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The 62Ni(p,d)61Ni reaction has been studied with 65 MeV polarized protons. Angular distributions of th
differential cross section and analyzing power have been measured for neutron hole states in61Ni up to an
excitation energy of 7 MeV. The data analysis with a standard distorted-wave Born approximation the
provides transferred angular momental and j and spectroscopic factors for several strongly excited states. Th
1 f 7/2 hole state spreads largely in the excitation energy region of 2–6 MeV, while the 1f 5/2, 2p3/2, and
2p1/2 hole states into only 2–4 levels. The strength function of the 1f 7/2 hole state is analyzed with an
asymmetrical Lorentzian function. The damping mechanism of the single hole states is discussed.

PACS number~s!: 25.40.Hs, 21.10.Pc, 24.70.1s, 27.50.1e
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I. INTRODUCTION

Recently, distributions of fragmented hole states ha
been found to be interesting for analyses of the spectral fu
tion of single hole stats in nuclei@1–3#. Asymmetrical
Lorentzian and Gaussian forms have been applied in
analysis of the strength function. The Gaussian-type para
etrization reproduced well the strength function of 1h11/2 and
1g7/2 neutron hole states in207Pb obtained by the208Pb
(d,t) reaction at 200 MeV@4#. Spectral functions of the
1d5/2 neutron hole state obtained from one-nucleon pick
reactions@5,6# on 40Ca were derived reasonably well by us
ing the asymmetrical Lorentzian form, and compared w
that of the corresponding proton hole state obtained from
(d,3He! and (e,e8p) reactions@2#. More recently, the 1f 7/2
neutron hole states in59Ni were also analyzed using the
asymmetrical Lorentzian form@7#.

As we can see in the cases of40Ca and60Ni(p,d) reac-
tions @5–7#, the strength of the 1d5/2 and 1f 7/2 hole states
splits into 20–30 levels, while that of single hole states ne
the Fermi surface into only 2–5 levels. This comes from th
the spreading width of the hole state increases as a func
of energy measured from the Fermi surface and the le
density is, of course, low in the low excitation energy regio
Since examples are scarce to discuss this problem in deta
is desirable to investigate one-nucleon transfer reactio
which excite single hole states. According to our previo
works the angular distributions of cross section and anal
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ing power of the (p,d) reaction at 65 MeV can be used for
clear assignment of the transferred angular momenta. A
hence, the extracted spectroscopic factors should be relia
@5–8#. It is, therefore, interesting to restudy this type of re
actions with a high resolution polarized beam and magne
spectrograph system.

This paper describes results of a study on the62Ni(p,d)
reaction measured with 65 MeV polarized protons. The me
sured energy spectra were analyzed in order to identify le
els, to assign their spin parities, and to determine spect
scopic factors of the excited hole states in the excitatio
energy region of 0–6 MeV. The derived data are compar
with the previous ones@9–13#, in which those of a high
resolution study by Koanget al.are important@11#. The frag-
mentation and spreading width of deeply bound 1f 7/2 hole
states in61Ni nucleus are discussed. The experimental pr

n.
FIG. 1. Typical energy spectrum of deuterons from the62Ni

(p,d)61Ni reaction at 65 MeV.
1792 © 1996 The American Physical Society
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53 1793(p,d) REACTION ON 62Ni AT 65 MeV
FIG. 2. Angular distribution data of cross sections~left! and
analyzing powers ~right! for 2p3/2

21 transitions in the
62Ni(p,d)61Ni reaction at 65 MeV. The solid curves show predi
tions of the DWBA theory. The dotted curves are for bound-st
parametersr n51.31 fm, andan50.62 fm, and the dot-dash are fo
r n51.19 fm andan50.68 fm.

FIG. 3. Same as Fig. 2 for 2p1/2
21 transitions.
cedure and results are presented in Sec. II, the theoret
analysis of angular distributions in Sec. III, and the assign
angular momenta and extracted spectroscopic factors in S
IV. The work is summarized in Sec. V. Preliminary results o
the spreading width of the neutron hole states in61Ni were
reported at a conference@14# and in a short note@15#.

II. EXPERIMENT

A. Experimental procedure

The experiment was carried out at the AVF cyclotron fa
cility of the Research Center for Nuclear Physics~RCNP!,
Osaka University. A polarized proton beam of 65 MeV en
ergy was momentum analyzed and bombarded an enric
~99.7%! 62Ni foil target of thickness 0.491 mg/cm2. Emitted
deuterons were detected in the focal plane of the sp
trograph~RAIDEN! @16# viewed with the focal plane detec-
tor system KYUSHU@17#. Angular distributions of cross
section and analyzing power were measured at 5°–4
~5–32° for higher excitation energy region! laboratory
angles. The measured excitation energy region is 0–10 M
The normalization of the cross section is performed by sc
ing the measuredp162Ni elastic scattering cross section to
an optical model prediction using parameters of global p
tentials @18,19#. The accuracy of the normalization is est

-
te

FIG. 4. Same as Fig. 2 for 1f 5/2
21 transitions.
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FIG. 5. Same as Fig. 2 for 1f 7/2
21 transitions.
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mated to be better than 15%, which is mainly due to am
guity of the procedure for fitting the theoretical
experimental angular distributions. The errors attributed
run-to-run variation to integrated beam current were of
order of a few %. The normalization factor so obtained h
been checked with the values estimated from the stan
target weight and solid angle measurements. The detail o
experimental method is described in our previous pap
@5–8#.

B. Experimental results

Figure 1 shows a typical deuteron energy spectrum fr
the 62Ni(p,d) reaction in the excitation energy region
0–10 MeV at 32° laboratory angle. The overall energy re
lution was about 40 keV, which was due to effects of t
beam energy width, the target energy loss, and the elect
ics noise in the position counter.

Discrete levels are distributed throughout the energy
gion up to the excitation energy of about 7 MeV. Som
strongly excited states are found in the excitation energy
gion below 4 MeV and several strongly and weakly excit
discrete states are distributed in the excitation energy re
of 4–7 MeV.
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The spectrum data were analyzed with a peak fitting a
peeling-off programFOGRAS@20#, which provided good data
reduction for the complex peak spectra at the higher exci
tion energy region. Weak physical backgrounds were su
tracted in the excitation energy region above 5 MeV. In th
excitation energy region of higher than 6 MeV, groups
weakly excited state and a continuum plateau are found w
a strongly excited state that is assigned to be isobaric ana
state of the ground state of61Co. Peaks located at highe
energies than 6 MeV were not analyzed because of ambi
ity in the peak assignment. In previous works with lowe
bombarding energy projectiles, assignments ofl and j values
of some weakly excited states near 1;2 MeV excitation
energy were ambiguous in general. It is natural that the
fects of coupling to collective states become weak as t
bombarding energy increases and the momentum misma
ing enlarges.

Angular distribution data for the analyzed states a
shown in Figs. 2–9, together with the predictions of th
distorted-wave Born approximation~DWBA! model as men-
tioned below. From the shapes of the angular distribution
cross section and analyzing power, the transferredl and j
values are assigned definitely as is understood from the
ures. The assignments are confirmed with the DWBA pred
tions.



53 1795(p,d) REACTION ON 62Ni AT 65 MeV
FIG. 5 ~Continued!.
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Forty-nine peaks were analyzed in the excitation ener
region below 6 MeV and thel and j values were assigned to
37 transitions. In some cases the assignments were tenta

The angular distributions of the cross section and anal
ing power for some transitions to very weakly excited stat
at the excitation energy of 0.9;1.5 MeV, show obscure os-
cillatory patterns as shown in Figs. 4 and 5. This may be
indication of the presence of higher order transfer reacti
mechanism contributing to these states, for example, tw
step processes via the collective 21 states of60Ni or 62Ni
nuclei.

The resultant assignments ofl and j values for the excited
states below 3 MeV are the same as those of Koanget al.
@11# except for the 0.658 MeV state. The presentj assign-
ment of this state isj5 1

2, which is also recorded in@13#.
At the excitation energy higher than about 3 MeV, seve

excited states are also found in addition to strongly excit
1 f 7/2 hole states observed by Koanget al.The experimental
results are summarized in Table I together with the results
Refs.@10,11#.

III. DATA ANALYSIS

The differential cross section and analyzing power da
were analyzed with the distorted-wave Born approximati
gy

tive.
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~DWBA! codeDWUCK @21# under the zero-range local en
ergy approximation model. It is known that the convention
calculation with best-fit optical potentials in the proton an
deuteron channels does not reproduce well the shape of
ferential cross-section data for (p,d) reactions at medium
energies and the use of an adiabatic potential@22# for the
deuteron channel improves considerably the overall fitting
the angular distribution. For protons, the global optical p
tential parameter of Menetet al. @18# and for deuterons, an
adiabatic potential constructed with the proton and neutr
optical potential parameters of Becchetti and Greenlees@19#
were used. The optical potential parameter sets with defi
tion of a standard form are listed in Table II.

The neutron bound-state wave functions were calcula
in a standard Woods-Saxon well with the standard para
etersr n51.25 fm andan50.65 fm with a Thomas spin-orbit
term with the usuall525 factor. The well depth was ad-
justed to yield the neutron separation energy with the effe
tive binding energy method, because the usual separa
energy method is known to be somewhat questionable for
analysis of states in a wide excitation energy region. T
binding energies of the shell model orbits used in this pap
are listed in Table III. These values are estimated fro
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(p,d) and (d,p) reaction data around62Ni nucleus@23,24#
and present data.

In the local energy approximation model of DWBA, the
parameter of the finite range effect 0.621 was used. An
parameters of the nonlocality effect for neutron, proton, an

FIG. 6. Same as Fig. 2 for 1g9/2
21 transitions.

FIG. 7. Same as Fig. 2 for 2s1/2
21 transitions.
d
d

deuteron potentials,bn50.85, bp50.85, andbd50.54, re-
spectively, were adopted. The spectroscopic factor for
(p,d) reaction forj transfer can be obtained using the equa
tion

FIG. 8. Same as Fig. 2 for 1d3/2
21 transitions.

FIG. 9. Same as Fig. 2 for unassigned transitions.



53 1797(p,d) REACTION ON 62Ni AT 65 MeV
TABLE I. Spectroscopic results from neutron pickup reactions on62Ni.

This work (p,d) Ref. @11# (p,d) Ref. @10# (3He,a)

Ex Ex Ex

No. ~MeV! l J C2S ~MeV! l J C2S ~MeV! l J C2S

1 0 1 3
2 2.0 0 1 3

2 1.8 0 1 3
2 1.80

2 0.068 3 5
2 2.97 0.067 3 5

2 2.51 0.067 3 5
2 2.51

3 0.286 1 1
2 0.60 0.283 1 1

2 0.49 0.283 1 1
2 0.49

4 0.658 1 1
2 0.10 0.656 1 3

2 0.09

5 0.912 3 5
2 0.081 0.909 3 5

2 0.09

6 1.018 ~3! ( 72) ~0.026! 1.020 1.020

7 1.123 3 5
2 0.38 1.118 1,3 1

2,
5
2 1.118 113

8 1.191 1 3
2 0.27 1.186 1 3

2 0.25 1.186 1 3
2 0.25

9 1.458 3 7
2 0.32 1.457 3 7

2 0.49 1.457 3 7
2 0.49

10 1.614 3 5
2 0.15 1.611 3 5

2 0.13 1.611 3 5
2 0.13

11 1.731 1 3
2 0.056 1.730 1 1

2,
3
2 0.06 1.730 1

12 2.015 3 7
2 0.092 2.010 3 (72) 0.09 2.010 3 7

2 0.09

13 2.125 4 9
2 0.22 2.120 ~1,4! ( 92,

1
2) 2.120 114

14 2.476 3 7
2 0.13 2.470 3 7

2 0.23 2.470 3 7
2 0.23

15 2.609 3 7
2 0.061

16 2.734 ~3! ( 72) 0.033

17 2.902 3 7
2 0.57 2.899 3 7

2 0.80

18 3.053 3.068 0 1
2 0.03

19 3.140 3 7
2 0.086

20 3.295 3 7
2 0.72 3.306 3 7

2 0.98 3.306 3 7
2 0.98

21 3.483 4 9
2 0.12

22 3.652 3 7
2 0.083 3.657 3.657

23 3.768 3 7
2 0.071

24 3.932 3 7
2 0.084 3.939 3 (72) 0.12

25 4.025 3 7
2 0.078

26 4.144 3 7
2 0.20

27 4.258 3 7
2 0.038

28 4.378 3 7
2 0.067

29 4.487 3 7
2 0.11

30 4.586 3 7
2 0.14 4.592 3 (72) 0.18

31 4.655 3 7
2 0.058

32 4.729 3 7
2 0.061

33 4.791 3 7
2 0.075

34 4.880 3 7
2 0.23

35 4.956 3 7
2 0.24 4.955 3 7

2 0.33

36 5.031 ~3! ( 72) ~0.041!

37 5.079 3 7
2 0.059

38 5.174 ~0! ( 12) ~0.048!

39 5.232 3 7
2 0.057

40 5.333

41 5.407

42 5.460

43 5.596 0 1
2 0.22 5.589 0 1

2 0.16

44 5.652 ~2! ( 32) ~0.20!

45 5.706 0 1
2 0.14 5.697 0 1

2 0.12

46 5.761

47 5.954 2 3
2 0.20

48 6.200

49 9.550 3 7
2 0.37~I.A.S.!
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TABLE II. Optical model parameters used in the DWBA calculations for62Ni(p,d) 61Ni reaction at 65
MeV.

V r a rc Wv Ws r 8 a8 Vso r so aso
Particle ~MeV! ~fm! ~fm! ~fm! ~MeV! ~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm!

Proton 40.98 1.16 0.75 1.25 7.05 2.45 1.37 0.32 6.04 1.06 0.78
Deuteron a 1.17 0.78 1.25 b b 1.29 0.61 4.13 1.06 0.75
Neutron c 1.25 0.65 l525

Nonlocality parameters Finite-range parameter
p 0.85 fm 0.621
d 0.54 fm

aV5110.320.64(Ed /2)10.4Z/A1/3 ~MeV!.
bWv50.44(Ed/2)24.26 ~MeV!, Ws524.820.50(Ed /2) ~MeV!, Ed is the deuteron kinetic energy.
cWell depth adjusted to fit the separation energy.
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52.30

C2S

2 j11

ds

dV
U
DWUCK

, ~1!

whereC2S is the spectroscopic factor for the transition an
ds/dVuDWUCK is the resultant DWBA differential cross sec
tion with the codeDWUCK @21#. The results of the DWBA
analyses are shown in Figs. 2–8.

From comparisons between experiment and theory, t
transferred angular momental and j were assigned, and then
the spectroscopic factors were determined for 37 transitio
in the excitation energy region from 0 to about 6 MeV. Th
results are summarized in Table I. For almost all the strong
excited states, the diffraction patterns are clear to assign
l and j values. The consideration of two-step process may
important to analyze some excited states which are exci
from coupling with, for example, the surface vibration.

The extracted spectroscopic factors have errors of ab
615% due to the absolute cross-section normalization,
mentioned in Sec. II B. Additional errors should be consid
ered on the uncertainty of the parameters for calculating t
neutron bound state in DWBA analysis. In order to study th
effect of a variation of the bound-state parameters on t
shape and magnitude of the DWBA angular distribution
some strongly excited transitions were selected, which ca
largeC2S values forJp53/22, 1/22, 5/22, 7/22 ~normal
state! and 7/22 ~IAS!. The geometrical parameters were
changed by65% from the conventional values, i.e.
r n51.25 fm andan50.65 fm, with a constraint to keep the
rms radius almost constant. Comparisons between the
perimental and the DWBA angular distributions are made
Figs. 2–5 and theC2S values are summarized in Table IV.
As shown in the figures, angular distribution shapes do n
depend so much on the choice of bound-state parameters,
theC2S values depend quite appreciably. The uncertainty
theC2S values becomes to be 20–30%. We then consider
the adoption of the conventional bound-state paramet
given in Table II.

A strongly excited 7/22 state is found at 9.55 MeV exci-
tation energy. This state is assigned as the isobaric analog
the 61Co ground state@13,25# and the analysis with the
DWBA theory should be done carefully. In the present wor
however, further analysis with detailed reaction models h
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not been performed, because no other isobaric analog tra
tions are observed in the measured spectra. The extrac
spectroscopic factor for this state is compared with the p
cious data and the estimated ones from the proton pick
reactions as described below.

IV. DISCUSSIONS

A. Single neutron hole states

The present results give information mainly on shell o
cupations in the 1f 7/2, 2p3/2, 2p1/2, and 1f 5/2 neutron hole
orbits in 61Ni, and also on those in deeper 1d3/2 and 2s1/2
hole orbits. It should be noted that the fragmentation of th
hole strengths of valence orbits, 2p3/2, 2p1/2, and 1f 5/2 is
weak, and the number of transitions observed is only le
than four. Contrary to this fact, the fragmentation of th
1 f 7/2 hole orbit is relatively large and the number of trans
tions is more than 20.

The number of the observed hole states for the 2p3/2,
2p1/2, and 1f 5/2 orbits is almost the same as the results o
four previous works@9–12#, and no strengths corresponding
to these orbits are found up to an excitation energy of abo
6 MeV.

However, the number of states related to the 1f 7/2 orbit
becomes about twice of the previous results as shown
Table I. The present results are consistent with the fragme
tation of the 1f 7/2 hole states in the59Ni observed in the
60Ni(p,d)59Ni reaction at the excitation energies of 2.5–
MeV @7,26#. This fact may correspond to the sudden sprea
ing of the strength distribution aboveEx;3 MeV, as is un-
derstood from the strong correlation between the single h
state and the surface oscillation of the nucleus@27,28#. Also,
the number of two-particle one-hole states which are able
couple to the single hole states increases rapidly in this e
ergy region. The summed spectroscopic factors of t
2s1/2, 1d3/2, 1f 7/2, 2p3/2, 2p1/2, and 1f 5/2 orbits in the
61Ni nucleus are shown in Table V together with previou
results@10,11# and the simple shell model predictions. In
summation process of the spectroscopic factors, some d
for which the assignment of transferredj values is ambigu-
ous~cited in parentheses! are included, because of their wea
effects on the final results.
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53 1799(p,d) REACTION ON 62Ni AT 65 MeV
Although the absolute values of the spectroscopic facto
have systematic errors arising, for example, from the optic
model and bound-state parameters for DWBA analysis, it
important to compare results with the sum-rule limit becau
the data are always useful to discuss the quenching pheno
ena in the nuclear structure response.

The sums of the spectroscopic factors of neutro
orbits for T6 1

2 isospin states above a closed shell core a
estimated with a simple shell model prescription as@29#

SC2S5nn2
np

2T11
for T,5T2 1

2

~2!

5
np

2T11
for T.5T1 1

2 ,

wherenn andnp are the numbers of neutrons and proton
respectively, above the closed shell core andT is the target
isospin. For the62Ni nucleus where the40Ca is thought to be
a good closed shell core, i.e.,np58, nn514, andT53,
then the sum-rule limits of SC2S566

7 (1 f 7/2)
16.0(2p3/212p1/211 f 5/2)51267 and SC2S5 8

7 (1 f 7/2) for
theT5 5

2 and
7
2 states, respectively, are predicted. The sum

the experimental values forT, component is 10.34 which is
about 80.4% of the limit as shown in Table V, where th
1 f 7/2 hole strengths corresponding to theT5 7

2 components
are subtracted. The present result may become slightly lar
if there is an additional possibility of fragmentation an
missing of strengths in a higher excitation energy regio
However, this value has considerable errors due to the unc
tainty of the geometrical parameters for the neutron boun
state calculation in DWBA analysis and the errors of th
absolute cross sections. Sums of the spectroscopic factor
2p3/2, 2p1/2, and 1f 5/2 hole orbits determined in this paper
are almost similar to that of Koanget al. @11#.

TABLE III. Shell model binding energies used in the DWBA
calculations for62Ni(p,d)61Ni reaction at 65 MeV.

Orbit En ~MeV! a

1g9/2 28.995
2p1/2 29.887
1 f 5/2 210.371
2p3/2 210.794
1 f 7/2 214.020
2s1/2 216.179
1d3/2 216.552

aSee text.

TABLE IV. Effect of bound-state parameters on theC2S values.

C2S

Ex ~MeV! Jp r n ,an 1.25, 0.65 1.19, 0.68 1.31, 062

0.0 3
2

2 2.00 2.38 1.58
0.068 5

2
2 2.97 4.05 2.72

0.286 1
2

2 0.60 0.72 0.46
2.902 7

2
2 0.57 0.75 0.45

9.550 7
2

2,T. 0.37 0.40 0.24
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The spectroscopic factor for the 9.55 MeV isobaric analo
state of 61Co is 0.37, which is relatively smaller than the
estimated value using Eq.~2! from the proton pickup reac-
tion data,C2Sn5C2Sp /(2T11)50.64 @30#. The selection
of bound-state parameters may remedy this difference@8#.

It was mentioned earlier~Sec. III! that a detailed DWBA
analysis of the angular distribution data of the ground-sta
analog was not attempted, as no other analog transition w
observed. We only make a passing remark on the groun
state isobaric analog states as observed by us on other
isotopes@7,25,31#.

In the 58,60Ni(p,d)57,59Ni reactions@25#, a couple of weak
peaks were observed on both sides of the main g.s. anal
These are clearly fragmented of the 7/22T. states arising
from the isospin mixing, which causes sharing of th
strength to the IAS by neighboring 7/22T, states. On the
other hand, only a single level is observed in each of th
62,64Ni(p,d)61,63Ni reactions ~present work and Refs.
@25,33#! leading to the g.s. analog (Jp57/22), but the line
shape is clearly broadened. This is probably a consequen
of the high level density in these nuclei~excitation energy
being higher than in57,59Ni!, so that the individual levels are
not separately resolved.

The C2S values for the g.s. analogs~present work and
Refs. @7,31#! measured by our group are summarized i
Table VI together with those from the58Ni(p,d) and
58,60,62Ni(p,d) reactions studied by Polaneet al. @32# and
Sherret al. @33#, respectively. Since the latter two measure
ments were made with an energy resolution of about 10
keV, the two weak fragments of the g.s. analog in th
58Ni(p,d)57Ni reactions are not resolved. TheC2S values for
all the Ni(p,d) reactions except for58Ni(p,d) reaction@31#
were extracted by means of the usual bound-state geome
(r 051.25 fm anda50.65 fm! including l525. TheC2S
values quoted in the table for (p,d) reactions are based on
the prescription of effective binding energy. The use of sep
ration energy method givesC2S51.45, 0.67, and 0.70, in-
stead ofC2S51.17, 0.42, and 0.26 for58Ni, 60Ni, and
62Ni, respectively, that were estimated by Sherret al. @33#.

TABLE V. Summed spectroscopic factors for single hole state
measured from neutron pickup reactions on62Ni.

Experiment Simple shell model
Orbit a b c prediction

2p1/2 0.70 0.49~0.55! 0.49

2.64

2.05
J1 f 5/2 3.58 2.73 6.0

2p3/2 2.33 2.14 ~2.20!

1 f 7/2 3.73 2.34 ~2.73! 1.79 6.86(T,)
d

Subtotal 10.34 7.7~8.21! 6.97 12.86(T,)
2s1/2 0.41e 0.31 1.71(T,)
1d3/2 0.20e 3.43(T,)

aPresent work.
bResults of Koanget al. @11#. In parentheses, the states with am
biguousl and j .
cResults of Rundquistet al. @10#.
dT, strengths only for the shells in which protons are fully occu
pied.
eMain strengths may distribute in higher excitation energy.
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TABLE VI. Spectroscopic factors for the ground-state analog.

C2S value

(d,3He) Shell model*
Reaction Ex ~MeV! (p,d) C2Sp /(2T11) np /(2T11)

58Ni(p,d) 5.233 144,a 2.25,e 1.17f 1.70,g 1.42,h 1.46,i 1.83j 2.67
60Ni(p,d) 7.304 0.87,b 0.42f 0.76,k 1.26j 1.60
62Ni(p,d) 9.550 0.37,c 0.26f 0.64l 1.14
64Ni(p,d) 11.80 2 d 0.50m 0.89

*The full 1f 7/2, T. strength, assuming no fragmentation.
aMatobaet al. @31#. r n51.27 fm,an50.70 fm are used for the bound-state calculation.
bMatobaet al. @7#.
cPresent work.
dNo data are reported.
ePolaneet al. @32#.
fSherret al. @33#.
gReineret al. @34#.
hMarinov et al. @35#.
iWagneret al. @36#.
jMairle et al. @37#.
kMairle et al. @38#.
lMarinov et al. @30#.
mSeegeret al. @39#.
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Also included in the table for a comparison are theC2S
values predicted for the IAS’s by the simple shell model
well as those expected from the (d,3He! reactions on these
Ni isotopes@30,34–39#.

No clear picture emerges from the comparison, as
C2Sp values themselves have a large variation, except
the C2S values obtained by our group~present work and
Refs. @7,31#! are self-consistent and indeed they decre
systematically with increasing targetT values, as shown als
in Ref. @33#.

Table VII shows the integrated properties of surface sh
orbits. The spreading widths are calculated from the sec
moment of the energy difference from the average. The
ergies scaled from the Fermi surface are calculated with
prescription given in Ref.@8#. We used the values of sprea
ing widths in order to estimate the imaginary parts of t
bound state potential discussed in Refs.@2,40#.

B. Strength function of the 1f 7/2 neutron hole states

The strong fragmentation of the 1f 7/2 neutron hole
strength in59Ni is found by Nannet al. @26#. This fact has
not been explained by an extensive shell model calcula

TABLE VII. Integral properties of spectroscopic factor, excit
tion energy and spreading width from the present resu
(Ex50–6 MeV!.

Orbit C2S Ēx ~MeV! G ~MeV! E2EF ~MeV!

2p1/2 0.70 0.339 0.306 2.008
1 f 5/2 3.58 0.264 1.040 1.933
2p3/2 2.33 0.178 1.063 1.847
1 f 7/2 3.73 3.543 2.514 5.212
as
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using 1f 7/2, 1f 5/2, 2p1/2, and 2p3/2 neutron orbits. The
strength distribution of the 1f 7/2 hole orbits in

61Ni is shown
in Fig. 10. The present study on61Ni confirms the findings of
Nannet al. in 59Ni and shows the existence of a high energ
tail up to 6 MeV as shown in the figure. This type of data
useful to discuss the shape and the sum-rule characteris
of the strength function for deeply bound hole states@7#. To
analyze the strength function of the spectroscopic fact
these data are converted toC2S values in the unit energy
interval ~MeV21) as shown in Fig. 11. Those for59Ni ob-
served in the60Ni(p,d) reaction @7# are also shown. The
energy interval is set to 0.5 MeV. The fragmentation of th
1 f 7/2 hole states in59Ni and 61Ni is quite similar to each
other. The distribution of the hole strength is predicted b
using a modified Lorentzian function as follows@3,7#:

C2S~E!5SC2S~E! f ~E!,

f ~E!5
n0
2p

G~E!

~E2EF2ER!21G2~E!/4
, ~3!

and

E
0

`

f ~E!dE51,

whereER is the resonance energy andn0 is the renormaliza-
tion constant~about one!, which is due to the energy depen
dence of the spreading width and is exactly one if the sprea
ing widthG(E) in Eq. ~3! is constant. The spreading width is
fairly well expressed with a function proposed by Brown an
Rho @41# and Mahaux and Sartor@2# as

a-
lts.
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53 1801(p,d) REACTION ON 62Ni AT 65 MeV
G~E!5
«0~E2EF!2

~E2EF!21E0
2 1

«1~E2EF!2

~E2EF!21E1
2 , ~4!

where«0 , «1 , E0 , andE1 are constants that express effec
of the nuclear damping in the nucleus. The first term in E
~4! corresponds just to the general trend of the infinite Fe
gas model prediction, with saturation characteristics in
E→` limit, and the second term to the existence of an a
ditional onset of the nuclear damping near Fermi surfa
The experimental data of spreading widths are well rep
duced with Eq.~4! with the parameters determined as d
scribed in previous works@7,8,15#. The parameters«01«1
were determined for the spreading width to approach t
constant value for theE→` limit, and «0 and E0 to the
infinite Fermi gas model prediction for theE→0 limit with
the usual constant,«0 /E0

2517.5 ~MeV21! @7#. The E→`
trend can be determined from the saturation property of
volume integralJ1 of the imaginary part of the optical po
tential @42,43#. In the present analysis an estimation
Brown and Rho, i.e.,J1 /A5130 ~MeV fm3) was used@41#.
The parameters of the second term«1 andE1 were deter-
mined to fit the curve to the experimental data near a f
MeV region.

The estimated parameters@7# are

«0519.4 ~MeV!, E0518.4 ~MeV!,

«151.40 ~MeV!, E151.60 ~MeV!. ~5!

Solid lines shown in Fig. 11 are the results for59Ni and
61Ni calculated with Eq.~3! using the spreading width of Eq
~4! to keep the resonance energyER to the experimental and
the total spectroscopic factor to the sum-rule limit for t
T, component. The resonance energyER is estimated from
the weighted mean of the distribution near peak region. T
strength function is explained reasonable well by Eq.~3!
using the energy dependence of the spreading width, Eq.~4!.
It should be noted that the curves for59Ni and 61Ni are
calculated with the same parameters, except for the re
nance energy. To estimate this value, the spectroscopic fa
above theN528 closed shells, which is given from the di
ference 0.61 between the sum of the experimental spec
scopic factors, 6.61 and the shell model sum-rule lim

FIG. 10. Strength distribution of 1f 7/2
21 transitions from the

60Ni(p,d)59Ni reaction at 65 MeV.
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6(N534228) for 2p3/2, 2p1/2, and 1f 5/2 hole transitions
~Table V!, is subtracted from the theoretical sum for th
1 f 7/2 hole state 6.86. Then, 3.73/(6.86–0.61!559.769.0%.
The error is estimated from that of the fitting uncertain
of experimental and theoretical angular distributions me
tioned in Sec. II. The theoretical estimation with Eqs.~3!,
~4!, and~5!, results in the existence of 66.3% strength in th
observed energy region (Ex,6.0 MeV!. Although the ex-
perimental strength is slightly smaller than the theory, t
difference between the experiment and theory lies within t
error.

If one considers the uncertainty of the absolute cross s
tion and the parameters of bound-state wave function
DWBA analysis, this discrepancy may be understandable
is important to increase the number of results from this ty
of analysis.

V. CONCLUSION

The 62Ni(p,d)61Ni reaction has been studied with 65
MeV polarized protons. The angular distributions of the di
ferential cross section and analyzing power have been m
sured for single hole states in61Ni up to the excitation en-
ergy of 7 MeV.

The data analysis with a standard distorted-wa
Born approximation theory provides transferred angul
momenta l and j and spectroscopic factors for severa

FIG. 11. Strength functions of 1f 7/2
21 transitions from

the 60Ni(p,d)59Ni and 62Ni(p,d)61Ni reactions at 65 MeV,
together with the prediction with a phenomenological mode
See text.



for
t
s
nd
-
d
ni-

1802 53M. MATOBA et al.
excited states. The strength function of the spectroscopic
tors for the 1f 7/2 hole state is analyzed with a modifie
Lorentzian function, and a reasonable fit is obtain
The higher energy tail in the strength function is analyzed
a consistent way with a model having one parame
i.e., resonance energy with the parametrization of the spr
ing width @Eqs.~4! and ~5!#. This analysis gives a new pos
sibility to analyze the strength function of deeply bound h
states.
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