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Proton single-particle states in ' Na through the (d, n) reaction
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Proton single-particle states in " Na were studied through the (d, n) reaction on ' Ne at Ed =25
MeV. Angular distributions of the emitted neutrons leading to the final states up to E„=15MeV were
measured. Spectroscopic information has been obtained from an analysis with the adiabatic deuteron
breakup approximation, where s-wave deuteron breakup e6ects have been included. Proton unbound
transitions were analyzed by means of Vincent and Fortune's method. It was found that the observed
proton single-particle states in ' 'Na exhausted almost all the strength for the 2s ld shell. The distribu-
tions of the 2s1d strength were reasonably reproduced by recent 2s ld shell model calculations. The oc-
cupation probabilities and single-particle energies of the proton orbits near Fermi levels in the ground
states of ' Ne were deduced in a framework of combined analysis of the stripping and pickup data on
the same target nucleus.

PACS number(s): 21.10.Pc, 25.45.Hi, 27.30.+t

I. INTRGDUCTION

The one-nucleon transfer reaction plays an important
role in studies of the single-particle or single-hole states
in residual nuclei and ground-state properties of the tar-
get nucleus, such as the occupation probability and
single-particle energy of the shell model orbit. The pro-
ton single-particle properties of low-lying states in ' Na
have been investigated through the (d, n) reaction [1—3]
at Ed & 10 MeV and the ( He, d) reaction [4,S] at Eh & 1S
MeV. Previous studies have revealed the proton single-
particle strength in the low excitation region of ' Na.
However, the spectroscopic strengths obtained in these
experiments may suffer from contributions from the com-
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pound nuclear formation process, since their incident en-
ergies are rather low.

Recently, high-resolution experiments for the quasi-
elastic (e, e'p) reaction have been carried out [6,7] to
derive the proton occupancy for the specific orbits of nu-
clei in a less model-dependent manner. Since the
electron-induced proton knockout reaction probes
different parts of the bound-state wave function and
proceeds through a different reaction mechanism, it pro-
vides information complementary to hadronic one-
nucleon-transfer reactions. For sd-shell nuclei, Wesseling
et al. have recently carried out such a high-resolution
(e, e'p) measurement on Si, 'P, and S [7]. One of
their remarks is that a comparison of their results to
those obtained with the proton pickup reaction shows
large differences in the deduced spectroscopic factors.
The theoretical description of both hadronic and leptonic
reactions seems not yet adequate to determine absolute
spectroscopic factors.

2sld shell nuclei have received considerable attention
from the theoretical side as well. Shell model calcula-
tions on basis of the complete 2sld shell model space
have been developed by Wildenthal [8]. Properties of in-
dividual states in 2 =17—39 mass nuclei have been stud-
ied using these wave functions. In the present study we
aim to test the 2s ld shell model wave functions by com-
paring theoretical predictions with experimental results,
where most strengths over the 2s ld shell are expected to
be covered in the probed excitation range of E„=O—15
MeV corresponding to the energy of & lh'co (402
MeV) in this mass region.
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Furthermore, we aim to deduce the occupation proba-
bilities and single-particle energies of proton orbits near
Fermi levels in the ground states of ' Ne. It is predict-
ed [9—11] that the occupation probability is strongly
affected by nucleon-nucleon correlations, such as long-
range, tensor, and short-range correlations. In addition,
pairing correlations may also be important for the open-
shell nuclei. Hence, the precise determination of the oc-
cupation probability leads to a test of the nuclear many-
body theory. In order to deduce the occupation probabil-
ity and single-particle energy in the present work, we per-
form a, combined analysis [12,13] of stripping and pickup
data on the same target nucleus, thus canceling uncer-
tainties in the distorted-wave analyses.

In this paper we present the study of the
Ne(d, n) ' Na reactions carried out in the course of

a systematic investigation of the (d, n) reaction at Ed =25
MeV [14,15]. The (d, n) reaction at a sufficiently high in-
cident energy may be a powerful tool for probing the pro-
ton single-particle properties of nuclei since the theoreti-
cal treatment for this reaction is more straightforward
than those for other proton stripping reactions.

II. EXPERIMENTAL PROCEDURE

Experiments were performed using a 25-MeV deuteron
beam from the K =50 MeV AVF cyclotron at the Cyclo-
tron and Radioisotope Center (CYRIC), Tohoku Univer-
sity. Neutron energies were measured by the time-of-
fiight (TOF) technique. Twelve neutron detectors con-
taining the liquid scintillator NE213 were set at a Aight
path of 44 m from the target, where the effective detec-
tion solid angle was 0.23 msr. Angular distributions of
the emitted neutrons were measured using a beam
swinger system. Detector efficiency was 3%, which was
determined by the Li(p, n) Be reaction through activa-
tion analysis. Details of the CYRIC TQF facility have
been described elsewhere [16,17].

Ne gases isotopically enriched to 99.9% were used
as targets. These gases were filled in a 2-cm-long (along
with the beam direction) and 20-mm P gas cell with 10-
mg/cm -thick platinum windows. Target thicknesses
were 1.0 and 1.1 mg/cm for Ne and Ne, respectively.
In addition, in the backward-angle (9~,b ~ 30 ) measure-
ments for the Ne(d, n) 'Na reaction, a 25-cm-long and
30-mm P gas cell with 10-pm Havar foil windows was
used. This arrangement made it possible to mask the
neutrons emitted from window foils from detectors by a
1-m-thick concrete shield. For this type of the gas cell,
however, the target thickness depended on the neutron
detection angle: it ranged from 3.4 to 6.3 mg/cm for

Ne in the angular range of t9L =40' —75'. This latter
large-volume gas cell was not used for the Ne(d, n) Na
reaction, since Ne gas was more expensive.

Typical neutron excitation energy spectra for the
Ne(d, n) ' Na reactions are shown in Figs. 1 and 2,

respectively. Overall energy resolutions for the neutrons
leading to the low-lying states in the residual nuclei were
170 keV for the disk-type cell, and 200 keV for the cylin-
drical one. The spectrum in Fig. 1 was obtained by a cy-
lindrical gas cell, while that in Fig. 2 was obtained by a
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FIG. 1. Neutron spectrum of the Ne{d, n) 'Na reaction at
01 =40' obtained using the cylindrical type of gas cell. Solid
lines are results of a peak-fitting analysis, where Gaussian
shapes and a smooth background line are assumed. Energy per
bin is 25 keV.

disk-type one. Solid lines are results of a peak-fitting
analysis, where Gaussian shapes and a smooth back-
ground function are assumed. Several peaks are added
around peaks of interest in order to obtain reasonable
peak-fitting results, though the angular distributions were
not sufficient to assign / value for peaks for which the ex-
citation energy is not labeled in the figures. The error on
the excitation energies is 10 keV for prominent peaks,
while it is +30 keV for weakly populated ones. Gamma-
ray events have been rejected by the pulse-shape discrim-
ination technique. Backgrounds in the case of the disk-
type cell are mainly due to the neutrons from the plati-
num windows. Neutron yields for the two gas cells were
consistent for strongly populated peaks. Errors in the ab-
solute magnitudes of cross sections are estimated to be
less than 15%, the dominant part of which is due to the
uncertainty of the detector efficiency.
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FIG. 2. Neutron spectrum of the Ne(d, n) Na reaction at
0L = 10' obtained using the disk-type gas cell. Solid lines are re-
sults of a peak-fitting analysis, where Gaussian shapes and a
smooth background line are assumed. Energy per bin is 25 keV.
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TABLE I. Potential parameters used in the present analyses.

V, r,
(Mev) (fm)

a„
(fm)

8'
(Mev)

rtv atv

(fm) (fm)
8,

(MeV)
«srt.s

(fm) (fm)
V„

(MeV)
asorso

(fm) (fm)
r, NL

(fm) (fm)

Ne+d
ADBA'
DWBAb
2'Na+ n

"Ne+p
Ne+d

ADBA'
DWBA

Na+ n

Ne+p

98.90
85.37
47.65

98.90
85.28
43.24

1.17 0.779
1 ~ 17 0.751
1.17 0.750
1.25 0.650

1.17 0.779
1.17 0.751
1.17 0.750
1.25 0.650

0.75
2.48

0.75
3.96

1.325 0.705
1.320 0.477

1.325 0.725
1.320 0.540

16.20
12.09
6.48

16.40
12.09
3.72

1.320 0.546
1.325 0.705
1.320 0.477

1.320 0.605
1.325 0.725
1.320 0.540

6.20
6.62
6.20

A, =25

1.01 0.750
1.07 0.660
1.01 0.750
1.25 0.650

6.20 1.01 0.750
6.62 1.07 0.660
6.20 1.01 0.750

A, =25 1.25 0 650

1.30 0.43
1.30 0.54

0.85
1.25

1.30 0.43
1.30 0.54

0.85
1.25

'Potential parameters used in the adiabatic deuteron breakup approximation calculations.
Potential parameters taken from Ref. [22].

'The well depth is adjusted to reproduce the respective separation energies.

III. DISTORTED-WAVE ANALYSIS

Angular distributions of the differential cross section
were analyzed with the adiabatic deuteron breakup ap-
proximation (ADBA) [18], where s-wave deuteron break-
up effects have been included, as well as with the conven-
tional treatment of the distorted-wave Born approxima-
tion (DWBA). The calculations were performed with the
code DWUcK4 [19]. Finite range and nonlocality correc-
tions were included in the analysis. The adiabatic deute-
ron potential was derived from the set of nucleon poten-
tials at Ez =E„=1/2Ed, which have been given by Bec-
chetti and Greenlees [20] for protons and by Carlson,
Zafiratos, and Lind [21] for neutrons. In the convention-
al DWBA treatment the deuteron optical potential pa-
rameters were taken from the global sets of Daehnick
et al. [22]. The single-particle wave function for the
transferred proton was generated by the separation ener-

gy method with the Woods-Saxon potential. The poten-
tial parameters, and finite range and nonlocality parame-
ters are listed in Table I. The form factors for the proton
unbound transitions were calculated by means of Vincent
and Fortune's method [23].

Experimental spectroscopic factors S are extracted
from the following equation:

lo ~ ~ ~ I

20Ne(d p)2lNp
E -25MeV

lO(

M2lo ~ I I I I I I I I

22Ne(d fl)23Np
Ed=25 lVleV

lO'

lOO lOO

lO)
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E
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lO)
Ex 0-44MeV 5/2+ ( 2

agreement between the experimental and theoretical re-
sults has been obtained as far as the shape of the cross
sections at forward angles (OL & 50') is concerned, though
agreement is rather poor for the case of the l = 1 transi-
tion, where l denotes angular momentum of the
transferred single particle. The spectroscopic strengths

do 2Jf+1 C S do.
dQ 2J.+1 2j+1 dA

= 1.55 (1)

io'—

lOO

lO) .—

where J,. and Jf are the spins of initial and final states, re-
spectively, and j is the total angular momentum of the
transferred particle. C is an isospin Clebsh-Gordan
coefFicient. The values of C are unity for the

Ne(d, n) 'Na reaction, and —', and —,
' for the T =

—,
' and —,'

states, respectively, in the Ne(d, n) Na reaction.
Typical angular distributions for each transferred or-

bital angular momentum are illustrated in Fig. 3 together
with the theoretical predictions. Solid lines represent re-
sults of the ADBA calculation„while dashed lines those
of the conventional DWBA calculation. In general, good
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FIG. 3. Comparisons between the experimental and theoreti-

cal angular distributions for the different l transitions. Solid
lines represent results of ADBA calculations and dashed lines
show those of conventional DWBA calculations.
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TABLE II. Spectroscopic strengths obtained using the two
difFerent potential parameters.

E (Me V)
(2Jf + 1)C S

ADBA' DWBAb

0.33
2.42
4.17
5.02

0.44
2.39
6.92
7.45

e(d n)"Na
5+
2
1 +
2
3
2

(- )

N(d, ) N
5+
21+
2
3
2

(- )

3.76
1.93
0.85

3.23

2.91
0.50
0.53

1.62

3.55

2.01
0.85

3.01

2.44
0.60
0.49
1.55

'The results obtained with the adiabatic deuteron potential.
The results obtained with the global potential taken from Ref.

[22].

(2Jf+1)C S derived by the two types of analysis are
compared in Table II. It is worth pointing out that there
are no significant di6'erences in the spectroscopic
strengths. This is consistent with the results of our sys-
tematic study [14,15] of the 25-MeV (d, n) reaction on
2sld shell nuclei. We adopt the ADBA analysis in the
following discussions, since it gives, in general, a better
description of the angular distributions.

IV. RESULTS AND DISCUSSION

A. Ne(d, n) 'Na reaction

l assignments have been made for 11 transitions lead-
ing to states up to E =7 MeV in 'Na. The differential
cross sections for the individual states are shown in Figs.
4 and 5 along with the ADBA predictions. Obtained
spectroscopic information is listed in Table III together
with that previously reported for /1 =21 system [1,2,24].
The spectroscopic strengths of the proton unbound states
(E )2.43 MeV) have not been reported in the previous
work.

It is generally believed that the value of the spectro-
scopic factor with single proton transfer reactions, com-
pared to that with (e, e'p) knock-out experiment, is more
sensitive to the shape of the single-particle binding poten-
tial or to the optical-model potential with which DWBA
calculation is carried out. In this sense, the spectroscopic
factors from nucleon transfer reactions have to be con-
sidered as relative ones. The strength distributions for
the positive-parity states in 'Na are shown in Fig. 6 to-
gether with the predictions by the 2s ld shell model [8].
The shell model calculation has been performed using the
code oxBASH [25]. The comparison seems satisfactory.

1. Positive-parity states

1d5&z transition strength has been observed to the
0.33-, 3.54-, and 4.29-MeV states. The result of the

TABLE III. Experimental spectroscopic strengths in the A =21 system.

'Na (d n), Eq =25 MeV (d n), E& =5.2 MeV' (d n), E& =5.9 MeV 'Ne (d p), E& =16 MeV'

E (MeV)' J l nlj (2Jf+1)C S l nlj (2Jf+1)C'S l nlj (2Jf+1)C S E„(MeV)' J ' l nlj (2Jf+1)C S

G.S.
0.33
2.42
2.80
3.54
3.68
4.17
4.29
4.47
5.02
6.51

6.91

3+
2
5 +
21+ p21—
2
5+
2
3
2
3
2
5+
23+
2

3
3+ 22

( —'+) 2
2

1d5/2

2$1/2

1p1

1d s/2

1p3/2

2p 3/2

1ds/2

1d3/2

lf7n
1d3/2

1d3/2

3.76
1.93
0.26
0.16
0.20
0.85

1.29
1.44
3.23
0.71
0.44

2 1ds/2

0 2$1/2

2.4
0.46

d s/2

0 2$1/2

2.1

0.9
0.35
2.79
3.74
4.53
4.68

4.73
5.34
5.55

5.82

6.61

3+
2
5+
2
1+ p2
5+
2
5+
23+
2
3

12
7 223+
2
3+ 22

1d3/2

1ds/2

2$1/2

2d 5/2

1d5/2

2p 3/2

1d3/2

1d 3/2

1d 3/2

1d 5/2

+0.11

3.7
0.90
0.20
0.78

2.3

0.57
0.28

'References [26,27].
Present work.

'Reference [1].
Reference [2].

'Reference [24].

g(2Jf+ 1)C'S( lp3/2) =0.20
g(2Jf+1)C S(lp, /~) =0.26
g(2Jf+1)C S(ld5/~)=5. 21
g(2Jf+ 1)C S(2s, /~)=1. 93
g(2Jf+1)C S(ld3/p)=2. 59

g(2Jf +1)C S(1f7/2) =3.23

g(2Jf + 1 )C S (2p3/2 ):0.85
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analysis shows that large amounts of the 1d5/2 strength is
located in the 0.33-MeV state. The spectroscopic
strength for this state is in good agreement with that for
the mirror state in 'Ne obtained from the (d,p) reaction
[24], as can be seen from Table III.

The transition leading to the 2.42-MeV, —,
'+ state is the

only I =0 transition observed in the present measure-
ment. In addition, the spectroscopic strength derived for
this state corresponds to about 97%%uo of the sum-rule limit
for 2s, /z transfer.

The strength distribution for the 1d3/2 orbit shows a
fragmentation of the strength over the 4.47-, 6.51-, and
6.91-MeV states. The high-lying 1d3/2 strength at E ) 7

MeV predicted by the shell model has not been identified
in the present work due to the background.

The experimental strength distributions for the 1d~/2
and 2s, /2 orbits are successfully reproduced by the 2s ld
shell model, while there seems to be a slight disagreement
in the case of the 1d3/2 strength, as can be seen from Fig.
6.

2. Negative-parity states

Low-lying negative-parity states in lighter 2sld shell
nuclei are known to be excited in the one-nucleon pickup
reaction [26,27]. Therefore, these negative-parity states

lo 2.— 2ONe (d, n )2INp

Ed 25MeV

lo2=

2ONp ( d, & )2lNp

Ed=25 MeV

4=2

ioo
Io .—

io'
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~ ~

.54 MeV, S/2+
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E-ioo
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b
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FIG. 4. Differential cross sections for the l =0, 1, and 3 tran-
sitions in the Ne(d, n} 'Na reaction. Solid lines represent the
results of the ADBA calculations.

FIG. 5. Differential cross sections for the I =2 transitions in
the Ne(d, n} 'Na reaction. Solid lines represent results of the
ADBA calculations.
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are considered to have a 1p single-hole character. In
'Na, the 2.80- and 3.68-MeV states are the lowest —,

'

and —,
' states, and their mirror states in 'Ne have

strongly been populated in the one-neutron pickup reac-
tions on Ne [28—30]. This suggests that the 2.80- and
3.68-MeV states in 'Na have the (m2s ld)4(~lp) ' hole
configuration. In the presently measured proton strip-
ping reaction, these states are indeed weakly populated as
seen in Fig. 1. This suggests that there exists a six-
particle —two-hole component, such as the (2s ld) ( lp)
configuration, in the ground-state wave function of Ne.
On the other hand, a strong I = 1 transition leading to the
4.17-MeV, —,

' state, the mirror states of which in 'Ne at
4.73 MeV has particle character as is dominantly popu-
lated by the neutron stripping reaction [26,27], but is not
strongly excited by the neutron pickup reaction [26,27],
may be due to 2@3/2 proton transfer. The deduced spec-
troscopic strength of 0.85 corresponds to about 21% of
the total 2p3/2 strength.

No l =3 has so far been reported [26,27] in the one-
proton stripping reaction on Ne. In a systematic study
of the (d, n) reaction on sd-shell nuclei [14,15], however,

we have observed strong 1=3 transitions in almost all
cases investigated; i.e., leading to a 6.93-MeV state in ' F
by the (d, n) reaction on ' 0, to 3.70 MeV in Al, etc. In
the present study, we have a candidate of I = 3 transition
as a prominent peak leading to the 5.02-MeV state as
seen in Fig. 1, though it is difficult to eliminate complete-
ly the possibility for l =2 transition by the shape of the
angular distribution shown in Fig. 4. If we assume this
transition to be l =2 leading to a —,

'+ state, we obtain the
spectroscopic factor of 3.23, by which the summed value
is 5.82, being unreasonably large in its magnitude com-

IO ~.—
Ne (d n) No

Ey=25Mev

4-
5/2+, Exp.

2-

0,
4—

0,
2—

I l I I I

5/2+, Shell Model

I/2+, Exp.

L

~~ lOO.—
E

10 i-

Ex=6-3I Me Y, I/24
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I-

0, I I i I I

I I I I j I
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3/2+, Shell Model

io l.—

I
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0; I
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0 2 4
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FIG. 6. Comparisons between experimental 2s1d strength
distributions in 'Na and shell model predictions.

FIG. 7. Difterential cross sections for the I =0 transitions in
the Ne(d, n) 'Na reaction. Solid lines represent results of the
ADBA calculations.
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paring with the sum-rule limit of 4. Thus, it is highly im-
probable to assign this transition to the 5.02-MeV state to
be a ld3/2 transfer. Assuming the lf7/p transfer, we ob-
tain spectroscopic strength of about 40% of the lf7/2
sum-rule limit, which is a quite reasonable result from
systematic behavior of the 1f7/2 strength in this mass re-
gion [14,15].

B. Ne(d, n) Na reaction

I assignments have been made for 24 transitions lead-
ing to states up to E„=14.4 MeV in Na. The spectro-
scopic results for Na are summarized in Table IV. The
observed angular distributions are illustrated in Figs.
7—10. The strength distributions for the 2s ld orbits are

compared with those by the shell model [8] in Fig. 11. In
previous work [3—5], the spectroscopic information for
the proton unbound states (E ) 8.79 MeV) has not been
reported. Furthermore, no strong l =3 transition has
hitherto been reported. In the present work, however,
several strong l =3 transitions have been observed for the
first time, resolving the missing 1f7/2 strength problem in

Na. As for the 14.37-MeV state, it is located too far
from the threshold for proton emission. The spectro-
scopic strength for this state is less reliable.

Posi tive-pari ty states

The 0.44-MeV, —,
'+ state is strongly populated in the

neutron spectrum as can be seen from Fig. 2 The spec-

TABLE IV. Experimental spectroscopic strengths in Na.

(d, n), Ed =25 MeV
E (MeV)' 3;T' l nlj (2Jf + 1)C S l

( He, d), Eh =10, 12 MeV'
nlj (2Jf+1)C S l

( He, d), E„=15 MeV
nlj (2Jf +1)C S l

(d, n), Ed=5. 5 MeV'
nlj (2Jf+1)C S

G.S.
0.44
2.39
2.64
2.98
3.68
3.91
5.74
6.31
6.92
7.08
7.45
7.89
8.30
8.42
8.66
9.70

10.01
10.84b

10.94b

11.29
11.54b

11.76b

11.88
14 37

3+
2
5 +
21+
21—
2
3+
2
3
2
5+
2
5+
2
1+
2
3
2
3
2
5+
2

5 + ~ 3
2 '2

3 +
2

1 + ~ 3
2 '2

3+
2
5+
2

(2) ld3/2
2 1d5/2

0 2$1/2

2 1d3/2

lp3/2
2 1d5/2

2 ld, /2

0 2$ 1/2

1 2p3/2

1 2p 3/2

lf 7/2

2 1d5/2

lf 7/2
2 1d3/2

0 2$1/2
2 1d3/2

2 ld5/2

(1) 2p„,
2 1d3/2
2 1d3/2
3 1f7/2
3 1f7/2

lf 7/2

3

(0.33)
2.91
0.50

1.68
0.15

0.39
0.47
0.27
0.53
0.31
1.62

0.87
0.44
0.52

1.16
0.32
0.19
0.35
0.42
0.71
0.49
0.40
0.24

2s 1

lp1/2

ld3/2

lp 3/2

1d 5/2

1d 5/2

2s1/2

2p 3/2

2p3/2

1d3/2

1d5/2

0 2$1/2

0
(1)
2

(2)

(2)

0
(1)

1

(2)

(2or 3)

0.73
0.03
0.87
0.07
0.30

0.50
&0.80
0.40

0.20

0.21

2 ld3/2
2 ld5/2

0 2s 1/2

lp 1/2

2 ld3/2
1 lp3/2
2 ld5/2

2 1d 5/2

0 2$1/2

1 2p1/2

1 2p1/2

2 ld3/2
2 ld5/2

3,(2) 1fs/2

(2) 1d 5/2

0 2$ 1/2

0.32
2.10
0.50
0.043
1.28
0.076
0.27
0.21
0.27
0.30
0.17

0.58
0.46
0.49
0.18

0.54

2 ld3/2
2 1d5/2

0 2$1/2

2 ld 3/2

1 lp3/2

(2) 1d 5/2

0 2$1/2

I 2p3/2

1 2p 3/2

1 2p3/2

2 1d 5/2

lf s/2

1 2s1/2

(1.09)
(1.28)
0.28

0.

0.20
0.18

0.19
0.08
0.11
0.40

0.16
0.50

g(2J/+1)C'S( lps/2) =0. 15

g(2J/+ 1)C'S( lds/2 ) =4.83
g(2J/+1)C'S(2s, /, ) =1.93
g(2Jf +1)C'S( ld, /2) = 3.98
g(2J/+ 1)C'S( 1f7/, ) =3. 19

g(2J/+ 1)C S(2p, /~) = 1. 19

'References [26,27].
"Present work.
'Refrence [4]. A correction to the original values for the factor C (= 2 and —,

' for T= —,
' and —' states, respectively) has been per-

formed.
Reference [5].

'Reference [3].
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troscopic strength of 2.91 for this state, which is con-
sistent with the shell model prediction, indicates that a
considerable amount of 1ds/2, T =

—,
' strength is exhaust-

ed by this state. The remaining 1dz/2, T= —,
' strength is

located in the 3.91- and 5.74-MeV states.
Most of the 1d5/2 T= —,

' strength resides in the 7.89-
MeV state which corresponds to the isobaric analog state
of the ground state in Ne. The 10.01-MeV, —,

'+ state
may be a candidate for the analog state of the 2.31-MeV

Ne(d n) Na

Ed=25MeV

state in Ne, since its excitation energy and spectroscop-
ic strength of 0.19 are in good agreement with the shell
model predictions [E„=10. 10 MeV and (2jf + 1)C S
=0.17].

As discussed in the previous section, the 2s, /2 strength
in 'Na is concentrated on the 2.42-MeV, —,

'+ state. This
component for the 2s, /2 T= —,

' strength in Na, on the
other hand, is fragmented into two —,

'+ states at 2.39 and
6.31 MeV, indicating the efFects of the extra two neutrons
added. The shell model completely reproduces this situa-
tion as seen in Fig. 11. Furthermore, there is a dominant
l =0 transition leading to the 8.66-MeV state, which is
the analog state of the 1.02-MeV state in Ne. The ob-
tained spectroscopic strength of 1.16 for this transition is
about two times as large as the total T& strength of 0.67,
which is derived from the following relation [31]:

g(2J +l)C S(T )=, (2)

io'

L

lOO
E

~ )0'

where the angular bracket denotes the number of 2s»2
neutron holes in the target ground state, and N and Z in-
dicate, respectively, the numbers of neutrons and protons
in the target nucleus. This result might be due to uncer-
tainty of the form factor, because the proton binding en-
ergy for the 8 66 MeV state is only 130 keV. The
difficulty of the theoretical treatment for the form factor
has been discussed by several authors [32,33].

The —,
'+ state at 2.98 MeV is prominently populated in

the neutron spectrum exhausting about 42%%uo of the sum-
rule limit. The remaining 1d3/2 strength is expected to
be distributed over high-lying states. The shell model pre-
dicts that a significant fraction of the 1d 3/z, T =—',
strength may be located in the excitation region of
E =9—12 MeV in Na. It is quite reasonable to consid-
er that the predicted strength may reside in the states
strongly populated at 9.70, 10.94, and 11.29 MeV with
the characteristic l =2 angular distribution shape.

2. Negative-parity states

io I

I
0-2

I I I I

50
t I l I

60 90

FIG. 8. Differential cross sections for the l =1 transitions in
the Ne(d, n) Na reaction. Solid lines represent results of the
ADBA calculations.

The 2.64- and 3.68-MeV states are the lowest —,
' and

states in Na, respectively, and are strongly popu-
lated in proton pickup reactions on Mg I34]. Therefore,
these negative-parity states have a 1p proton single-hole
character of the (n2sld) (nip) ' configuration. We
have observed the proton stripping to the 3.68-MeV state
with the small strength as shown in Fig. 2. Unfortunate-
ly, the minor peak of the 2.64-MeV state is masked by the
strong peaks at 2.39 and 2.98 MeV due to the limited en-
ergy resolution of the detected neutrons.

The strong l =1 transitions leading to the —,
' states at

6.92 and 7.08 MeV have also been observed with spectro-
scopic strengths of 0.53 and 0.31, respectively, assuming
2@3/2 transfer. The summed 2p3/2 strength in Na is
comparable in its magnitude to that in 'Na.

We have observed a prominent peak leading to the
7.45-MeV state, for which a J"=—,

'+ assignment has been
given in the compilations [26,27]. However, the present
study strongly suggests that the spin and parity for this
state should be —, . First, its angular distribution shows
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a typical l =3 pattern as illustrated in Fig. 10. Second, if
we assume J =—,'+ for this state, the summed 1d»2
strength surpasses the sum-rub limit, leading to the un-
reasonable conclusion that there may be little 1d5&2 pro-
ton occupation in the ground state of Ne, whereas
significant fraction of the 1d5/2 proton strength has been
observed in proton pickup reactions [35,36] on Ne.

C. Occupation probability and single-particle energy

The spectroscopic information obtained from the one-
nucleon-transfer reaction makes it possible to discuss the
occupation probability X„I~ and single-particle energy
E„I for the single-particle orbit in the ground state of the
target nucleus. The occupation probability is expressed

Ne(d n} Na

Ed=25MeV
&=2

io~;

Ioo

lO

IOO.—
, 3/2 )OQ&r

,+ = )0o

IO0
5/2+ = (Oo

to'

too.— IOO

io'

I I I

60 '3'0' '60' '90
Oc.m. (deg ) c. m. (d8g )

FIG. 9. Differential cross sections for the I =2 transitions in the Ne(d, n) Na reaction. Solid lines represent results of the
ADBA calculations.
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l 02.—
22Ne (d, p )25Na

Ey=25 MeV

&=3

to .—I

in terms of the well-known sum rule [31]

gG„,, QG„+,,=1— (3)2j+1 2j+1
where G„& and G„I are the spectroscopic strengths for
the pickup and stripping reactions, respectively, and the
summation is taken over all Anal states with the quantum
number nlj Equation (3) leads to a relation between G„&~
and G„)~.

QG„(.+QG„+I =2j + 1 .

This sum rule requires accurate spectroscopic factors
to perform summation up to infinite excitation energy,
since particle (hole) strengths may be spread over

presumably due to short-range and tensor correlations.
However, uricertainties encountered in the DWBA
analysis allow us to extract only relative strengths. In ad-
dition, an experimentally accessible region is limited for
the excitation energy in general. Recently, Grabmayr
[37] has successfully determined the occupation number
for the 3s, &2 proton orbital in the lead region, by develop-
ing a combined evaluation of relative spectroscopic fac-
tors and electron scattering (approach CERES), where
the advantages of the diIterent probes are explored. In
the present case, however, there are no electron-
scattering data for the Ne isotope, the charge density
di6'erences which allow us to perform a CERES analysis.
Thus, we deduce the properties of the target ground
states, as follows, by assuming that all the fragmented
strengths for the single particle near the Fermi surface
are located in the excitation energy region investigated in
this work.

Experimental and theoretical ambiguities may bring
some uncertainties into the validity of Eq. (3). In order to
reduce such systematic uncertainties, combined analysis
of stripping and pickup data on the same target nucleus

(oo

to'

tooE r

~ io'
Cg

MeV

2-

0,

2.—

5/P+, E xp.

5/2+, Sht'll Model

T = l/2
T -3/2

I
I

I I t I I I I I

l/2, Ex p.

io'

ioo

0,—

+
2 .

I I I I I I I I I I I I I I

l/2+, Shell Model

T=I/2
T=3/2

io',—

)oo

2;

I
I

. I

I i I i I I I

3/2+, Exp.

(0 l

0
I I I I I I I

30 60 90

2— 3/2+ Shell Model

T i I/2
---------- T 3/2

'oc.m. (deg )
FIG. 10. Differential cross sections for the l =3 transitions in

the Ne(d, n) Na reaction. Solid lines represent results of the
ADBA calculations. For the 7.45-MeV state, the theoretical
I =2 angular distribution (dashed line) is also shown.
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3
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I I
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l5

FIG. 11. Comparisons between experimental 2sld strength
distributions in Na and shell model predictions.



48 PROTON SINGLE-PARTICLE STATES IN ' Na THROUGH. . . 2785

has recently been carried out [12,13] on the basis of the
sum rule Eq. (4). It is plausible to assume that relative
spectroscopic strengths are less ambiguous. Therefore,
we search for the normalization factors n+ and n for
the stripping and pickup data, respectively, by evaluating
the linear regression so as to simultaneously satisfy Eq.
(4) for each nlj. In the present analysis, we took the pro-
ton pickup data from the (d, He) reaction on ' Ne at
52 MeV [29,35,36], where almost all the 2sld and Ip
strengths have been measured. The normalization con-
stants, thus obtained, are n+=0. 74, n =1.13 for Ne
and n+ =0.95, n =0.80 for Ne. With the normaliza-
tions for n+ and n, we give the newly defined occupa-
tion probability

~~
~~

0

0
~~

C4

V
V

CO

0—

1p3/2

1p Ne

n yG-„
J 2, 2j+1

n+yG„+I,

2j +1 (5) 0—
-30 -20 —10

3/2

10
According to Baranger's definition [38], we evaluate

the single-particle energy E„I from the centroid energy
weighted with the stripping and pickup strengths:

Single-particle energy ( NeV )

E„on QG„i~+E„() +QG„(~
E

n yG-„„+n-+yG„+„
(6)

FIG. 12. Distributions of the occupation probabilities of the
proton single-particle orbits in Ne. Solid lines represent the
BCS occupation probabilities.

where
with

e =[(E„,, —X)'+a']'" . (10)

and

E„+0 = B(A +1)+—E„ij . (8)

The solid lines in Fig. 12 are the results of the least-
squares fit. Obtained gap energies and Fermi energies are

6= ( 3.2+0.05 ) Me V

(E„i —
A, )

N -=—1—
njl

(9)

8 is the ground-state separation energy, and E„&&. are the
centroid excitation energy evaluated with normalized
spectroscopic strengths for the one-nucleon-transfer reac-
tions on the target nucleus A. Results of the combined
analysis are listed in Table V together with shell model
predictions [8]. The obtained occupation probabilities
are in accordance with the theoretical ones. Figure 12
shows the distributions of the occupation probabilities of
the proton single-particle orbits near the Fermi surfaces
of ' Ne. The data are interpreted in terms of the BCS
theory. The BCS function is

and

k=( —6.0+0.3) MeV for Ne,

5= ( 3.2+0.4) MeV

and

A, =( —10.5+0.4) MeV for Ne,

leading to the qualitative conclusion that the effect of the
ground-state correlations is similar for the Ne isotopes,
and that the Fermi energy increases in magnitude in- go-
ing from Ne to Ne.

As a conclusion of this part, the occupation probabili-

TABLE V. Occupation probabilities and single-particle energies of the proton orbits in ' Ne.

nlj

113/2
1P I/2
165/2
2$ &/2

1d3/2

n+gG„+,, +n gG„,~
3.98
2.30
5.80
2.30

Ne

—17.5
—11.8
—5.0
—4.8

0.96
0.98
0.34
0.36

Shell model'

0.20
0.26
0.07

n gG„+~J+n gG„~

1.85
6.10
2.23
3.78

22Ne

E,

—16.4
—8.7
—6.9
—2.5

0.92
0.24
0.14
0.06

Shell model'

0.23
0.21
0.05

'Theoretical occupation probabilities of the 2s ld shell model (Ref. [8]).
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ties and single-particle energies of the proton orbits near
Fermi levels in the ground states of ' Ne were deduced
in a framework of combined analysis of the stripping and
pickup data on the same target nucleus. However, it
should be noted that we could not perform a summation
up to infinite excitation energy, thus the present results
were obtained by the sum of strengths in the valence re-
gion.

D. Higher-order reaction process

The ground states in ' Na are very weakly popu-
lated. As shown in Fig. 13, the angular distributions for
these —,

'+ states exhibit difFerent shapes from those for the
strong 1d3/p transitions in each case, suggesting that the
efFect of higher-order reaction processes may be involved
in these transitions. An important example of the
higher-order reaction process may be the transition lead-

I.63, 2
I

G.S. , O
I

Ne

I.63, 2 I

G. S. , OI

Ne

l.27, 2
I

G. S. , Ol
22Ne

(a)

Na

23N

0-33, 5/2+

G.S. , 3/2 I

1.72, 7/2 I

0.33,5/2
I

0.44, 5/2
I

G.S. , 3/2
I

fOi .—

Ne (d n) No

Ed =25 Mev

CCBA------ one-step

2.6

FIG. 14. Coupling schemes used in the CCBA calculations.

ing to the low-lying —,'+ state at E =1.72 MeV in 'Na,
where the reaction most likely proceeds through the
(d, d')(d, n) and!or (d, n)(n, n') processes, and the direct
one-step 1g7/2 transfer is highly unlike those processes.

We have carried out the coupled-channel Born approx-
imation (CCBA) calculation with the code cHUCK3 [39]

jo '.—
pIO

4
TABLE VI. Deformation parameters and spectroscopic am-

plitudes used in the two-step calculations.

to' .—

ioo.—

Ex

I iZ~

~ l.72 MeV, 7/2+

NRO 7

~ 1

N Rl.5

22Ne (d, n) ~~No

Ed =25 Mev

CCBA
------ one-step

Transitions

Ne(d, n) 'Na
01+~2~+
p+ 3+

Y1
0+ 5+

Y1
+ 3 +

21 21

2+ 5+
Y1

21
+ 7+

21

Spectroscopic
amplitude

1d3/2. —0. 17
1d 5/2 '. 0.79
1d, /2. —1.03

2s1/2 ..0. 16
1d3/2.0.24
ld5/2:0 19

2s1/2. 0.21
1d3/2. 0. 19
1d5/2 .'0. 90

1d3/2.' 0.0 1

P, =0.47 P~=0.28

Deformation
parameter

I I I I I I I I

0 30 60 90
c. m. 1t, dag )

FIG. 13. Differential cross sections for the ground state and
1.72-MeV state transitions in Ne(d, n) 'Na reaction, and the
ground-state transition in the Ne(d, n) Na reaction. Solid
lines represent the results of the CCBA calculations and the
dashed lines show those of the one-step calculations (ADBA).
N's are the normalization factors for CCBA calculations.

3+ 5+
21 215+'7+
21 21

Ne(d n)

p+ 3+
Y1

p+ 5+
1 21
+ 3 +

21 21

3+ 5+
21 21

1d3/2 0.22

1d5/2o Oe 65
1d 5/2. —0.97

2s1/2. 0. 14
1d3/2 ..0.21

p2 =0.47

P~ =0.47

p2=0. 47

p2=0. 47

P4=0.28

P4=0.28

P4=0.28

P~=0.28
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with the coupling scheme shown in Fig. 14. The defor-
mation parameters (132,P4) and spectroscopic amplitudes
used in the CCBA analysis are listed in Table VI, where
P2 and P~ have been taken from the work by Swiniarski
et al. [40], and the spectroscopic amplitudes have been
obtained from the 2s ld shell model wave functions [8] us-
ing the code oxBAsH [25]. In the middle of Fig. 13, the
angular distribution of the 1.72-MeV state in 'Na is
shown together with results of the CCBA and ADBA cal-
culations. The N's in the figure are the normalization fac-
tors to optimize the fitting for CCBA calculations. It is
worth noting that the differential cross sections for the
transition to the 1.72-MeV state in 'Na are well repro-
duced by the CCBA calculations, while these calculations
fail to explain the ground-state transitions as shown in
Fig. 13.

V. SUMMARY

means of the method of Vincent and Fortune.
It was found that in each case most of the proton

single-particle strengths were concentrated on the lowest
states for the 1d5&z and 2s&&z orbits, while for the 1d3/z
orbit its strength was fragmented over several states. The
summed spectroscopic strengths for the 2s ld proton shell
almost exhausted the sum-rule limit. These observations
were well reproduced by the recent 2s ld shell model cal-
culations [8]. For the 1f strength in ' Na, several l =3
transitions have newly been observed in the present mea-
surements.

The combined analysis of the present data and the pro-
ton pickup (d, He) data was made in order to obtain the
occupation probabilities and single-particle energies of
the proton orbits near the Fermi surfaces of ' Ne. The
results of the analysis indicates the same amount of
ground state correlations for zoNe and Ne

A systematic study of the ' Ne(d, n) ' Na reactions
at Ed =25 MeV has been made. The proton single-
particle properties of the states up to E = 15 MeV were
investigated. Differential cross sections were successfully
reproduced by the ADBA calculations. The spectroscop-
ic strengths for proton unbound states were deduced by
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