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The 52Ni(p,d)5!Ni reaction has been studied with 65 MeV polarized protons. Angular distributions of the
differential cross section and analyzing power have been measured for neutron hole sfaisuimto an
excitation energy of 7 MeV. The data analysis with a standard distorted-wave Born approximation theory
provides transferred angular momehi@ndj and spectroscopic factors for several strongly excited states. The
1f,, hole state spreads largely in the excitation energy region of 2—6 MeV, while fthe, Pp;,, and
2p,, hole states into only 2—4 levels. The strength function of tlig,lhole state is analyzed with an
asymmetrical Lorentzian function. The damping mechanism of the single hole states is discussed.

PACS numbsds): 25.40.Hs, 21.10.Pc, 24.70s, 27.50+¢

[. INTRODUCTION ing power of the p,d) reaction at 65 MeV can be used for
clear assignment of the transferred angular momenta. And

Recently, distributions of fragmented hole states havénence, the extracted spectroscopic factors should be reliable
been found to be interesting for analyses of the spectral fund5—8]. It is, therefore, interesting to restudy this type of re-
tion of single hole stats in nucl€il—3]. Asymmetrical actions with a high resolution polarized beam and magnetic
Lorentzian and Gaussian forms have been applied in thepectrograph system.
analysis of the strength function. The Gaussian-type param- This paper describes results of a study on $#si(p,d)
etrization reproduced well the strength function tf,3,and  reaction measured with 65 MeV polarized protons. The mea-
19, neutron hole states if°Pb obtained by the’®®b  sured energy spectra were analyzed in order to identify lev-
(d,t) reaction at 200 MeM4]. Spectral functions of the els, to assign their spin parities, and to determine spectro-
1ds,, neutron hole state obtained from one-nucleon pickupscopic factors of the excited hole states in the excitation
reactiong’5,6] on “°Ca were derived reasonably well by us- energy region of 0—6 MeV. The derived data are compared
ing the asymmetrical Lorentzian form, and compared withwith the previous one$9-13, in which those of a high
that of the corresponding proton hole state obtained from theesolution study by Koangt al. are importanf11]. The frag-
(d,®He) and (e,e’p) reactions[2]. More recently, the 1;,  mentation and spreading width of deeply bounid,Jhole
neutron hole states ifNi were also analyzed using the states in®Ni nucleus are discussed. The experimental pro-

asymmetrical Lorentzian forrfi’].

As we can see in the cases 8Ca and®Ni(p,d) reac- - —
tions [5—7], the strength of the ds;, and 1f;, hole states Elé " r i (5. d) N
splits into 20—30 levels, while that of single hole states near | L o =32 4

the Fermi surface into only 2-5 levels. This comes from that
the spreading width of the hole state increases as a functior
of energy measured from the Fermi surface and the Ievel§
density is, of course, low in the low excitation energy region. *
Since examples are scarce to discuss this problem in detall, it
is desirable to investigate one-nucleon transfer reactions
which excite single hole states. According to our previous

works the angular distributions of cross section and analyz- Excitation Energy (MeV)

FIG. 1. Typical energy spectrum of deuterons from fiili
* Present address: Electrotechnical Laboratory, Tsukuba, Japan.(p,d)®!Ni reaction at 65 MeV.
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FIG. 2. Angular distribution data of cross sectiofteft) and FIG. 4. Same as Fig. 2 forfg, * transitions.

analyzing powers (right) for 2ps, ' transitions in the
**Ni(p,d)*Ni reaction at 65 MeV. The solid curves show predic- .oy re and results are presented in Sec. II, the theoretical
tions of the ?WBA :heorya;-rf do;tz:d cur\c/iesh ar:f fo(; bﬁund'?tateanalysis of angular distributions in Sec. lll, and the assigned
faLalmle;efr:]”;nE:l: gn,egr;mn—o.6 m, and the dot-dash are for angular momenta and extracted spectroscopic factors in Sec.
no no ' IV. The work is summarized in Sec. V. Preliminary results on
the spreading width of the neutron hole state$Ni were
reported at a conferen¢&4] and in a short notgl5].

:,;: 104 N (p,d) ' Ni 3 2 %2Nj (p,d) &' Ni
= E,=65MeV ] : E =65MeV | Il. EXPERIMENT
2 e 1 10k 2. A. Experimental procedure
o 108 E 0.286MeV ) ,
B %, ] o5t e ® ] The experiment was carried out at the AVF cyclotron fa-
o 0.286MeV 1 o o cility of the Research Center for Nuclear Phys{€&CNBP),
© 103k e 2 Osaka University. A polarized proton beam of 65 MeV en-
ergy was momentum analyzed and bombarded an enriched
- N (99.79% 52Ni foil target of thickness 0.491 mg/ctn Emitted
102E g 3 I deuterons were detected in the focal plane of the spec-
83 trograph(RAIDEN) [16] viewed with the focal plane detec-
57 tor system KYUSHU[17]. Angular distributions of cross
0.658MeV section and analyzing power were measured at 5°-45°
] (5—-32° for higher excitation energy regjoraboratory
T T T angles. The measured excitation energy region is 0—10 MeV.
0 10 20 30 40 50 0 10 20 30 40 50 The normalization of the cross section is performed by scal-
0cm, (deg) 0 cm (de@) ing the measureg+ ®?Ni elastic scattering cross section to

an optical model prediction using parameters of global po-
FIG. 3. Same as Fig. 2 for®,, ! transitions. tentials[18,19. The accuracy of the normalization is esti-
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FIG. 5. Same as Fig. 2 forfi, ! transitions.

mated to be better than 15%, which is mainly due to ambi- The spectrum data were analyzed with a peak fitting and
guity of the procedure for fitting the theoretical to peeling-off progranFOGRAS[20], which provided good data
experimental angular distributions. The errors attributed taeduction for the complex peak spectra at the higher excita-
run-to-run variation to integrated beam current were of theion energy region. Weak physical backgrounds were sub-
order of a few %. The normalization factor so obtained hadracted in the excitation energy region above 5 MeV. In the
been checked with the values estimated from the standarekcitation energy region of higher than 6 MeV, groups of
target weight and solid angle measurements. The detail of th&#eakly excited state and a continuum plateau are found with

experimental method is described in our previous paperd strongly excited state that is assigned to be isobaric analog
[5—g]. state of the ground state ¢fCo. Peaks located at higher

energies than 6 MeV were not analyzed because of ambigu-
ity in the peak assignment. In previous works with lower
B. Experimental results bombarding energy projectiles, assignmentk afidj values
of some weakly excited states near-2 MeV excitation
Figure 1 shows a typical deuteron energy spectrum fronenergy were ambiguous in general. It is natural that the ef-
the ®2Ni(p,d) reaction in the excitation energy region of fects of coupling to collective states become weak as the
0-10 MeV at 32° laboratory angle. The overall energy resobombarding energy increases and the momentum mismatch-
lution was about 40 keV, which was due to effects of theing enlarges.
beam energy width, the target energy loss, and the electron- Angular distribution data for the analyzed states are
ics noise in the position counter. shown in Figs. 2-9, together with the predictions of the
Discrete levels are distributed throughout the energy redistorted-wave Born approximatigbWBA) model as men-
gion up to the excitation energy of about 7 MeV. Sometioned below. From the shapes of the angular distribution of
strongly excited states are found in the excitation energy reeross section and analyzing power, the transfefratd |
gion below 4 MeV and several strongly and weakly excitedvalues are assigned definitely as is understood from the fig-
discrete states are distributed in the excitation energy regioares. The assignments are confirmed with the DWBA predic-
of 4—-7 MeV. tions.
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FIG. 5 (Continued.

Forty-nine peaks were analyzed in the excitation energyDWBA) code bwuck [21] under the zero-range local en-
region below 6 MeV and theandj values were assigned to ergy approximation model. It is known that the conventional
37 transitions. In some cases the assignments were tentati&lculation with best-fit optical potentials in the proton and

The angular distributions of the cross section and analyzgeteron channels does not reproduce well the shape of dif-
ing power for some transitions to very weakly excited stat€$arential cross-section data fop,d) reactions at medium

at the excitation energy of 0:91.5 MeV, show obscure os- . . ;
cillatory patterns as shown in Figs. 4 and 5. This may be an,crales and the use of an adiabatic potefj@al for the

indication of the presence of higher order transfer reactior‘fjemeron channel improves considerably the overall fitting of

mechanism contributing to these states, for example, twothe angular distribution. For protons, the global optical po-
step processes via the collectivé tates of®Ni or 62Nj  tential parameter of Menet al. [18] and for deuterons, an

nuclei. adiabatic potential constructed with the proton and neutron

The resultant assignmentslofindj values for the excited optical potential parameters of Becchetti and Green28k
states below 3 MeV are the same as those of Koatrgl.  were used. The optical potential parameter sets with defini-
[11] except for the 0.658 MeV state. The presgrassign- tion of a standard form are listed in Table Il.
ment of this state i$= 3, which is also recorded ifi3]. The neutron bound-state wave functions were calculated

At the excitation energy higher than about 3 MeV, severain a standard Woods-Saxon well with the standard param-
excited states are also found in addition to strongly eXCite%tersrnzl.ZS fm anda, = 0.65 fm with a Thomas spin-orbit
1f,,, hole states observed by Koargal. The experimental tﬁrm with the usuah =25 factor. The well depth was ad-

results are summarized in Table | together with the results ci sted to yield the neutron separation energy with the effec-

Refs.[10,11) tive binding energy method, because the usual separation
L. DATA ANALYSIS energy method is known tq be somevyhat questionaple for the

' analysis of states in a wide excitation energy region. The

The differential cross section and analyzing power datdinding energies of the shell model orbits used in this paper
were analyzed with the distorted-wave Born approximatiorare listed in Table Ill. These values are estimated from
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FIG. 8. Same as Fig. 2 fordk, ! transitions.

(p,d) and (d,p) reaction data aroun&Ni nucleus[23,24 .
and present data. deuteron potentialg3,=0.85, 5,=0.85, andB,=0.54, re-

In the local energy approximation model of DWBA, the SPectively, were adopted. The spectroscopic factor for a
parameter of the finite range effect 0.621 was used. AndP.d) reaction forj transfer can be obtained using the equa-
parameters of the nonlocality effect for neutron, proton, and!on

- i > - E 62 i 61 i > 62 i 61 ns
5 EZNipd) NI ] < 82 Ni (p,d) &' Ni 5 i Ni(pd) *'Ni ] < Ni (p.d) &' Ni
3 ! E, =65 MeV ] [ E, =65 MeV 3 E,=65MeV E, = 65MeV
: 10° 3 251/2 E - 231/2 . 3 3 3 - .
S S .
-~ ] ~— i
S 102f S 10°F 1.0
E 5.174MeV F 1"
4 [ e 05 |
3.053MeV 5
10k o 10°F ©% 3 0% 52
F 2 \og/o N e {02 q;;@ 282
o \/ \/ [ ®%00, ] ‘tm 3.053MeV %
10% E ] 10°F o ° L [ 1
' N X ®eo_533Mev | °g22%
_ : L 55
5.596MeV, °e N 5.333MeV |\
] 102 @ PY L . 4
o 5.407MeV 5 @
o QCD 4] ®e mmq,q; 5
‘ co 0 iy
© NS 5.407Mev \
10° : ] 102 f % »
: \ ®e _ 5460MeV
\ ° ]
. e o0 ] { =23 3
® ]
102} 10°F ee _\Q 5.460MeV )
fx\m‘b o » o0@ o ]
> F ®ece, 576MeV { o | —e2 %50 |
1 N 10'F ° 2 R
101k \/ \/ LA N 5.761MeV R
5 4 F ee 2 ]
5.706MeV [ 6.200MeV
| 0 __m.m&ﬂﬂ_g%e__
3 (0]
: 6.200MeV
1 . 05} :
ISR FEETE ENENN FRENE SR INENE SERUS RENTY SN EE EN NN TN FURTE FNEVE FRTTY FUTE] U INETE FRTY FET RS RN
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
8 cm (deg) 6 cm (deg) 8, (deg) 0., (deg)

FIG. 7. Same as Fig. 2 fors;,” ! transitions. FIG. 9. Same as Fig. 2 for unassigned transitions.



(p,d) REACTION ON ®Ni AT 65 MeV

TABLE I. Spectroscopic results from neutron pickup reactionsSi.

This work (p,d)

Ref.[11] (p,d)

Ref.[10] (°Hew)

E, E, E,
No. (MeV) | J C?s (MeV) | J C?s  (MeV) | J C?s
1 0 1 3 2.0 0 1 3 1.8 0 1 2 180
2 0068 3 3 2.97 0.067 3 2 251 0.067 3 3 251
3 0286 1 3 0.60 0.283 1 i 049 0283 1 3 049
4 0658 1 3 0.10 0656 1 2 009

5 0912 3 3 0.081 0.909 3 2 0.09

6 1.018 (3 (3 (0.026 1.020 1.020

7 1123 3 3 0.38 1118 13 33 1.118 1+3

8 1191 1 3 0.27 1.186 1 2 025 1186 1 2 o025
9 1458 3 1 0.32 1.457 3 I 049 1457 3 I 049
10 1614 3 3 0.15 1.611 3 2 013 1611 3 2 013
11 1731 1 3 0.056 1.730 1 %2 o006 1730 1

12 2015 3 1 0.092 2010 3 H 009 2010 3 I 009
13 2125 4 3 0.22 2120 (1.9 (33 2120 1+4

14 2476 3 % 0.13 2470 3 I 023 2470 3 I 023
15 2609 3 % 0.061

16 2734 (3 (3 0.033

17 2902 3 0.57 2899 3 I 080

18  3.053 3068 0 i 0.03

19 3140 3 % 0.086

20 3295 3 £ 0.72 3306 3 £ 098 3306 3 f 0098
21 3483 4 2 0.12

22 3652 3 % 0.083 3.657 3.657

23 3768 3 % 0.071

24 3932 3 1 0.084 3939 3 Hh 012

25 4025 3 1 0.078

26 4144 3 % 0.20

27 4258 3 1 0.038

28 4378 3 % 0.067

29 4487 3 1 0.11

30 4586 3 % 0.14 4592 3 H o018

31 4655 3 1 0.058

32 4729 3 1 0.061

33 4791 3 % 0.075

34 480 3 1 0.23

35 4956 3 1 0.24 4955 3 I 033

36 5031 (3 () (0.04)

37 5079 3 1 0.059

38 5174 (00 (3 (0.048

39 5232 3 1 0.057

40  5.333

41  5.407

42 5.460

43 5596 0 3 0.22 5589 0 3 016

44 5652 (20 (D (0.20

45 5706 O 3 0.14 5697 0 i 012

46  5.761

47 594 2 3 0.20

48  6.200

49 9550 3 % 0.37.AS)

2

1797
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TABLE Il. Optical model parameters used in the DWBA calculations $ti(p,d) 8Ni reaction at 65

MeV.

\% r a re W, W r' a' Vso lso s
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 117 078 125 P b 129 061 413 106 0.75
Neutron ¢ 1.25 0.65 A=25

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

a&/=110.3-0.64(E4/2)+ 0.4Z/AY® (MeV).
b\NU=0.44(Ec,|/2)—4.26(MeV), W,=24.8-0.50(E4/2) (MeV), E4 is the deuteron kinetic energy.
“Well depth adjusted to fit the separation energy.

do C2S do not been performed, because no other isobaric analog transi-
d_QZZ'gonTld_Q , (1)  tions are observed in the measured spectra. The extracted
bwuck spectroscopic factor for this state is compared with the pre-

per ) » cious data and the estimated ones from the proton pickup
whereC~S is the spectroscopic factor for the transition andgactions as described below.

do/dQ |k iS the resultant DWBA differential cross sec-
tion with the codebwuck [21]. The results of the DWBA
analyses are shown in Figs. 2-8. IV. DISCUSSIONS
From comparisons between experiment and theory, the
transferred angular momenitandj were assigned, and then
the spectroscopic factors were determined for 37 transitions The present results give information mainly on shell oc-
in the excitation energy region from 0 to about 6 MeV. Thecupations in the 1;,, 2ps,, 2py», and If5, neutron hole
results are summarized in Table I. For almost all the stronghprbits in 82Ni, and also on those in deepedg, and %,
excited states, the diffraction patterns are clear to assign thale orbits. It should be noted that the fragmentation of the
| andj values. The consideration of two-step process may béole strengths of valence orbitsp,, 2pi,, and Ifg, is
important to analyze some excited states which are excitedreak, and the number of transitions observed is only less
from coupling with, for example, the surface vibration. than four. Contrary to this fact, the fragmentation of the
The extracted spectroscopic factors have errors of abodtf,, hole orbit is relatively large and the number of transi-
+15% due to the absolute cross-section normalization, aons is more than 20.
mentioned in Sec. Il B. Additional errors should be consid- The number of the observed hole states for thm,2
ered on the uncertainty of the parameters for calculating th@p,,,, and 1Ifs,, orbits is almost the same as the results of
neutron bound state in DWBA analysis. In order to study thefour previous work§9—12], and no strengths corresponding
effect of a variation of the bound-state parameters on théo these orbits are found up to an excitation energy of about
shape and magnitude of the DWBA angular distributions6 MeV.
some strongly excited transitions were selected, which carry However, the number of states related to the,lorbit
large C?S values forJ™=3/2", 1/27, 5/27, 7/2° (normal  becomes about twice of the previous results as shown in
statg and 7/Z (IAS). The geometrical parameters were Table |. The present results are consistent with the fragmen-
changed by +5% from the conventional values, i.e., tation of the I, hole states in the®Ni observed in the
r,=1.25 fm anda,=0.65 fm, with a constraint to keep the °Ni(p,d)**Ni reaction at the excitation energies of 2.5—6
rms radius almost constant. Comparisons between the eMeV [7,26]. This fact may correspond to the sudden spread-
perimental and the DWBA angular distributions are made ining of the strength distribution abog,~3 MeV, as is un-
Figs. 2—5 and th&?S values are summarized in Table IV. derstood from the strong correlation between the single hole
As shown in the figures, angular distribution shapes do nostate and the surface oscillation of the nuclg2ig2§. Also,
depend so much on the choice of bound-state parameters, ke number of two-particle one-hole states which are able to
the C2S values depend quite appreciably. The uncertainty ircouple to the single hole states increases rapidly in this en-
the C?S values becomes to be 20—30%. We then consideredrgy region. The summed spectroscopic factors of the
the adoption of the conventional bound-state parameter8s;,, 1ds,, 1f;p, 2psn, 2Py, and Ifs, orbits in the
given in Table II. 8INi nucleus are shown in Table V together with previous
A strongly excited 7/2 state is found at 9.55 MeV exci- results[10,11] and the simple shell model predictions. In a
tation energy. This state is assigned as the isobaric analog slimmation process of the spectroscopic factors, some data
the ®'Co ground statd13,25 and the analysis with the for which the assignment of transferr¢dalues is ambigu-
DWBA theory should be done carefully. In the present work,ous(cited in parenthesgare included, because of their weak
however, further analysis with detailed reaction models hagffects on the final results.

A. Single neutron hole states
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TABLE Ill. Shell model binding energies used in the DWBA TABLE V. Summed spectroscopic factors for single hole states

calculations for®Ni( p,d)®Ni reaction at 65 MeV. measured from neutron pickup reactions BNi.

Orbit E, (MeV) 2 Experiment Simple shell model
™ " 8.995 Orbit a b c prediction

2P1 ~9.887 2P 0.70  0.49059 (.49

1fsp, —-10.371 1fg, 3.58 2.73 2.64 6.0

2p3p —10.794 2P 2.33 214220 2.05

1f72 —14.020 1f4, 3.73 234273 179 6.867 )¢

2812 —16.179 Subtotal  10.34 7.18.21)  6.97 12.867-)

1ds —16.552 251 0.4 0.31 1.717.)

3Ses toxt 1da, 0.2¢° 3.43(T.)

. ®Present work.
Although th? absolute yz_ilues of the speciroscopic facJForSResuIts of Koanget al. [11]. In parentheses, the states with am-
have systematic errors arising, for example, from the optlcaé)iguousl andj

model and bound-state parameters for DWBA analysis, it isResults of Rundquiset al. [10]
important to compare results W.Ith the sum-rule Im.“t becaus‘3T< strengths only for the shells in which protons are fully occu-
the data are always useful to discuss the quenching phenorBi-ed
ena in the nuclear structure response. *Main strengths may distribute in higher excitation energy.
The sums of the spectroscopic factors of neutron
orbits for T+ 3 isospin states above a closed shell core are

estimated with a simple shell model prescription 29] The spectroscopic factor for the 9.55 MeV isobaric analog
state of ®1Co is 0.37, which is relatively smaller than the

3C28=n, - Np for T.=T-1 estimated V28.|Ue uging E@2) from the proton pickup reac-
2T+1 < 2 tion data,C*S,=C*S,/(2T+1)=0.64[30]. The selection
(2)  of bound-state parameters may remedy this differ¢Bg.e
Ny . It was mentioned earligfSec. 1)) that a detailed DWBA
ToT+1 for T.=T+ 3, analysis of the angular distribution data of the ground-state

analog was not attempted, as no other analog transition was
wheren, andn, are the numbers of neutrons and protons,observed. We only make a passing remark on the ground-
respectively, above the closed shell core dnis the target state isobaric analog states as observed by us on other Ni
isospin. For thé®Ni nucleus where thé°Ca is thought to be  isotoped7,25,31.
a good closed shell core, i.en,=8, n,=14, andT=3, In the 58%Ni(p,d)>">Ni reactiong25], a couple of weak
then the sum-rule limits of 3C?S=6% (1f;,) peaks were observed on both sides of the main g.s. analog.
+6.0(203,+ 2Pyt 1f5) =128 and 3C?S=¢ (1f,,) for  These are clearly fragmented of the 712. states arising
the T=3 and? states, respectively, are predicted. The sum ofrom the isospin mixing, which causes sharing of the
the experimental values far. component is 10.34 which is strength to the IAS by neighboring 7/Z_ states. On the
about 80.4% of the limit as shown in Table V, where theother hand, only a single level is observed in each of the
1f,, hole strengths corresponding to tfie= 2 components  ®*Ni(p,d)®*®Ni reactions (present work and Refs.
are subtracted. The present result may become slightly largé25,33) leading to the g.s. analog{=7/2"), but the line
if there is an additional possibility of fragmentation and shape is clearly broadened. This is probably a consequence
missing of strengths in a higher excitation energy regionof the high level density in these nucl@éxcitation energy
However, this value has considerable errors due to the uncebeing higher than irt”>Ni), so that the individual levels are
tainty of the geometrical parameters for the neutron boundnot separately resolved.
state calculation in DWBA analysis and the errors of the The C?S values for the g.s. analogpresent work and
absolute cross sections. Sums of the spectroscopic factors Befs. [7,31]) measured by our group are summarized in
2P35, 2Py, and If s, hole orbits determined in this paper Table VI together with those from the®Ni(p,d) and
are almost similar to that of Koangt al. [11]. 58,60.64\j(p,d) reactions studied by Polaret al. [32] and
Sherret al. [33], respectively. Since the latter two measure-
TABLE IV. Effect of bound-state parameters on &S values. ments were made with an energy resolution of about 100
keV, the two weak fragments of the g.s. analog in the
C’s 8ii( p,d)>'Ni reactions are not resolved. TAES values for
all the Ni(p,d) reactions except for®Ni(p,d) reaction[31]

B (Mev) J @ 125065 119,068 131062 0 extracted by means of the usual bound-state geometry
0.0 3- 2.00 2.38 1.58 (ro=1.25 fm anda=0.65 fm) including A=25. The C2S
0.068 2- 2.97 4.05 2.72 values quoted in the table fop(d) reactions are based on
0.286 i 0.60 0.72 0.46 the prescription of effective binding energy. The use of sepa-
2.902 - 0.57 0.75 0.45 ration energy method give82S=1.45, 0.67, and 0.70, in-
9.550 - T 0.37 0.40 0.24 stead of C?S=1.17, 0.42, and 0.26 for®Ni, Ni, and

52Ni, respectively, that were estimated by Shetral. [33].
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TABLE VI. Spectroscopic factors for the ground-state analog.

C2S value
(d,3He) Shell modet
Reaction E, (MeV) (p,d) C?S,/(2T+1) n,/(2T+1)
*5Ni( p,d) 5.233 144 2.2581.17" 1.709 1.42/ 1.46, 1.83 2.67
Ni(p,d) 7.304 0.870.42 0.76X 1.26 1.60
62Ni( p,d) 9.550 0.370.26 0.64 1.14
84Ni(p,d) 11.80 -d 0.50" 0.89

"The full 1f,,, T~ strength, assuming no fragmentation.
#Matobaet al. [31]. r,=1.27 fm,a,=0.70 fm are used for the bound-state calculation.
bMatobaet al.[7].

‘Present work.

INo data are reported.

€Polaneet al.[32].

fSherret al.[33].

9Reineret al. [34].

PMarinov et al. [35].

'Wagneret al. [36].

IMairle et al. [37].

KMairle et al. [38].

'Marinov et al. [30].

MSeegeret al. [39].

Also included in the table for a comparison are &S  using If;,, 1fsp, 2Py, and 2z, neutron orbits. The
values predicted for the I1AS’s by the simple shell model asstrength distribution of the fL,, hole orbits in8Ni is shown
well as those expected from thd,fHe) reactions on these in Fig. 10. The present study diNi confirms the findings of
Ni isotopes[30,34-39. Nannet al.in **Ni and shows the existence of a high energy
No clear picture emerges from the comparison, as théail up to 6 MeV as shown in the figure. This type of data is
CZSp values themselves have a large variation, except thatseful to discuss the shape and the sum-rule characteristics
the C2S values obtained by our groufpresent work and of the strength function for deeply bound hole stdt&s To
Refs.[7,31]) are self-consistent and indeed they decreasenalyze the strength function of the spectroscopic factor,
systematically with increasing targ€tvalues, as shown also these data are converted @S values in the unit energy
in Ref.[33]. interval (MeV ~ ) as shown in Fig. 11. Those fofNi ob-
Table VII shows the integrated properties of surface shelkerved in the®Ni(p,d) reaction[7] are also shown. The
orbits. The spreading widths are calculated from the secondnergy interval is set to 0.5 MeV. The fragmentation of the
moment of the energy difference from the average. The entf, hole states in®*Ni and ®!Ni is quite similar to each
ergies scaled from the Fermi surface are calculated with thether. The distribution of the hole strength is predicted by
prescription given in Refl8]. We used the values of spread- using a modified Lorentzian function as follo\&, 7]:
ing widths in order to estimate the imaginary parts of the

bound state potential discussed in R¢&540. C?S(E)=3C*S(E)f(E),
B. Strength function of the 1f,,, neutron hole states HE)= Ng I'(E) 3
The strong fragmentation of thefj, neutron hole 27 (E-Eg—Eg)*+T%(E)/4’

strength in®Ni is found by Nannet al. [26]. This fact has
not been explained by an extensive shell model calculationq

TABLE VII. Integral properties of spectroscopic factor, excita- .
tion energy and spreading width from the present results. j f(E)dE=1
(E,=0-6 MeV). 0 '

Orbit C’S  E,Mev) I (MeV) E—Eg (MeV _ _ :
x ) ( ) F ) whereEg is the resonance energy anglis the renormaliza-

2P 0.70 0.339 0.306 2.008 tion constan{about ong which is due to the energy depen-
1fsp, 3.58 0.264 1.040 1.933 dence of the spreading width and is exactly one if the spread-
2Pap 2.33 0.178 1.063 1.847 ing widthI"(E) in Eq. (3) is constant. The spreading width is
1f,, 3.73 3.543 2.514 5.212 fairly well expressed with a function proposed by Brown and

Rho[41] and Mahaux and Sart¢2] as
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FIG. 10. Strength distribution of f},,” ! transitions from the - Strength Function
80Ni( p,d)°°Ni reaction at 65 MeV. 40 | Ni(p,d)f'Ni 1,
T a0 E,, = 3.543(MeV)
rE) eo(E—Ep)? e1(E—Ep)? @ 2 ! $C?S = 6.86
= + S
) 2 2 2 @ 20}
(E-Ep)?+E  (E-Ep)’+E, A q,
- <
whereeg, €1, Eg, andE; are constants that express effects 10 - ]
of the nuclear damping in the nucleus. The first term in Eq.
(4) corresponds just to the general trend of the infinite Fermi 0.0 et 1T
gas model prediction, with saturation characteristics in the 0 1 2 3 4 5 & 7 8 9 10

E—o limit, and the second term to the existence of an ad- Excitation Energy (MeV)

ditional onset of the nuclear damping near Fermi surface. , . »
The experimental data of spreading widths are well repro- F'GC(;‘-_ 11. 5?”_8”9”‘ glzm_ctlonsmof f}, * transitions from
duced with Eq.(4) with the parameters determined as de-€ ~Ni(p.d)>Ni and "Ni(p,d)*Ni reactions at 65 MeV,
scribed in previous workE7,8,19. The parameterso+ e, together with the prediction with a phenomenological model.
were determined for the spreading width to approach to gee text.

constant value for th&—-co limit, and ¢5 and Eq to the

infinite Fermi gas model prediction for tHe—0 limit with 6(N=34—28) for 2pg;», 2p1, and U5, hole transitions
the usual constant,/E,>=17.5 (MeV 1) [7]. The E—o (Table V), is subtracted from the theoretical sum for the
trend can be determined from the saturation property of théf,, hole state 6.86. Then, 3.73/(6.86—0.6%59.7+9.0%.
volume integrall; of the imaginary part of the optical po- The error is estimated from that of the fitting uncertainty
tential [42,43. In the present analysis an estimation byof experimental and theoretical angular distributions men-
Brown and Rho, i.e.);/A=130(MeV fm?3) was used41].  tioned in Sec. Il. The theoretical estimation with E¢3),
The parameters of the second tesm and E; were deter- (4), and(5), results in the existence of 66.3% strength in the
mined to fit the curve to the experimental data near a fewbserved energy regiorE(<6.0 MeV). Although the ex-

MeV region. perimental strength is slightly smaller than the theory, the
The estimated parametdrd| are difference between the experiment and theory lies within the
error.
£9=19.4 (MeV), E,=18.4 (MeV), If one considers the uncertainty of the absolute cross sec-

tion and the parameters of bound-state wave function in
£,=1.40 (MeV), E;=1.60 (MeV). (5  DWBA analysis, this discrepancy may be understandable. It

o o ) is important to increase the number of results from this type
Solid lines shown in Fig. 11 are the results fdNi and  of analysis.

6INi calculated with Eq(3) using the spreading width of Eq.
(4) to keep the resonance enellgy to the experimental and
the total spectroscopic factor to the sum-rule limit for the

T. component. The resonance en_et'gyis estimated from V. CONCLUSION
the weighted mean of the distribution near peak region. The
strength function is explained reasonable well by E3). The 2Ni(p,d)®!Ni reaction has been studied with 65

using the energy dependence of the spreading width(4tq. MeV polarized protons. The angular distributions of the dif-

It should be noted that the curves f8?Ni and Ni are  ferential cross section and analyzing power have been mea-
calculated with the same parameters, except for the ressured for single hole states fNi up to the excitation en-
nance energy. To estimate this value, the spectroscopic factergy of 7 MeV.

above theN=28 closed shells, which is given from the dif- The data analysis with a standard distorted-wave
ference 0.61 between the sum of the experimental spectrd@orn approximation theory provides transferred angular
scopic factors, 6.61 and the shell model sum-rule limitmomental and j and spectroscopic factors for several
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