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Shell-model study of 40Ca with the 56-MeV (d, p) reaction
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Single-particle states in Ca have been investigated through the Ca(d, p) 'Ca reaction with
polarized deuterons of Eg ——56 MeV. Angular distributions of differential cross sections and vector
analyzing powers were measured for 91 transitions up to 9.7-MeV excitation energy by using a
magnetic spectrograph. Analyses of these data were performed to determine j and t S of single-
particle levels with zero-range distorted-wave Born approximation calculations using the adiabatic
approximation. The occupation probabilities and the single-particle energies in Ca were extracted
for the valence (2p —1f) and (2s —1d) shells with including previous (p, d) data. The results on
these quantities show good agreement with theoretical expectations.

PACS number(s): 21.10.Jx, 21.60.Cs, 25.45.Hi, 27.40.+z

I. INTRODUCTION

In recent decades, there has been a renewal of interest
in nuclear spectroscopy in order to solve problems such
as the missing strength in the Gamow-Teller giant reso-
nance (GTGR) [1],which has been one of the most pop-
ular topics in nuclear physics, depletion of single-particle
strength [2] near the Fermi surface, and ground state cor-
relations [3,4] in a nucleus. In addition quenching phe-
nomena of stretched 6 (s1f7/2 vlds/z) states [5] excited
via the 4 Ca(p, n)4oSc reaction have been the subject
of controversy. In order to understand these phenom-
ena, it is necessary to obtain occupation probabilities of
the nucleus —one of the most fundamental quantities in
nuclear structure physics —via systematic spectroscopic
studies. The (p —f) shell nuclei such as the Ca isotopes
stimulate much interest, since their spectroscopic struc-
tures show marked differences when compared with those
of other light- and heavy-weight nuclei. The present work
is designed to investigate the neutron-shell structure of
the doubly closed nucleus Ca. The occupation prob-
abilities and the single-particle energies are obtained by
the study of transfer reactions.

The one-nucleon transfer reaction is a useful tool for
investigating the shell configuration in nuclei because of
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its simple mechanism leading to a single-hole or a single-
particle state. Many researchers have studied Ca isotopes
by means of (p, d) [6—8] and (d, p) [9—14] reactions as well
as other unique reactions [15—17]. Most of the data, how-
ever, is not able to be used to determine occupation prob-
abilities and single-particle energies. There are two main
reasons for this. First, the entire fragmented strength
was not observed due to the poor energy resolution and
the narrow range of excitation energy which was mea-
sured. Secondly, there have been few studies with vector
analyzing power measurements, and j ambiguities re-
main. There is a further point that needs to be noted.
The precise values for these quantities relating to the sheO
structures depend critically on the spectroscopic factors
C S which in turn are sensitive to a certain approxi-
mation made in the distorted-wave Born approximation
(DWBA). The most uncertain term of the DWBA cal-
culation is the form factor generated by the bound state
potential of a transferred neutron. Many aspects of this
problem have been discussed [18,19], and a careful nor-
malization should be expected to yield reliable C2S val-
ues even with a simple DWBA analysis.

In the last few years Eckle et aL [10,11] have per-
formed an experimental study of the Ca(d, p) Ca re-
action at 20 MeV with very high resolution. They have
found and analyzed 183 levels with excitation energies
of up to 8.7 MeV. As a result they concluded that the
1'/2 orbit is completely empty and the higher l = 1
orbits are approximately 20% occupied. This unreason-
able result xnay arise &om difficulties in l, j assignments
which occur because reactions at lower incident energies
show an indistinct j dependence in the analyzing pow-
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ers. In particular, the ambiguity becomes larger as the
excitation energy becomes higher. Stephenson et al. [20]
has explained that a strong spin-orbit distortion at the
higher energy incidence of 79 MeV has the effect of mak-
ing larger distinctions in analyzing power for transfers of
different j and the same l, though the distinctions in cross
sections for different l transfers is less clear. Incidence at
a slightly lower energy of about 60 MeV is expected to
allow us to make reliable l, j assignments throughout a
wide excitation range 0—10 MeV.

In view of the above problems, (p, d) and (d, p) reac-
tions should be reinvestigated. Some of the authors have
investigated the Ca single-hole states up to 10-MeV
excitation with the (p, d) reaction at 65 MeV [7,8]. The
complementary data from the (d, p) reaction is very im-
portant to enable us to gain insight into the shell struc-
ture of 4oCa, since the single-particle picture would be
elucidated around the Fermi surface.

In the present paper we describe the results of a
OCa(d, p) ~Ca reaction study. The measurements were

carried out with a high quality beam of 56-MeV vector-
polarized deuterons. The angular distributions of the
vector-analyzing power A„(8) and the differential cross
section da /dO(8) were measured in the energy range from
the ground state to the excited states at about 10 MeV
by the use of a high resolution magnetic spectrograph.
The angular distribution data were analyzed by using the
zero-range DWBA theory using an adiabatic approxima-
tion. For the observed levels the j values were deduced
and the spectroscopic factors extracted. Many states
were reassigned (for example, from 7/2 to 5/2 ). The
shell-model structure of 40Ca is discussed in regard to the
valence (2s —1d) and (2p —1f) shells with consideration
of the (p, d) data, and compared with those from recent
theoretical calculations. Preliminary results on the occu-
pation probabilities have been reported elsewhere [21].

II. EXPERIMENTAL PROCEDURE

The measurements were carried out at the Research
Center for Nuclear Physics, Osaka University. Angular
distributions of da/dO(8) and A„(8) were measured for

the 40Ca(d, p) 4~Ca reaction at fourteen laboratory angles
between 5' and 45'. The polarized deuterons were accel-
erated up to 56 MeV with the AVF cyclotron, and the

I

spin was alternated at every second. The beam current
was 15 20 nA on the target. We used a self-supporting
metallic foil of natural 40Ca of 1.10 mg/cm2 thickness as
the target. The polarization of deuterons was measured
upstream of the scattering chamber at 10-sec intervals be-
fore the (d, p) measurements were made for 90 seconds,
and the vector polarization was found to be about 0.52.

The emitted protons were detected by a focal plane
detector system following the spectrograph RAIDEN [22]
with a solid angle of 32 msr. Two different magnetic field
settings of the spectrograph were employed to cover the
excitation energies 0—5 MeV and 5—10 MeV. The detector
system consisted of two position sensitive proportional
counters follow'ed by a gaseous AE counter and a plastic
E counter, which provided clear particle identification.
The active range of these counters were & 1800 mm in
order to cover the focal plane completely. We used RDCs
[23] to obtain position information for the protons on the
focal plane. The proton momentum is expressed in terms
of the focal plane position. These data were fed into a
personal computer system based on a 10-MHz CPU (Intel
80286) through a status-encode module [24] which added
spin information from the ion source to the position data.
The detection efficiency was better than 99% during the
present measurements.

III. ANALY'SES

For analyses of the experimental data, zero-range
DWBA calculations were carried out by using the code
DwUGK [25]. Within the framework of the local energy
approximation, the finite range effect of neutron-proton
interaction was corrected with a parameter of 0.621 fm
and the nonlocality of the optical potential with 0.85 fm
and 0.54 fm for proton/neutron and deuteron, respec-
tively.

The distorted wave was generated by the optical po-
tential. We used an ordinary potential with a real cen-
tral part of the Woods-Saxon shape, an imaginary part
for volume and surface absorption, a spin-orbit potential,
and a Coulomb potential. Parameters of the potentials
were referred to the best-fit values for the 40Ca(p, d) Ca
reaction at 65 MeV [7,8] by Matoba et al. The global
potential of Menet et al. [26] was adopted for the proton
channel. The parameters written using the usual expres-
sions are given by

V = 49.9 —0.22' + 26.4(N —Z)/A + 0.4ZA '~ MeV,

ro ——1.16 fm, ao ——0.75 fm,

TV = 1.2+ 0.09E„MeV,

WD = 4.2 —0.05E~ + 15.5(N —Z)/A MeV or 0, whichever is greater,

r ' = 1.37 fm, a' = 0.74 —0.0008E„+ (N —Z)/A fm,

V, = 6.04 MeV, r" = 1.064 fm, a" = 0.78 fm,
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Here E„ is the proton energy which varied with the ex-
citation energy. For the deuteron channel the adiabatic
potential [27] was used on the basis of Satchler's pre-
scription [28], which was constructed with the proton and
neutron potentials of Becchetti and Greenlees [29]:

V = 110.3 —0.65(Eg/2) + 0.4ZA ! MeV,

rp ——1.17 fm, ap ——0.779 fm,

R' = 0.22Ed —4.26 MeV or 0, whichever is greater,

W~ = 24.8 —0.25' MeV or 0, whichever is greater,

V), = hu(A+ 2+vi, ! s+ vigil(l+1)) MeV,

v~, ———20.0A

' 0, A=0, 1,2,
0.0175, A = 3,

ll 0 0225 P 4
0.020, A. = 7, 8

where A denotes the principal oscillator quantnm num-
ber. The spectroscopic factor C2S for each level was
extracted with

r' = 1.29 fm, a' = 0.578+ 0.35(N —2)/A fm, der t 2S 2'+ 1
(2)

V, = 4.1 fm, r" = 1.06 fm, a" = 0.75 fm,

r, = 1.25 fm,

where J; and Jy were the spins of the target nuclei in the
entrance and exit channels of the reaction, respectively,
and J was the transferred total spin.

where Ep is the incident deuteron energy of 56 MeV. The
value of V, was reduced to s [8] of the usual value of
6.2 fm to enable better fitting of A&(8).

For computing the form factor, the bound state wave
function of captured neutron was generated as an eigen-
function of the Woods-Saxon well including the Thomas-
Fermi spin-orbit potential with A = 25. A fixed geometry
of the well was used in the analyses for all transitions.
Values of both the radius rp and the diffuseness ap of
the well have a marked effect on transition amplitude,
but little efFect on the shapes of 0(8) and A„(8). The
parameters were adjusted so as to satisfy simultaneously
the following: (1) the total values of C2S should be near
the sum rule, i.e., P.C2S; ( 1, for the three higher
shells of 1fs~2, 2ps~2, and 2pi~z, (2) the equivalent neu-
tron number located in the six valence 2si!z, 1ds~2, 1fr~z,
1fs~s, 2ps!s, and 2pi!2 shells should be a total of 6—7 in
the (d, p) reaction study. Under these conditions we fi-

nally determined values of rp ——1.27 fm and ap = 0.67
fm. The potential depth was calculated with the con-
ventional well-depth procedure [30]. The binding energy
of each level is given generally by the separation energy
(SE) method [31,32]. The effective binding energy (EBE)
method [33,34] is known to give more reasonable prescrip-
tions for the spectroscopic factor in analyses over a wide
excitation region. The EBE prescription is considered
to be more reasonable especially for stripping strengths
to hole states. With these two methods, however, it is
impossible to analyze highly excited states beyond the
neutron separation energy 8„,i.e., 8.363-MeV excitation
of Ca. When these transitions involve a large fraction
of the single-particle strength, it may be possible to ana-
lyze them with unperturbed level energies for individual
orbits on the basis of the EBE prescription. A harmonic
oscillator potential was used to calculate the level ener-
gies. The potential depth Vi, was calculated by [35]

IV. RESULTS AND DISCUSSION

Figure 1 shows an energy spectrum for the
Ca(d, p) Ca reaction measured at 8i b = 11'. The

overall energy resolution is 30 keV FWHM; this value
is mainly due to the energy loss fluctuations in the target
foil. It can be seen that the almost pure single-particle
states have relatively large strengths in comparison with
the two-step excitation strengths, although the strengths
of two-step or compound process are enhanced at lower
incident energies. Discrete levels are distributed through-
out the wide excitation region. The sharp peaks appear-
ing at the highest energy part of the spectrum, which
exceeds S (= 8.36 MeV), may be long-lived resonance
levels. As seen later, the angular distributions for these
levels clearly exhibit a single-particle-like behavior, and
hence the EBE method is appropriate for analyses of
these transitions. The physical background due to, for
instance, breakup protons is very small even in the highly
excited region.

The spectrum data were analyzed to obtain angular
distributions of 0'(8) and As(8) by using a peak fitting
code FQGRAS [36], which provided good data reduction
even for spectra with complicated structures including
contamination peaks. The excitation energies of levels
were determined with reference to the proton momen-
tum for the ground state transition. The errors were
estimated from analyses of some known levels, and found
to be within a few keV for most levels below 5-MeV ex-
citation. Between 5 and 10 MeV the errors may be +10
keV.

A. Single-particle states

The single-particle states in Ca have been investi-
gated. We observed 91 levels up to 9.7 MeV of excitation
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FIG. 1. Proton spectrum for
the Cs(d, p) Cs reaction by
using 56-MeV deuterons with
spin-up orientation taken at
8 = 11'. The number of pro-
tons in every 4-keV energy bin
is plotted versus excitat'ion en-

ergy of Ca. For identification,
the quantum numbers and ex-
citation energies of the typical
states are given in the figure.
Peaks contributed by contami-
nations are also identified.

energy. The quantum numbers are given for 71 states in-
cluding 28 tentative assignments. Spectroscopic results
of the present work are listed in Table I, and compared
with those of the 20-MeV (d, p) reaction [ll] by Eckle
et al. and a review of 4oCa(d, p) reaction studies [37]
taking into account Eckle's data. Only the states corre-
sponding to the present work are shown here, although
Eckle et al. observed 183 levels up to 8.7 MeV. I ow-lying
states are widely acknowledged &om many experimental
works, and our results are consistent with these works.
In the high excitation region some disagreements are seen
in j assignments. Many levels are populated close to-
gether at E & 7 MeV, and the correspondence is not
clear. The difference in excitation energies appears to be
within 10 keV.

Figure 2 shows angular distributions of cr and A„ for
the ground lf~/2 state transition. The DWBA curves
reasonably reproduce the experimental data. The present
analysis yields a value of the spectroscopic factor of
C2S = 0.77 6 0.05. The error in the spectroscopic factor
principally arises from the ambiguity in the normaliza-
tion procedure [8] due to the difFerence in angular distri-
bution shapes. In the present work errors were estimated
using the largest and the smallest C2S values obtained by
6tting differently the DWBA curve to at least one point
of the measured data in the forward region 8~ g ( 15 . In
Table II the present result is compared with those &om
previous studies on (d, p) reactions at 20 MeV [11]and 56
MeV [38], and a 4ica(e, e') reaction [16] at hundreds of
MeV. The results are consistent within the experimental
errors. The last cohlmn of Table II presents a quasipar-
ticle strength [40,41] evaluated from the dispersive-mean
field theory. The value of 0.75 for the 1 '/2 particle state
is very close to our result. Except for the ground state, no
clear 1'/2 states are observed. Three other transitions
to E = 5.51-, 7.39-, and 8.50-MeV levels shows angular
distributions slightly resembling 1f7/2 shape. These tran-
sitions have very weak strengths and the total value 1fq/2
strength is not affected by these ambiguous assignments:

almost all of the 1'/2 strength appears to be concen-
trated in the ground state level. The resultant value of
0.77 indicates considerable deficiency of particles in the
surface of the Ca ground state.

The l = 1 transition gives rise to strong peaks in the
lower energy part of the spectrum (Fig. 1). The 2ps/2
and the 2p~y2 strengths are observed at four states re-
spectively in the range E ( 4.75 MeV. Almost all the
strengths are collected in these transitions. Angular dis-
tributions are shown in Figs. 3 and 4. The 4.10-MeV
state, which was interpreted as a 5/2+ state previously,
is reassigned as 1/2, as is evident from the compari-
son shown in Fig. 4 (second curve from the bottom).
The present C S values for 2pqy2 states are larger than
the Eckle's values by 30 50%. The reason for this may
be due to the different procedures used to calculate the
form factors. It should be noticed that the cross section
calculations for 1/2 transitions show the poorest agree-
ment for any class of transitions in the present work, and
the errors of these values are somewhat large. At the
higher region of E =6.9—9.5 MeV few very weak states
have been tentatively assigned for each transition, and
Eckle et al. observed four or 6ve very weak transitions
at E =5.0—6.4 MeV. The assignments for these states are
ambiguous, but it has little effect on the total strength.

The l = 3 strength is widely distributed into many
states for E =6—10 MeV, which arises almost exclusively
from the j = 5/2 transfer. It is notable that the clear
peaks arising in this energy region are mainly attributed
to the l = 3,j = 5/2 strength. The 1fs/2 assignments are
given to 18 levels de6nitely and eight levels tentatively
below S . Above S, 6ve de6nite states and one tenta-
tive are observed. Angular distributions are displayed in
Fig. 5 for twelve typical transitions. The large negative
amplitude of A„ is sufBcient evidence to show that these
are l = 3,j = 5/2 transitions. As can be seen in Table
I, six states are reassigned de6nitely in this work, which
were interpreted in terms of 1'/2 by Eckle et aL Most
of the other 5/2 assignments agree with Eckle's results.
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Present results

TABLE I. Level structure of Ca from Ca(d, p) reaction.

Ra'. [l1] Ref. [37]

No.
1

3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

40
41
42

43
44
45

46
47
48
49
50
51
52

E
(MeV)

Ground state
1.9401
2.0073
2.4613
2.5743
2.6701
2.8851
2.9570
3.0512
3.2011
3.3497
3.4004
3.4955
3.5270
3.6147
3.657
3.7303
3.8455
3.9432
4.1090
4.224
4.295
4.338
4.4463
4.559
5.6017
4.7543
4.8177
4.8773
4.9692
5.0215
5.0545
5.0718
5.1890
5.2743
5.3573
5.4037
5.4621
5.5128

5.6431
5.7071
5.7477

5.7974
6.0714
6.2407

6.4525
6.5311
6.5712
6.6527
6.6990
6.75&7
6.8&45

J1f

7/2—
3/2—
3/2+
3/2—

t S
0.77
0.54
0.14
0.20

1/2+ 0.084

(3/2+
9/2+

0.092)
0.0083

1/2+ 0.12

S/2+
1/2—

0.038
0.092

3/2-
1/2+
1/2-
1/2-

0.027
0.076
0.57
0.035

0.0074

3/2-
1/2-
3/2+
5/2—
9/2+
(1/2+
(1/2+

0.14
0.29
0.035
0.091
0.029
0.17)
0.11)

9/2+ 0.029

(7/2—
(s/2—
S/2-

0.0027)
0.0072)

0.12

(9/2+
(s/2-
5/2—

S/2-

0.011)
0.0081)
0.081

0.017

S/2-
S/2—
5/2-
S/2-
S/2-
S/2-
S/2-
(3/2—

0.061
0.035
0.037
0.015
0.031
0.024
0.016

0.0010)

(1/2 — 0.028)

No.
1
2

3
4
5
7
8
9
10
11
12
13
14
15
16

17
19
21
24

28
29
30
32
34
36
37
39
40
41
47
49

55
56
59

63
66
69
70
71
Sl
89
97
98
100
101
105
107
109
114
116

(MeV)
Ground state

1.9427
2.0098
2.4626
2.5742
2.6705
2.8842
2.9598
3.0504
3.2004
3.3682
3.3998
3.4945
3.5260
3.6135

3.7303
3.8457
3.9439
4.0933

4.4485
4.5206
4.6029
4.7534
4.8171
4.8783
4.9705
5.0136
5.0469
5.0723
5.1949
5.2833

5.4517
5.4689
5.5199

5.6488
5.7040
5.7509
5.7596
5.8012
6.0833
6.2388
6.4379
6.4507
6.5206
6.5674
6.6470
6.6862
6.7481
6.&695
6.9173

J&

7/2
3/2-
3/2+
3/2-
S/2—
1/2+
9/2+

9/2+

1/2+
5/2+
S/2+
1/2-

3/2—
1/2+
1/2-

(5/2)+

3/2-
1/2—
S/2+

(5/2)—
9/2+
1/2+

(9/2)+
1/2-
9/2+

(5/2)+

1/2-
3/2—

(5/2)-

(5/2)-
1/2—
9/2+

(5/2+)
(5/2)—
(3/2)+
S/2-
5/2-
5/2—
5/2-
7/2—
5/2-
7/2-
7/2—

(5/2)-
(9/2)+

(MeV)
Ground state

1.94261
2.0098
2.4622
2.5479
2.6699
2.8S35
2.9594
3.0497
3.20124
3.6964
3.3999
3.4948
3.5257
3.6135
3.6764
3.7304
3.8454
3.9441
4.0943

4.4485

4.6031
4.7526
4.8157
4.8783
4.9705
5.0116
5.0469
5.0723
5.1949
5.2833

5.4517
5.4688
5.5199

5.6488
5.7040
5.7509
5.7596
5.8012
6.083
6.2388
6.4379
6.4507
6.5206
6.5674
6.647
6.6862
6.7481

J1I'

7/2-
3/2—
3/2+
3/2-
5/2-
1/2+
7/2+
7/2—

3/2(-)
9/2+
11/2+
1/2+
S/2+
S/2+
1/2-
9/2-
3/2-
1/2+
1/2-
6/2+

9/2+

3/2-
1/2-
5/2+
S/2-
9/2+
1/2+

(7/2, 9/2)+
1/2-
9/2+
5/2+

1/2—
3/2-

(S/2, 7/2)—

(S/2, 7/2)-
1/2—
9/2+

(3/2, S/2)+
(5/2 7/2)—
(3/2, S/2)+

5/2—
S/2-
S/2-

7/2-
S/2-
7/2-
7/2-

53
54

6.9337
7.029& (9/2+ 0.025) 119 7.0148
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Present results

TABLE I. (Continued).

Ref. [11] Ref. [37]

No.

57

58
59

60
61
62
63
64
65
66
67
68
69
70
71
72

73
74
75
76
77
78
79
80
81
82

83
84
85
86

87
88
89
90
91

(MeV)

7.1136
7.1897

7.2585

7.3315
7.3959

7.4598
7.5239
7.5666
7.6362
7.6846
7.7337
7.7945
7.8510
7.8944
7.9491
7.9953
8.1053
8.1957

8.397
8.458
8.509
8.547
8.573
8.621
8.69?
8.783
8.855
8.916

8.997
9.084
9.17?
9.273

9.315
9.367
9.414
9.475
9.545

(3/2—
(9/2+
(1/2-
(5/2—
5/2-
(5/2-
(7/2-
5/2—

C S

0.0013)
0.015)
0.0035)
0.0032)
0.032

0.0091)
0.0047)
0.050

No.

122

133
136
137
139

5/2-
(5/2—

0.049
0.012)

144
146

175
177
179

5/2—
5/2—
5/2—
(9/2+
(9/2+
(3/2-
(9/2+
5/2—

0.021
0.077
0.025

0.0025)
0.0006)
0.0011)
0.0020)
0.020

180
181

(5/2-
(9/2+

0.0010)
0.0006)

5/2- 0.021 154
5/2 — 0.052 155
5/2 — 0.014 156
5/2- 0.012 157
(5/2 — 0.015) 158
5/2 — 0.029 162
5/2 — 0.031 167

Neutron separation energy 8.363 MeV
5/2 — 0.018
(9/2+ 0.0014)
(7/2 — 0.0058)

(MeV)

7.0731

7.3084
7.3771
7.3929
7.4373

7.53?9
7.6076

7.8171
7.8878
7.9191
7.9568
?.9741
8.1018
8.1977

8.4474
8.5224
8.549

8.6196
8.6378

1/2-

7/2—
(5/2)-

5/2—

(5/2)—
(9/2)+

5/2—
5/2—
5/2-
5/2-
5/2-
7/2-
7/2-

(9/2)+
7/2-
5/2-

5/2-
5/2—

(MeV)

It is found that the strength of the 1fs/2 transition is
shared somewhat equally by many levels, since the shell
orbit is located at higher energies than the other (p —f)
orbits from a shell model consideration.

Four strong peaks appearing at the excitation range
from 3.2 to 5.2 MeV in the spectrum are ascribed to
the l = 4, j = 9/2 transition angular distributions dis-
played in Fig. 6. The 1g9y2 assignments for these states
are confirmed. The values of C2S are very small; this
is because the unperturbed level is located at a much
higher energy than the 1fsl2 orbit. The Igsl2 strength

TABLE II. Spectroscopic factor for the ground 1fqlz state
in Ca.

(d, p)
56 MeV

0.77+0.05

(d p)'
20 MeV

0.85

(d p)'
56 MeV

0.75

(e, e')

0.83+0.05

DMF

0.75

Present work.
Eckle et al. [11].

'Hatanaka et al. [38].
Platchkov et al. [16].
Quasiparticle strength with dispersive-mean field theory [40].
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is shared by many transitions, and only a fraction of the
total strength appears to have been found. Very weak
strengths are observed in the region E & 6 MeV of the
spectrum and five states are tentatively assigned in the
unbound region. More missing strengths exist.

The strippings on 1dqy~ and 28ggg hole states have been
widely observed for the low excitation region. At higher
excitations no definite strengths are observed in the re-

gion studied presently. The population of the states in
the lower energy region has been interpreted as an indica-
tion that these two shells are not completely filled, since
the 2d and the Ss strength are not the likely assignment
Rom the sheO model systematics. The deviation &om a
double magic shell configuration has been an attractive
subject regarding the ground state of oCa.

Angular distributions of the 1 = 2, j = 3/2 transfers are
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FIG. 4. The same as Fig. 2, but for the 2pqyq states. Data
points of the peak contributed by contaminations are omitted.
The excitation energies are given in the Sgure.
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FIG. 7. The same as Fig. 2, but for the 1d3gq states. Data
points of the peak contributed by contaminations are omitted.
The excitation energies are given in the figure.

displayed in Fig. 7. They are reproduced by DWBA cal-
culations with reasonable differences. Accompanied by a
tentative assignment four 1dsys strengths are observed.
The 3.52- and 4.81-MeV states were reassigned. Previ-
ously, they have been explained as Idsy2 states, but we
have found no ldsy2 strengths throughout the measured
region. There have been several estimates of the abso-
lute value of C S for the lowest hole 1ds/2 state at 2.01
MeV. Typical values are presented in Table III. With the
source term method Pinkston, Philpott and Satchler [39]
found a value of C2S=0.16 for a 12-MeV (d, p) reaction.
Eckle et aL obtained C2S = 0.17 with a quasiparticle-
phonon coupling calculation and C S = 0.06 by using
the ordinary well-depth analysis with the SE prescrip-
tion. For the stripping on the orbit below the Fermi sur-
face, greater C2S values are always given with a more
realistic form factor [39] than with the ordinary pre-
scription. We have extracted a spectroscopic factor of
C2S = 0.14 + 0.02, which is close to the former results.
The agreement for this state and, as discussed before, for
the ground state indicates that rather realistic C2S val-
ues can be obtained simply by a careful normalization in
the DWBA calculation under the EBE method.

The l = 0 transitions are found for five states of
E~=2.67—5.05 MeV in Ca. Figure 8 presents the angu-
lar distributions for the lowest three 28qy2 states. Previ-
ous assignments are confirmed &om the agreement with
DWBA curves. For excitation at around 5 MeV, the

B. Occupation probability and single-particle energy

In principle, the total strength P C2S for the stripping
(d, p) reaction directly measures the emptiness us of the
shell orbit. The present results are listed in the first
column of Table IV. In the third column, the values
for the 4oCa(p, d)ssCa reaction [8], which measure the
fullness u2 of the shell, are listed.

TABLE III. Spectroscopic factor for the 2.01-MeV 1d3yq
state in Ca.

(d p)
56 MeV

0.14+0.02

(~ p)'
20 MeV

0.06

(d p)'
12 MeV

0.16
Theory"

0.17

Present work, analyzed with the EBE method.
Eckle et al. [11],with the ordinary WD method.

'Pinkston et aL [39], with the source term method.
eguasiparticle-phonon coupling calculation [11].

28qy2 assignments have been ambiguous. The shape of
A„(8) is similar to that of l = 0 transfer, but the 0(8)
shape is rather structureless at 8isb ( 11'. This may im-

ply only a slight contribution of single-particle strength,
and in fact spectroscopic factors resulted in unreasonably
large values.
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The excitation energies are given in the figure.

Ca; j particle) = a ]0) ,

l"Ca j ho le) =a~]0)

If single-particle and single-hole strengths are assumed
to undergo a quasiparticle excitation of the Ca ground
state l0), then we can express the excited states in Ca
and Ca by the following expressions:

tc +v =1
The fifth column of Table IV gives summed values of
emptiness and fullness. The difference between these val-
ues and Eq. (3) is about 10—20%, which is a larger devi-
ation than the experimental accuracy. This suggests that
the BCS theory is not applicable for medium-heavy nuclei
having a magic shell such as the 4oCa nucleus. The to-
tal strength of (d, p) reaction corresponds to the strength
of the quasiparticle excitation [40], which is listed in the
sixth column of Table IV. These values are very close to
those of the present work.

The (d, p) reaction should yield occupation probabili-
ties of a shell-orbit via the BCS theory, i.e. , 1 —g C S.
The resultant values for six valence shells are listed in
Table V with theoretical estimates from the dispersive-
mean field [40] and the extended second-RPA [42] calcu-
lations. The present values predict a greater deviation
&om a magic shell than the theories. However, it must
be noted that the BCS theory is poorly applicable to
the Ca nucleus. More reasonable values would be ob-
tained by averaging the empirical expectations from the

Ca(p, d) Ca and the Ca(d, p) Ca, since the effect
of the residual nuclear wave functions would be counter-
acted by each other. This is based on an assumption that
the asymmetry of structure between Ca and 4iCa is not
very large. The results are listed in the second column
of Table V. This experimental prediction, shown in the
second column, is in better quantitative agreement with
the values derived from the theories.

The single-particle energy E„'I~ is also an 'important
quantity for investigating the shell structure. Following

TABLE IV. Summed strength PC S and centroid energy F for the valence shells from Ca(d, p) snd Ca(p, d) reac-
tion. Fifth column is the sum of emptiness (first column) snd fullness (thlrd column). The last two columns are theoretical
expectations for particle (p) and hole (h) strengths in Ca.

(d, p)
56 MeV

(J d)'
65 MeV Strength'

Orbit

&fag~

2jp1/2

2p3/2
1f~g~
1dg/g

2sy/2

g c's
0.97
0.98
0.90
0.77
0.21
0.28

E (MeV)
6.98
4.16
2.50
0

2.33
3.30

0.02
0.04
0.93
0.88

E (MeV)

4.54
3.19
0

2.65

Sum

0.92
0.81
1.14
1.16

p
0.92
0.89
0.85
0.75

0.78
0.81

Present work.
Reference [8].

'Quasipsrticle strength with the dispersive-mean field theory [40].
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TABLE V. Occupation probability and single-particle energy for the valence shells in Ca nucleus.

Occupation probability Single-particle energy (MeV)

Orbit
1fs)2
2px/z

2p3/2
Ifvl2
1d3/g
2sy/g

(d p)
0.03
0.02
0.10
0.23
0.79
0.72

Meanb

0.03
0.02
0.06
0.13
0.86
0.80

DMF'
0.07
0.07
0.08
0.12
0.89
0.91

ESRPA~
0.06
0.03
0.03
0.06
0.89
0.92

Present
—1.38
—4.20
—5.86
—8.36

—15.64
—18.29

DMFf
—1.50
—4.19
—5.59
—8.54

—15.79
—17.53

Present data, given by 1—P C S.
Mean values of occupations from (d, p) and (p, d).

'Dispersive-mean field theory [40].
Extended second RPA [42].

'Present work described in the text.

the procedure given in Ref. [40], one can obtain the ex-
perimental energies for the valence single-particle states
with respect to the Fermi energy E~. The energies E„'&.'

above E~ are scaled using the centroid energy E„~~ of
the stripping reaction, and the energies E„'& 'below E. ~
are scaled by that of the pidcup reaction. The centroid
energy E„~~ is given by

QCzS E
Q C2S

The centroid energies are shown in Table IV. Here we
chose single-particle energies for the nearest shells to the
Fermi surface:

E~~~ —S„( Ca),

E~q~' ——S„( Ca) .

The single-particle energies are listed in Table V, to-
gether with the predictions of the dispersive-mean field
theory [40]. They are found to be in good agreement with
each other. By using these energies, the BCS solution is
not obtained even with a greater pairing force t = 30jA
because of the wide particle-hole gap ) 7 MeV. This
supports the previously mentioned limitation of the BCS
theory for the 4oCa shell structure.

V. CONCLUSION

The single-particle levels in the Ca nucleus have been
investigated by means of the Ca(d, p) reaction at 56
MeV. The data were analyzed by the DWBA calcula-
tions using an adiabatic approximation. Transferred an-
gular momenta I,j were deduced definitely for 43 levels,
and tentatively for 28 levels up to 9.7 MeV of excita-
tion. The data of analyzing power for this incident energy
enables us to make reliable assignments throughout the
whole excitation range, and many states were reassigned
in the present work. The spectroscopic factors C S were
extracted using an effective binding energy prescription.
We obtained the values C S = 0.77+ 0.05 and 0.14+0.02
for the ground 1f7~2 and the lowest hole Ids~2 state,
respectively, and agreement with referenced values was
confirmed. The occupation probabilities and the single-
particle energies in Ca were discussed for the valence
shells 2p&~2, 2ps~2, Ifsg2, 1frg2, Ids~s, and 2s&~2. The
present results for these quantities are consistent with
recent predictions of the dispersive-mean field and the
extended second RPA theory.
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