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Cross sections and analyzing powers have been measured for the Ca(p, d)' Ca reaction with polar-
ized proton beams of 65 MeV incident energy. The data analysis with a standard distorted-wave Born
approximation theory provides transferred angular momenta I, j, and spectroscopic factors for 58 transi-
tions mainly to the 1d3&2, 2s&&2, and 1d5&2 hole states in ' Ca. The occupation probabilities of the sur-
face shells in Ca and the spreading widths of the hole states are determined. The damping mechanism
of the single hole states is discussed.

PACS number(s): 21.10.Pc, 27.40.+z, 25.40.Hs

I. INTRODUCTION

The structure of doubly magic nuclei has always sup-
plied examples for severe tests of new concepts in nuclear
models, especially of the shell model and related excita-
tions. The excitation of single hole states via one nucleon
transfer reactions has broad implications for the single-
particle motion in nuclei, and much information has been
accumulated. For the same reasons, one nucleon
knockout reactions, for example, (e, e'p), (p, 2p), and
(p,pn) reactions, have been extensively studied. Almost
all the investigations up to now were, however, per-
formed with an unpolarized incident beam, except for a
few low-lying excited states. Therefore, the assignments
of transferred j values have sometimes been ambiguous,
and possible polarized beam experiments are desired.
The Osaka University AVF cyclotron facility has an ex-
cellent experimental possibility with clean polarized pro-
ton or deuteron beams and a high-resolution spectro-
graph. Thus the spectroscopies there are quite interest-
ing. Recently, Chittrakarn et al. [1] have reported a
measurement of the excitation of a stretched 6 (mf7/2,
vd~&z) state through the Ca(p, n) Sc reaction at 135
MeV and the quenching of the 1d5&2 hole state in the ex-
citation energy region of 5 —IO MeV has an important
bearing on the quenching of this stretched state. In this
context, pickup data of low resolution (260 keV) taken
with a 189 MeV unpolarized proton beam [2] have been
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referenced. To discuss this problem, it is necessary to
remeasure the fragmentation of the 1d5&z hole state and
to study the properties of the related surface shells in
high-resolution experiments.

In the present work, the Ca(p, d) Ca reaction was
studied at 65 MeV, and the spectra were analyzed to
identify levels, assign spin parities, and determine spec-
troscopic factors of excited hole states in the excitation
energy region of 0—9.5 MeV. The data are discussed
with concern not only for the characteristics of the 1ds&2
hole states uis-a-uis the excitation of the 6 stretched
state, but also for the occupation probability of the sur-
face shells of Ca and the spreading widths of deeply
bound hole states. The experimental procedure and the
results are described in Sec. II, the theoretical analysis of
the angular distribution is described in Sec. III, the ob-
tained angular momenta and spectroscopic factors are
tabulated and discussed in Sec. IV, and the results are
summarized in Sec. V. A preliminary report was pub-
lished in Ref. [3] on the fragmentation of the 1d5&2 hole
state in Ca.

II. EXPERIMENT

A. Experimental procedure

The experiment was carried out at the AVF cyclotron
facility of the Research Center for Nuclear Physics, Osa-
ka University. A polarized proton beam of 65 MeV ener-

gy was momentum analyzed and bombarded a natural
calcium target of thickness 1.10 mg/cm . Emitted deute-
rons were analyzed with the spectrograph RAIDEN [4]
viewed with the focal plane detector system KYUSHU
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FIG. 1. Typical energy spec-
trum of deuterons from the

Ca(p, d) Ca reaction at 65
MeV. The darkened part corre-
sponds to the l=2, j=

~
transi-

tions.

[5]. Angular distributions of cross sections and analyzing
powers were measured at 5' —45 laboratory angles. The
measured excitation energy region is 0—10 MeV. The
normalization of the absolute cross section is performed
by scaling the measured p + Ca elastic-scattering cross
section to an optical-model prediction using parameters
of global potentials [6,7]. The accuracy of the normaliza-
tion is estimated to be better than 10%, which is mainly
due to the ambiguity of the procedure for fitting the
theoretical to experimental angular distributions. The er-
rors attributed to run-to-run variations of integrated
beam current were of the order of a few percent. The ob-
tained normalization factor has been checked with results
estimated from the standard target-weight and solid an-
gle measurements.

B. Experimental results

Figure 1 shows a typical deuteron energy spectrum
from the Ca(p, d) reaction in the excitation energy re-
gion of 0—10 MeV at 11' laboratory angle. The overall
energy resolution was 25 —30 keV, which was due mainly
to the energy-loss effect in the target.

In the excitation energy region below 5 MeV, almost
all the excited states are known from previous work. A
group of weakly excited states at E =3.5—4.5 MeV may
arise from the coupling of a neutron hole to the collective
3 state at 3.73 MeV in Ca. Thus the effect of two-step
processes may be estimated from the strengths of these
states. They are relatively weak in comparison with the
data at lower bombarding energy [8].

Discrete levels are distributed throughout the excita-
tion energy region below 10 MeV. Four strongly excited
states are found at excitation energies below 5 MeV, and
several strongly and weakly excited discrete states are
found in the excitation energy region E„=5—10 MeV.

The spectrum data were analyzed with a peak fitting
and peeling-off program FocRAs [9], which provided
better data reduction for the complex peak spectra at the
higher excitation energy region.

Weak physical backgrounds were subtracted in the ex-
citation energy region of 8—10 MeV. Angular distribu-
tion data for typical excited states are shown in Fig. 2.
The transitions for the ground (2.463, 2.791, and 3.021
MeV) states have been previously assigned to be l=2,
j=—,

' (ld~zz), l =0, j=—,
' (2s, zz), 1=3, j=—,'(lf~zz), and

l =1, j=—,
'

(2pz&z) states, respectively [8]. The 5.128
MeV state has been assigned tentatively to be an I =2,
j =

—, (id~&2) state [8]. This j assignment may be an as-
sumed result from the l-s splitting energy of the ld3&z
and 1d5&2 orbits. From the shape of the present analyz-
ing power data, the transferred l,j values are definitely as-
signed as is understood from the figures. Eighty peaks
were analyzed in the excitation energy region of 0—9.5
MeV. The angular distributions of some strongly excited
states are shown in Figs. 3—5, together with the
distorted-wave Born approximation (DWBA) predictions
mentioned below. The experimental results are tabulated
in Table I together with the results of Ref. [8] and the en-
ergy levels compiled in the Table of isotopes (Table I).

III. DATA ANALYSIS

The differential cross section and analyzing power data
are analyzed with the distorted-wave Born approximation
(DWBA) code DWUCK [10] under the zero-range local en-
ergy approximation model. It has been known that the
conventional calculation with best-fit optical potentials in
the proton and deuteron channels does not reproduce the
shape of differential cross-section data well for (p, d) reac-
tions at medium energies, and the use of an adiabatic po-
tential for the deuteron channel considerably improves
the overall fitting of the angular distribution [11]. For
protons, the global optical potential parameters of Menet
et al. [6], and for deuterons, an adiabatic potential [11]
constructed with the proton and neutron optical potential
parameters of Becchetti and Greenlees [12], were used.
The potential has a standard form,
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TABLE I. Spectroscopic results from the Ca(p, d)' Ca reaction.

No.
E„

(MeV)

Present work

CS (MeV)

Reference [8]

CS

Table of isotopes
E„

(Me V) J

0
2.463
2.791
3.021
3.636
3.820
3.886

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

4.016
4.340
4.432
4.487
4.926
5.128

5.222
5.316
5.364
5.400
5.484
5.588
5.673
5.720
5.790
5.851
6.009
6.094
6.158
6.286
6.405
6.467
6.514
6.580
6.629
6.722
6.794
6.835
6.906
6.954
7.025
7.060
7.132
7.199
7.248
7.310
7.380
7.427
7.480
7.532
7.581
7.635

8 3.943

2
2-

2

(3)
1

1

(3)

(0)

2

2

3

2

2

3

3
(3)

2

2
2

(3)
2

(2)

(3)
(3)
(3)
(3)

3+
2
] +
2
7
2
3
2

] +
2

5+
2
7
2

( 5+)
2
5+
2
5+
2
7
2

5+
2

( —'+)
2

(-'+)
2

(- )
3
2
3
2

( —,')
(-'+)

2
5+
2
5+
2

( —,
"

)
5+
2

( —'+)
2

( —,
'

)

( —,')
5+
2

5 +
2
5+
2
5 +
2

5+
2

(-'+)
2

3.74+0.20'
1.64+0. 15'
0.14
0.01

0.097

0.033
0.01
0.045
1.027
0.076
0.02

0.490
0.033
0.016
0.01
0.01
0.002
0.03
0.038
0.940
0.044
0.03
0.079
0.038
0.01

0.01
0.056

0.01

0.046
0.197
0.036

0.121
0.018

0
2.47
2.80
3.03
3.66
3.84

2

0
(3)

1

(3)

3.95

4.02
4.32
4.43
4.49
4.92
5.13

(3)

5.34 (3)

5.49

5.75

6.01

6.15

6.40

6.57

6.90

7.19

7.34

6.79 (2)

3+
2
j +
2
7
2
3
2

3
2

J+
2

(-'+ )2

(-'+)
2

(-'+)
2

(—'+)
2

(-'+)
2

(-'+)
2

4.2
1.9
0.21
0.005

0.04

0.006

0.09

1.0

0.45

0.04

0.21

0.10

0
2.467
2.796
3.024
3.640
3.823
3.870
3.890
3.936
3.951
4.021

3+
2
&+
2
7
2
3
2

1+
2
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TABLE I. (Continued. )

E
No. (MeV)

Present work

CS
E,

(MeV)

Reference [8]

CS

Table isotopes
E

(MeV) J

51
52
53
54
55

56
57
58

59
60
61
62

63
64
65

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80

7.711
7.773
7.840
7.924
7.972
8.021
8.082
8.157
8.219
8.280
8.336
8.396
8.460
8.509
8.582
8.650
8.692
8.748
8.806
8.895
8.937
8.988
9.039
9.104
9.158
9.213
9.271
9.329
9.426
9.505

5+
2

5+
2
5+
2(-'')
2

(-'+)
2
5+
2
5+
2

(-'+)
2
5+
2

(-'+)
2

(-'+)
2
5+
2

(-'+)
2

(-'+)
2
5+
2

(-'+)
2

(-'+)
2

5+
2
5+
2
5+
2

( —'+)
2
5+
2

(-'+)
2

0.046

0.104
0.231
0.041
0.031
0.112
0.078
0.026
0.142

0.023
0.052
0.071
0.035
0.019
0.106
0.025
0.030

0.032
0.038
0.052
0.017
0.037
0.026

7.92

8.31

(-'+)
2 0.33

'The errors are due to the ambiguity in fitting the theoretical to experimental angular distributions.
The absolute normalization measurement error is not included because of the renormalization pro-
cedure used for the neutron bound-state calculations in the DWBA analysis.

V(r) = Vc(r, )
—V(e"+ 1)

i W —4—W a' (e" +1)
dr

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

rp=1. 16 fm, ap=0. 75 fm,
W'= 1.2+0.09E (MeV),

1VD =4.2 —0.05E+15.5(N —Z)/A or 0 MeV,
(1)

whichever is greater, (2)

where x =(r Ro)/ao, x'=(r —R'—)la', x"=(r—R")l
a" with Rp =rp A ', etc., and the Coulomb potential Vc
is that for a uniformly charged sphere of radius
Rc rcA

Menet et al. 's potential parameters [6] for protons are
given by

r'=1.37 fm,
a'=0. 74—0.0008E+1.0(1V —Z)/A fm,

V„=6.04 MeV, r"=1.064 fm, a"=0.78 fm,

rc 1.25 fm .
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The constructed adiabatic potential parameters for deute-
rons are given by

W=0.44(E/2) 4—.26 or 0 MeV,

whichever is greater,
V=110.3—0.6S(E/2)+0. 4Z/A '~ MeV,

o =1 17 fm ao =0 779
WD =24.8 —0.50(E/2) or 0 MeV,

whichever is greater, (3)
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The prescription of the adiabatic deuteron potential is
given by Satchler [13]. In the original paper, it is sug-

gested to modify the real and imaginary potential depths
in order to keep constant the volume integrals. Since
however, the change of DWBA results with these
modifications is small, they are neglected here. The cal-
culation with these potentials reasonably reproduces the
differential cross-section data, but not the analyzing
power data. A reduction of the depth of the spin-orbit
potential improves the fitting considerably as shown in
Fig. 2 and does not largely change the shape of the
differential cross section. Then, the reduced depth of

3

(-4 MeV) is used in the following analysis.
The neutron bound-state wave function is calculated

generally with the separation energy method or the
effective binding energy method. These two methods cal-
culate the wave function of the pickup neutron bound in
a Woods-Saxon well with a searched potential depth to

asymptotically give the input binding energy. The latter
method has been preferred for the analysis of one nucleon
transfer reactions in a wide excitation energy region. Re-
cently, the bound-state wave function has been calculated
with the addition of a peak at the surface of the Woods-
Saxon potential to take into account the residual interac-
tion [14,15] (the surface peak method). Since this method
has little effect on the sum of the resultant spectroscopic
factors, the conventional effective binding energy method
is adopted in the present work. Typical results of calcu-
lations for different 1,j transfers are shown in Figs. 2 —5.
The DWBA theory reasonably reproduces the experi-
mental data. The bound-state parameters have
significant inQuence on the absolute normalization of the
calculated differential cross section. The Woods-Saxon
parameters ro, ao for the neutron bound state have been
adjusted in this work [3] to yield expected summed occu-
pation numbers for the neutron 1f7 &2, 2s I &z, and 1d 3 &2

shells (total neutron number =6) in the Ca nucleus, giv-
ing ra =1.27 fm and a0=0.70 fm with 25 times the spin-
orbit Thomas term. In the local energy approximation
calculation of DWBA, the parameter of the finite range
effect, 0.629 is used. And parameters of the nonlocality
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do. C S do.
Q 2j+1 de DwvcK

(4)
TABLE II. Occupation probabilities of the shell model orbits

in Ca.

(p, d )' BCS Second RPA' Mean-field theory
where C S is the spectroscopic factor for the transition
and der /d 0~D~«& the resultant DWBA difFerential cross
section with the code DwUCK [10].

From comparisons between experiment and theory, the
transferred angular momenta l,j are assigned, the spec-
troscopic factors are determined for 58 peaks in the exci-
tation energy region from 0 to about 9.5 MeV, and the re-
sults are tabulated in Table I. For almost all the strongly
excited states, the difFraction patterns are clear to assign
the I,j values. It is, however, difBcult to assign
transferred angular momenta for some excited states near
the excitation energy of about 3.5 —4.5 MeV, which may
arise from coupling of a neutron hole to the 3.72 MeV 3
state in the Ca core, as mentioned before. It is also
dificult to assign the l,j values to some weakly excited
states in the excitation energy region of 5—10 MeV. The
strengths of these levels are considerably weaker at the
incident energy of 65 MeV than in lower-energy experi-
ments.

IV. DISCUSSIONS

A. Single hole states

The present results supply information mainly on shell
occupations in the ld5/z, ld3/z, Zs»z, and 1f7/z orbits in

Ca. It is noted first that the fragmentation of the hole
strengths of two surface orbits, ld3/z and 2s, /z, is weak.
In particular, the 1d3/2 hole strength is rarely found in
the excitation energy region of 0—10 MeV, except in the
ground state.

In estimating the shell occupation probabilities of the
observed shell orbits, the normalization procedure of the
DWBA calculation is important. The absolute value of
the spectroscopic factor changes largely with the bound-
state parameters of the pickup neutron. In the present
work, the bound-state parameters are determined to keep
the number of surface neutrons to be about six for the
ld3/z, 2s, /z, and 1f7/z shells combined in the Ca nu-
cleus, as described in the previous section. %'ith this con-
dition, the fullness amplitudes of the 1d3/g and 2s&/2 hole
states are 85—90%. Considerable defects of particles in
the surface shell orbits may arise from the two-particle
—two-hole correlation in the Ca ground state [16]. The
occupation probabilities of lds/z, ld3/z, 2s, /z, 1f7/z and

2p3/p shells are determined from the obtained spectro-
scopic factors, and the results are shown in Table II to-
gether with the predictions of some theoretical models.
In the summation process of the spectroscopic factors,
some data for which the assignments of transferred j
values are ambiguous (in parentheses) are included, be-
cause the effects on the final results are small. The exper-
imental surface softness of Ca is in good agreement with
those from the BCS calculation and from the second
random-phase-approximation (RPA) calculation [16]. It
is reasonable to use second RPA results for investigating
the mechanism of highly excited states, 'for example,
Gamow- Teller and M 1 giant resonances. It is noted that

2p3/2 0.01+0.001
1f7/z 0.03+0.003
1d3/2 0.93+0.05
2s

& &2 0.89+0.08
1d5/2 & 0.79

0.02
0.04
0.86
0.94
0.99

0.03
0.06
0.89
0.92
0.93

0.08
0.12
0.88
0.89
0.90

'Present work. The errors are estimated from those of the spec-
troscopic factors. Errors in the constraint from the renormal-
ization procedure in the DWBA analysis are not included. See
text.
G =20/3 and single-particle energies of Johnson and

Mahaux. '

'Nishizaki et al. , Ref. [16].
Table 5, line 8 in Ref. [18].
Missing strengths may exist in higher excitation energy.

B. Spreading width of the hole states

The spreading (damping) width of the single particle or
hole states provides a good measure to understand the ex-
citation mechanism of highly excited states [20]. The
widths had been given at first by fu11 widths at half max-
imum (FWHM) in the obtained strength functions. The
spreading width should be estimated principally by fitting
a Lorentzian shape to the strength function if the interac-
tion matrix elements and the level densities do not change

recent results [17,18] from mean-field calculations suggest
more depletion in deep shell orbits.

For the 2.79 MeV —', state, the obtained spectroscopic
factor is 0.14, which is quite a bit smaller than those from
experiments at lower bombarding energies, for example,
0.25 —0.35 at 27.5 MeV [19] and 0.21 at 40 MeV [8].
Since the value of the spectroscopic factors for other sin-
gle hole states does not change largely in this energy
range, this result may suggest the existence of two-step
process and/or the effect of the reaction form factor for
weak particle states.

The l =2 strength distributed in the 5 —10 MeV excita-
tion energy region arises almost exclusively from the
l =2, j=—', (ld5/z) transfer, and this excitation corre-
sponds to that of a deeply bound hole state. The strength
of deeply bound hole states is distributed frequently in
two separated parts, a few strongly excited states near the
lower excitation energy region and a group of weakly ex-
cited states at the center region of the fragmentation.
This fact has been predicted theoretically and confirmed
qualitatively by experimental bump spectra of deeply
bound hole states, and is confirmed in the present data
obtained by peak-by-peak analysis with unambiguous l,j
assignments from polarized beam experiments. This re-
sult also suggests an origin of the fragmentation of
6 (lf7/z, ids/z) stretched states excited through the

C(pa, )n Sc reaction, i.e., the fragmentation of lds/z
hole strength [3].



48 Ca(p, d) Ca REACTION AT 65 MeV 103

and

gE„C S (E„)
E =

gC S (E„)

where C S (E, ) is the strength function for the j hole
state as a function of the excitation energy E . If the ex-
perimental and theoretical widths are estimated using the
same procedure, the comparison and discussion may be
internally consistent. Table III summarizes the obtained
spreading widths of 113/2 2s]/2 and 1d5/z hole states to-
gether with the total spectroscopic factors and the aver-
age excitation energies. Errors may arise in the deduced
spreading width from the effects of the missing strengths
of states at an excitation energy far from the average en-
ergy, the subtraction of the physical background and the
uncertainty in the DWBA analysis. We have not estimat-
ed them because the interrelationships among the various
contributions are too dificult to disentangle. The spread-
ing widths are also plotted in Fig. 6 as a function of ener-

gy measured from the corresponding Fermi surface
(E EF), togeth—er with some previous results. ' The
Fermi energy is calculated with the procedure based on
the work by Jeukenne, Mahaux, and Sartor [24]:

EF=(E +F +)/2,

E =(M~ —Mq )
—m, )C (6)

E ~ =(M~+ t
—M~ —m, }C

over the analyzed energy region. However, the level den-
sity in fact changes significantly in the excitation energy
region where deeply bound hole states are observed. In
the last decade, the strength functions have been deter-
mined for deeply bound hole states in some cases, and the
widths estimated from the second moment of the strength
function [20]:

I )=2.350,
g(E„E„)C—SJ(E )

PCS(E )

TABLE III. Summations of spectroscopic factors, average
excitation energies and spreading widths from the present re-
sults (E„=O—9.5 MeV).

Orbit

1d 3/2
2$ )/2
1d 5/z

QC2S

3.74
1.79
4.72

E (MeV)

0
2.65
6.61

I (MeV)

0
1.64
3.17

It should be noted that the resultant width of the ld3/2
hole state is equal to zero because no excited —,

'+ states
can be found in the excitation energy region 0—10 MeV.
The experimental data in Fig. 6 are distributed smoothly
as a function of energy, except for the Ca case, which is
rather consistent with that in the doubly closed shell nu-
cleus Pb cited in Ref. [20]. In Fig. 6, the dashed line

where M~ is the mass of nucleus 3, while m denotes the
mass of a proton (r=p) or of a neutron (a=n). In the in-
dependent particle model, E is identified with the ener-

gy of the "last" (least bound) occupied orbit and E +
with that of the "first" (most bound) unoccupied orbit.
Jeukenne, Mahaux, and Sartor have generated a compila-
tion of the Fermi energy for neutrons and protons in nu-
clei with mass numbers 40~ A ~208 [24] using Eq. (6).
In the experimental mass value, however, higher nuclear
structure effects (for example, the shell, pairing, and col-
lective effects) are naturally included and the selection of
data may affect the final results. We adopted the values
calculated from a mass formula neglecting shell and pair-
ing effects and obtained relations as follows [25]:

E~„=—12.20+ 33.81g MeV,
(7)

Ez = —12.16—37.55') —83.25g~+b, Ec( A, Z) MeV,

where rI is the symmetry parameter, (N —Z)/A, and
EEc( A, Z) is the Coulomb energy difference (in MeV},

0.717[Z /A' —(Z —1) /(A —1) ]
—1.211[Z /A —(Z —1) /(A —1)] .

I IW I
I

I I I
I

I I I
l

I I I
i

I I I
i

I I I

)
4

Infinite Fermi Gas Model

a=1/15 (MeV )

0

112 124S

K ' Zr Mo(d He) 1f

Zr, Mo (d, t), (p, d) 1g 9/2
58-64

Ni (p,d), 1f7/2, 2p3/2

40 -1 -1 -1
Ca(p, d), 1d3/2, 2s1/2, id5/2

FIG. 6. Spreading widths determined from
the strength functions obtained with nucleon
pickup reactions on medium weight nuclei.
Open circles show results in the present work.
Solid circles, triangles, and squares show previ-
ous results [19,21-23]. Dashed line shows a
prediction of the infinite Fermi particle model
with a= —,', MeV

0
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shows the energy dependence predicted by the in6nite
Fermi gas model:

I &=a(E E—z), a =
—,', MeV (8)

Pfeifer et al. [26] obtained the widths of If7&2 proton
hole states from (d, He) reactions on nuclei in the mass
region Sr- Mo, with results that agree well with the es-
timation from the above prediction. However, the
theoretical prediction by Hertsch et al. with the single-
particle doorway model for the Pb+n system shows a
rather sudden onset of damping at 4—5 MeV and a pla-
teau in the energy region of 5 —10 MeV, and this trend
agrees with a few experimental data cited in their original
paper [27]. The present data agree qualitatively with the
prediction of Bertsch et al. , although this comparison is
not exact for the present Ca+ n-hole case.

It is known that the spreading width is related to the
imaginary part of the single-particle potential based on
the dispersion relation of the optical model [18,28,29].
The present data provide more accurate information on
the potential near the Fermi surface [21].

V. CONCLUSION

Cross sections and analyzing powers for the Ca(p, d)
reaction to 80 excited states of Ca have been measured
with a polarized proton beam at 65 MeV incident energy.
The data were analyzed to determine the transferred an-
gular momenta I,j and the spectroscopic factors for the
58 transitions mainly to the ld3&2, 2s, &2, and Id, zz single
hole states. The deduced occupation probabilities agree
fairly well with the prediction of a second RPA ground-
state correlation calculation in the surface shells of Ca.
The spreading widths were determined from the distribu-
tion of the spectroscopic factors.
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