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Highly excited hole strength observed in the Zr(p, d) Zr reaction
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The Zr(p, d)' Zr reaction has been studied at E~=90 MeV. Using analyzing power measure-

ments, gross structures observed between E„-3.4 and E„-7.0 MeV are deduced to arise mainly

from the pickup of lfq/2 neutrons. Between 7.0 aud 19 MeV, the main strength comes from the
1f7/p transfer although 1d3/p strength has also been observed between 16.0 and 20.0 MeV of excita-

tion energy.

NUCLEAR REACTIONS Zr(p, d) Zr, E=90 MeV, measured o.(E,O), de-
duced J, m, and S for "Zr.

Deeply bound hole states in medium and heavy nuclei
observed in one nucleon pickup reactions are characterized
by giant resonancelike broad bumps at an excitation ener-

gy of several MeV. ' The single hole strength is considered
to be fragmented by the coupling with the collective
phonon-particle states and to a lesser extent with the core
polarized states. Additional spreading results from the
small mixing of these states with many close-lying states.
Therefore, the observation of the shape of the deeply
bound hole states gives important information about the
mechanism of the fragmentation of highly excited states
in nuclei.

So far, lg9/2 neutron hole states have been extensively
studied for the Sn isotopes and lg9/2 proton hole states
have been studied for the Pm isotopes. The results sug-
gested that there exist differences of the spreading mecha-
nism between the neutron and proton hole states. The
1f7/z shell is a more favorable case to study the strength
distribution because of its isolation from both valence and
inner shells. Recently, the broad bump observed at E„—5

MeV in the Zr(d, He) Y reaction has been unambigu-
ously assigned to be a 1f7/2 hole state by analyzing power
measurements. This lf7/2 excitation is well separated
from the low-lying states and shows a rather symmetric
shape with a few peaks around 5 MeV. On the other
hand, the lf7/2 neutron hole strength, observed in the

Zr( He, a) Zr reaction recently reported by Duhamel
et al. , was distributed quite differently from the proton
hole case. The reported 1f7/2 neutron hole strength is dis-
tributed rather continuously from E„-3.5 to 20 MeV
with several peaks around 5 MeV. However, in the latter
experiments, unique spin assignments have not been made
and therefore the possibility of the existence of lf5/z hole
states at E„&3.5 MeV is not excluded.

We report here the study of the Zr(p, d) Zr at 90

MeV, and the results show that the broad structures be-
tween E„—3.5 and 7.0 MeV are not lf7/2 hole states but
mainly lf&/z hole states. As reported in Ref. 8, unambi-

guous spin assignments were made both by comparing the
measured analyzing power in the (p, d) reaction with the
/1~ for well known states and also by comparison with
DWBA calculations which gave qualitative fits to both
o(8) and Ay.

The present experiment was performed using a 90 MeV
polarized proton beam from the Indiana University Cy-
clotron. The beam polarization was about +70% and was
measured before and after each run. The spin direction
was flipped automatically every minute during data tak-
ing. The target used was a self-supporting foil, 10.25
mg/cm thick enriched to 98% in Zr. A Ni foil with a
thickness of 5 mg/cm was also bombarded to obtain the
empirical angular distribution [o(8)] and analyzing
powers [A„(8)] for pickup of 1f7/2, 1fz/z, ld 3/p,
and 2s~~q neutrons.

The outgoing particles were detected in a solid state
detector telescope consisting of a Si(Li), b,E detector and
an intrinsic Ge, E detector. Two telescopes were placed at
a distance of 50 cm from the target and on both sides of
the beam direction. The overall energy resolution was
about 120 keV full width at half maximum. Angular dis-
tributions were measured from 14' to 45' in 3 steps.

An energy spectrum at 20' is shown in Fig. 1. Because
of the angular momentum matching, the ground state
(—', ) and 1.46-MeV state ( —,

'
) are very prominent among

the low-lying states (the contribution from the unresolved
1.52 MeV state reported in Ref. 9 is estimated to be less
than 20%). At excitation energies above 3.4 MeV, the
gross structures, concluded to be mainly 1f7/g hole
states, ' ' are clearly seen above a smooth background
which is assumed to connect the minimum yield at
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A~(8) for each area have been obtained by integrating the
yield above background excluding the sharp peaks of the
analog states at around 9 MeV. In addition, o(8) and
A„(8) of the peaks in area /I and at 13.2 and 14.9 MeV
have also been obtained separately.

The angular distributions of the cross sections for vari-
ous known states do not show any sensitivity to the orbital
angular momentum I of the transferred neutron, except for
I =0 and 1. However, the /1~{8)'s are characterized by the
number of nodes (Ã) of the radial wave function and the
total angular momentum, j of the transferred nucleon, as
reported by Hosono et al. ' For %=0 the A~(8) of
j=l+ —, has a positive value and a dip around 20', while
that of j=1——,

' has negative values at forward angles and
a peak at around 23. DWBA calculations can explain
these characteristic features only qualitatively. Therefore
the following arguments for J assignments are based on a
comparison with the empirical analyzing power.

In Fig. 2 are shown cr(8) and /I~(8) for areas /I D, the—
4.1 and 14.9 MeV peaks, and the background under area
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FIG. 1. Energy spectrum of the Zr(p, d) Zr reaction at
E„=90MeV. The ma)or peaks above 2.S MeV are labeled by
excitation energies in MeV. The shaded and hatched areas in
the gross structure above 3.4 MeV show the (lf7/2} ' and

(lf5/2) state distributions, respectively. The tail in area D is
drawn using the results that half of this area is from (1d3/2)

E„-30,7, and 2.5 MeV. However, the detailed structure
observed in the { He, a) reaction is not the same as that
seen in the present (p, d) measurement. A clear dip can be
seen at about 7 MeV in the present data but no such dip
was reported in Ref. 7. The structures observed in the
present experiment can be separated into two parts. One
of them is the bump with several peaks between 3.4 and
7.0 MeV. Another one is the region lying between 7.0 and
21 MeV. This latter region is rather structureless except
for the sharp isobaric analogs of low-lying states of Y
(labeled T & ). They are considered to be analogs of the 5.0
and 6.8 MeV peaks observed in Y, because of the simi-
larity in energy spacing and in the shape of the structures
observed in the two reactions. The parent states of the
13.2 and 14.9 MeV peaks have been assigned to have
J = —,

' . There was also a broad bump under this peak
which was also tentatively assigned a J of —,

The spin parity of —,
'

proposed for all these structures
in Refs. 7 and 9 was based on the angular distributions
and on spectroscopic factor (S-factor) arguments, except
for the region near 20 MeV where some 1d strength has
been reported. The analyzing power measurements were
used to determine the spin of these broad structures. %'e
divided the region between 3.4 and 21 MeV excitation en-
ergy into four areas as indicated in the figure. Area 2 is
from 3.4 to 7.0 MeV, B from 7.0 to 11.6 MeV, C from
11.6 to 16 MeV, and D from 16 to 21 MeV. o(8) and
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FIG. 2. Angular distributions of cross section (left-hand side)
and analyzing power for areas A —B, the 4.1 MeV peak, the 14.9
MeV peak, and the background under area 8. Solid lines are
empirical angular distributions taken from 'Ni(p, d)"Ni (0.76
MeV, 2 ) for area A and Ni (2.57 MeV, z ) for areas 8 and

C, and the 14.9 MeV peak. The lines drawn for area D and the
4.1 MeV peak are also empirical ones from "Ni(p, d) but mixed
in such a way that the same yield from ld3/2 and 1f7/p is as-
sumed at forward angles ( (20') for area D and the same yield
from lf &/2 and 1f7/2 at forward angles for the 4. 1 MeV peak.
Dashed lines on the left-hand side of the figure show the results
of DWBA calculations for pure transitions. The dashed-dotted
line on the right-hand side of the figure is the empirical analyz-
ing power for —, from the ' Zr (1.46 MeV, 2 ) state.
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B. The experimental A~(0) clearly show that the main
contribution to areas B and C is the same orbit and is dif-
ferent from that of areas A and D T. he predominant orbi-
tal angular momentum transfer for regions A —C is known
to be 1=3 from Refs. 7 and 9. The main contribution to
area A is concluded to arise froin the lf5/2 orbit by com-
parison with the Az of the known —,

' states at 1.46 MeV
( Zr) and at 0.76 MeV ( Ni), as shown in the figure.
Among the peaks in this area, the 4.1 and 5.2 MeV peaks
have a non-negligible contribution of a j= I + —,

'
type tran-

sition. As the peaks in this region were observed to be
populated by an orbital angular momentum transfer of 3,
we can conclude that lf7/2 strength is present in both
peaks. As shown in Fig. 2, the analyzing power of the 4.1

MeV peak is fit qualitatively by an empirical mixture of
lf5/2 and lf7/2 transitions in which the same yield is as-
sumed for the lf&/q and lf7/2 transitions at angles for-
ward of 20.

Areas B and C, on the other hand, are assigned to corre-
spond mainly to lf7/2 neutron transfer since the A~ for
these areas matches that for the known —', state in Ni at
2.57 MeV, as shown in Fig. 2. In addition, the Az of the

14.9 MeV peak in Zr, which is the analog of the known
state at 6.8 MeV in Y, is also very similar to the A~

of areas of B and C. This adds further support to the —,
'

assignment.
The A~ of area D sugests that it contains components

from both j=I+—,
' and I ——,'. Since the lf5/2 strength is

already exhausted below E„=7.0 MeV (see Table I), one
might expect a contribution from the next lowest j=l ——,

'

state, viz. , 1d3/2 as was also suggested in Ref. 7. By com-
paring the empirical A„'s of the ld3/2 from the 8.84 MeV,

state in Ni and lf7/2 (area C) as shown in the figure,
we can conclude that about 50Wo of the yield in area D is
from the 1d3~2 orbit.

In order to obtain the spectroscopic factors DWBA, cal-
culations have been carried out using the code DwUcK4
(Ref. 11) with finite range corrections. The optical poten-
tials used were standard ones obtained from fitting proton
and deuteron elastic scattering. ' ' The S factors for each
area are extracted by comparing the DWBA cross sections
with the experimental ones at forward angles (~20).
Some of the results of the DWBA calculations are shown
in Fig. 2 as well as empirical cross sections obtained from

TABLE I. Spectroscopic factors obtained for Zr(p, d)' Zr.

nlj

lg9/2

(MeV)

0.
2.75
9.03

9.6
0.29
0.11

10.00'

Simple
shell model
prediction

10

Average excitation
energy EJ

(MeV)

0.18

2p 0.60
8.10

1.2
0.1 1

1.31

1.23

2p3/2 1.09
1.87
9.62

2.1

0.53
0.24
2.87

1.95

1f5/2 1.46
2.10
3.0
3.4—7.0
9.86

35'
0.66
0.46
1.7
0.64
6.96

3.27'

4.1

5.2
7.0—11.6

11.6—16.0
16.0—21.0

0.82
0.35
2.8
2.1

0.43
6.50

103

16.0—21.0 1.2

'1g9~~ strength normalized to 10.0.
Contains a small contribution ( & 20%) from the 1.51 MeV ( 2 ) state.

'The spectroscopic strength was assumed always to be at the center of the broad regions.
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the Ni(p, d) Ni reaction. The S factors obtained are nor-
malized in such a way that the total S factor of the lg9/z
orbit is set equal to the sum-rule limit, and are listed in
Table I. These S factors are obtained by using effective
binding energies, since the separation energy method gives
S factors for isobaric analog states which are too large, as
reported in Refs. 7, 9, and 14. The differences in the rela-
tive S factors with different optical potentials are found to
be less than 20%.

The S factors of the lowest state for each orbit are in
reasonable agreement (within 25%) with those reported in
Refs. 7, 9, and 14, except for the —,

' state. The total S
factor obtained for 1=1 transitions is about 70% of the
sum rule limit. This might be due to the fact that some of
the weak transitions are not clearly observed in this experi-
ment. For the (lf5/z) ' states, almost all the strength is
exhausted below 7.0 MeV. The previous works reported
more I =3 strength in the region between 3.5 and 7 MeV
than the present result, and suggested a (1f7/z) ' assign-
ment. Less (1fz/z) ' strength was also reported above 7
MeV than was found in the present experiment. These
discrepancies in the S factors are probably due to the
difference between the backgrounds. In the present case,
the background is less ambiguous since there exists a
minimum in the spectrum at E„-7 MeV and the back-
ground can be drawn through this minimum (see Fig. 1).
Considering the accuracy of the relative S factors obtained
in this experiment, we would conclude that almost all the
(lf7/z) ' strength has been found between 4 and 20 MeV
excitation energy. For the 1d3&2 transition, only 30% of
the sum-rule limit is obtained. This suggests that addi-
tional 183/p strength should be observed in the higher ex-
citation energy region.

Thus, the characteristic feature of the high-lying hole
states of Zr observed in the (p,d) reaction can be sum-
marized as follows. The structure between 3.4 and 7.0
MeV, which was previously proposed to be mainly
( lf7/z ) ', has been shown to contain substantial ( lf 5/z )

strength. The (1f7/z) ' strength in this excitation region
is found in the 4.1 and 5.2 MeV peaks, which have only
18% of the total observed (1f7/z) ' strength. On the oth-
er hand, the amount of the (If&/z) ' strength found in
this region is about 25% of the total (lf5/z) ' strength
observed. About half of the total (lf5/z) ' strength is
concentrated in the 1.46 MeV peak. No (lf5/z) ' T&
strength was found above 7 MeV.

Beyond 7 MeV, almost all the (lf7/z) ' strength is
found in the gross structure which continues up to about
20 MeV. The T& (1f7/z) ' peaks are observed at 13.2
and 14.9 MeV. Therefore, the broad structure of
T& ( 1f7/z) ' states observed in the (d He) reaction can
be expected to lie between 12 and 19 MeV. However,
there is no clear separation between T& and T& states.
The T & strength may be distributed very broadly between
7.0 and 15 MeV as well as in the 4.1 and 5.2 MeV peaks.

The present unambiguous spin assignments show that
not only the (lf7/z) ' states but also the (lf&/z) ' states
are spread very widely. There is substantial (lf5/z)
strength observed between 3.4 and 7.0 MeV. While the
phonon coupling picture gives a good description of the
spreading of the T& states in the tin isotopes, the fact
that the —,', T& state is very sharp and the (if'/z) ', T&
strength is very fragmented implies that the main spread-
ing is probably due to coupling with core polarized states,
as discussed by Taketani et al. ' These authors suggest
that such core polarization will give rise to a single sharp
level at low excitation and several fragmented peaks a few
MeV higher in excitation since the core polarized states
are expected to be 3 or 4 MeV higher in excitation than
the pure lf5/z hole state. The pattern of —,

'
strength ob-

served in the present experiment matches this expectation
quite well, thus supporting a core excitation model for the
spreading of the ( 1f &/z) hole strength.

In contrast, however, the ( 1f7/z) hole strength does not
follow the same pattern. First, the T& states of ( 1f7/z)
are widely spread, and second, there is no sharp level with
large ( lf7/z) ' strength comparable to the 1.46 MeV level
for the ( 1f5/z )

' case. However, there is some
strength in the peaks at 4.1 and 5.2 MeV. Thus the core
polarization mechanism is probably not the main mecha-
nism for the spreading of the (f7/z) strength, and coupling
with phonon states is probably more important.

In summary, the experiment confirms the —', spin-
parity assignment to the broad structure observed between
7 and 11.6 MeV and to the T& states at 13.2 and 14.9
MeV. However, in contrast to previous work, the present
results show significant (lf5/z) ' strength between 34
and 7 MeV.
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