5 to 9 MeV, the
J7=23" states giving the main contribution to the cross
section in the interval 3.5=<FE =5 MeV. However, the
present data indicate that no significant 1f5,, T _ com-
ponent is identified above 4 MeV, the last part of the
1fs5,, strength (~17%) being observed in the interval
3=<E, =4 MeV. Therefore, the calculated centroid of the
1f5,, T . strength distribution is E,=3.8 MeV, higher
than the experimental value £, =2.05 MeV.

Turning now to the 1f,,, strength, the calculations
predict that its main part should be distributed above
E,=7 MeV, with strong concentration (~60% ) from 7
to 9 MeV, only ~20% being exhausted below E, =7
MeV. However, our data show that the main contribu-
tion to the cross section in the interval 4 <E, =7 MeV is
due to 1f,,, neutron pickup, with local concentration
(~30%) at E, ~4-5.4 MeV. A minimum of about 45%
of the T _ strength is found below E, =7 MeV, which is
somewhat different from predictions, as clearly shown on
Fig. 6.

If experimental C2S values from the (p,d) study at 90
MeV (Ref. 8) are adopted for E, =7-21 MeV, the cen-
troid of the 1/, ,, (T ., T ) strength should be E, =9.02
MeV, and the experimental deduced spin-orbit splitting
of the 1f neutron shell &, (1f) should be equal to 6.1
MeV. Choosing the C2S values of the (*He,q) experi-
ment® for E, =7-19 MeV leads to a centroid energy of
7.44 MeV and to a corresponding &7, (1f) value of 4.53
MeV very close to the QPM predicted value &7 =4.5



MeV (Ref. 11) or to the value (4.93 MeV) extracted from
Hartree-Fock calculations.?> These experimental values
of the spin-orbit splitting are rather close to the experi-
mental 1f proton splitting in the ¥Y parent nucleus
(62, =5.1 MeV),?" or even in other neighboring nuclei
[62,=5.5MeV (Ref. 28) and &7, =5.3 MeV (Ref. 23)].

VII. SUMMARY AND CONCLUSIONS

The present investigation of the *°Zr (p,d)*Zr reac-
tion with good energy resolution has allowed, through
analyzing-power measurements, spin and parity assign-
ments for valence states as well as for inner-lying hole
states, up to 7 MeV excitation energy where fine struc-
tures are still observed.

This study establishes firmly the fragmentation of the
129,72, 2P1 5, and 2p; , valence neutron hole strengths in
$Zr. The main part ( >74%) of each related T_ hole
strength is concentrated in the corresponding first low-
lying level.

The remaining 1g4,, strength is found to be distributed
over several small fragments up to E, ~3.5 MeV. The
2p,,, missing strength is concentrated in only one low-
lying level at 1.75 MeV. In contrast, the missing part of
the 2p,,, strength appears to be much more fragmented
and spread over a large excitation energy range. In addi-
tion to the 1.87 MeV component unambiguously assigned
J7=237, a concentration of several 2p;,, fragments, car-
rying ~10% of the single-particle strength, is clearly
identified for the first time between ~5.2 and ~ 6.8 MeV.

Half of the total 1f5,, T . strength is concentrated in
the 1.46 MeV level, the remaining part being mostly dis-
tributed over three fragments at 2.11, 3.57, and 3.75
MeV. Thus the 1f5,, T . strength appears to be practi-
cally exhausted below E, =~3.8 MeV, as suggested in the
previous (*He,a) experiments,”!° but in contrast with the
(p,d) study® where substantial 1f5,, strength (~30%)
was observed between 3.4 and 7.0 MeV.

On the other hand, the present data show that the
numerous fine structures observed between ~3.4 and
~7.0 MeV are mainly due to the excitation of 1f5,
inner hole orbital and carry ~40% of the strength. In-
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cluding the small 1f,,, components identified below 3.4
MeV, only ~50% of the 1f,,, T . strength is found to
be exhausted in the 2.5-7 MeV region, which confirms
the results of the (*He,a) experiments.”!® The 1f,,
strength appears definitely much more widely spread
than the 1f5,, one, with no sharp level comparable to the
strongly populated 1.46 MeV 3~ state.

The 1f neutron spin-orbit splitting value deduced from
our data is rather close to the ones obtained for neighbor-
ing and parent nuclei, and also to the value calculated
with standard parameters of the phenomenological
Saxon-Woods (SW) potential used in QPM predictions.!!
However, the 1f theoretical strength distributions do not
reproduce the experimental ones: the 1f5,, strength is
predicted to be much more fragmented than observed (in
particular, the dominant fragment at 1.46 MeV is not
reproduced); furthermore, the 1f,,, strength is predicted
to be less fragmented and mainly distributed above E, ~7
MeV, with ~80% of the strength lying between ~7 and
~12.3 MeV. Moreover, the energy centroids of the ex-
perimental 2p and 1f5,, strength distributions are closer
to each other and to the ground state than the corre-
sponding single-hole energies of Ref. 11. On the other
hand, these experimental values are in good agreement
with the energies of 2p, /,, 2p3,,, and 1f5,, neutron hole
states which were adjusted to correctly describe the low-
lying levels of N =49 isotones by taking into account in a
semimicroscopic model the coupling of neutron holes
with quadrupole and octupole vibrations of the even-even
core.”” The most probable reason for the disagreement of
the QPM predictions with the present experimental re-
sults could be the choice of the SW parameters. Compar-
ing our data with the results of Ref. 11 definitely proves
that it is necessary to check these parameters more care-
fully. More refined calculations are required to repro-
duce in the same framework not only the 1f inner
strength distribution, but also the 1g,,, and 2p valence
ones.
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fruitful discussions.
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