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Proton single-particle strengths in19F were investigated up to an excitation energy of 14 MeV through the
(d,n) reaction on 18O at Ed525 MeV. Spectroscopic strengths were deduced from adiabatic-deuteron-
breakup-approximation analysis. Most of the strengths for the 2s1d-shell orbitals were observed in the present
measurement. Strength distributions were compared with the shell-model predictions in the framework of the
complete 2s1d-shell basis. Results for the 1d5/2 and 2s1/2 strengths were in good agreement with the shell-
model calculation, but the theoretical estimate for the 1d3/2 strength did not reproduce the observation. The
occupation probabilities and single-particle energies of proton orbitals near the Fermi surface for18O were
evaluated from a combined analysis of the present stripping data and previous proton pickup data.
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I. INTRODUCTION

One-nucleon transfer reactions are useful probes to s
the single-particle nature of nuclear excitation. The stripp
reaction, transferring one nucleon into a single-particle
bital with quantum numbersnl j , allows one to extract the
spectroscopic factors which manifest the single-particle f
ture of the final states in the residual nucleus. Because o
completeness relation of the wave functions, the summa
of the spectroscopic factors over all final states withnl j
yields the number of holes in the orbital for the initial grou
state@1,2#. Furthermore, the distribution of the spectrosco
factors gives us information about not only the sing
particle energy but also the spreading width due to the da
ing of the single-particle excitation.

In recent years experimental efforts to measure occu
tion probabilities of shell model orbitals have been made
study nucleon-nucleon correlations in nuclei. Occupat
numbers of the 3s proton in the Pb region have precise
been evaluated using both relative spectroscopic factors
charge density differences between neighboring nuclei@3,4#.
The shapes of the proton Fermi surface for the 2s1d-shell
and 1f 2p-shell nuclei have been studied from occupati
probabilities and single-particle energies deduced fr
analyses on the basis of both stripping and pickup react
on the same target nucleus@5–7#.

Proton single-particle states in the 2s1d-shell nuclei have
0556-2813/2002/66~6!/064313~7!/$20.00 66 0643
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extensively been investigated by means of high-resolu
(d,n) experiments@8,9#. In comparison with a recent shel
model prediction @10#, which is based on the complet
2s1d-shell space, the results for the20,22Ne(d,n)21,23Na re-
actions@9# have shown that a 25-MeV (d,n) reaction pro-
vides reliable spectroscopic factors.

In this paper we present the result for the18O(d,n)19F
reaction at 25 MeV. Although proton single-particle streng
in 19F have so far been studied@11–13# using (3He,d) and
(a,t) reactions, little is known about the high-lying strengt
above the one-proton emission threshold atEexc57.994
MeV. On the other hand, the shell model predicts@10# that
the significant strengths of the 1d3/2 proton reside in the
excitation region aboveEexc59 MeV. In this work we aim to
investigate the proton single-particle strength of t
2s1d-shell orbitals up toEexc514 MeV, and to test the shell
model wave functions@10# by comparing the experimenta
results with the predictions. Furthermore, we attempt to
duce occupation probabilities and single-particle energie
proton orbitals near the Fermi surface for18O using the
present stripping results in combination with pickup data o
tained from the18O(d,3He)17N reaction@14#.

II. EXPERIMENTAL PROCEDURE

The experiment was performed using a momentu
analyzed beam of 25-MeV deuterons from the AVF cyclotr
©2002 The American Physical Society13-1



e

for

A. TERAKAWA et al. PHYSICAL REVIEW C 66, 064313 ~2002!
FIG. 1. An excitation-energy spectrum for th
18O(d,n)19F reaction at u lab510° and at Ed

525 MeV. The histogram is shown in 25-keV
wide bins. The solid lines represent the results
the peak-deconvolution analysis.
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at the Cyclotron and Radioisotope Center~CYRIC!, Tohoku
University. The target was18O gas isotopically enriched to
98.7% and kept in a gas cell with a diameter of 1.5 cm an
length of 2 cm along with the beam direction. The targ
thickness was 1.5 mg/cm2. The window of the gas cell wa
a 10-mg/cm2 thick platinum foil.

Energies of the emitted neutrons were measured by m
of a time-of-flight ~TOF! technique using the CYRIC TOF
facility @15,16#. Twelve neutron detectors containing liqu
organic scintillator NE213 of 23.4 l in total were located a
distance of 43.2 m from the target. Angular distributions
the neutrons were measured with the beam-swinger sys
in an angular range fromu lab510° to 60° in the laboratory
system.

For the neutron-gamma discrimination the pulse sh
discrimination method was used. In addition, the low ene
neutrons overlapping the fast neutrons in the neutron en
spectrum were removed using a software threshold for
light output spectra from the detectors. Finally, t
excitation-energy spectra in19F were obtained from the en
ergy spectrum through the kinematical calculation for
18O(d,n)19F reaction at 25 MeV.

Figure 1 shows the excitation-energy spectrum of
18O(d,n)19F reaction atu lab510°, together with the result o
a peak-fitting procedure using Gaussian functions with c
tinuous backgrounds. The background in the present exp
ment includes both experimental and physical backgro
neutrons. The experimental background is due to the w
dows of the gas cell, while the physical background com
from the reaction processes such as deuteron breakup
neutron evaporation. For the background subtraction in
peak-fitting procedure, the fourth degree polynomial w
used to reproduce the overall background shape. The pre
measurement has covered the excitation region up toEexc
514 MeV in 19F. The overall energy resolution of about 18
keV has been achieved for the most energetic neutron.

The neutron-detection efficiency has been determined
an activation analysis for the7Li( p,n)7Be reaction@15,16#.
Errors in the absolute magnitude of the cross section h
been estimated to be less than 15%.
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III. ANALYSIS

A. Distorted-wave analysis

Zero-range distorted-wave analyses with finite-range
nonlocality corrections were performed using the co
DWUCK4 @17# in the framework of adiabatic-deuteron
breakup approximation~ADBA ! @18# to assign orbital angu-
lar momentuml of the transferred proton, and to dedu
spectroscopic factors. An adiabatic-deuteron potential w
produced by the Wales and Johnson method@19# using pro-
ton and neutron potentials at a half energy of the incid
deuteron. These nucleon potentials were taken from the
bal potential of Becchetti and Greenlees for a proton@20# and
that of Martin for a neutron@21#. The parameters for the

TABLE I. Potential parameters used in the present analysis

a 18O1d 19F1n b 18O1p

VRV ~MeV! 98.44 51.720.26E adj c

r RV ~fm! 1.18 1.18 1.25
aRV ~fm! 0.74 0.66 0.65
WIV ~MeV! -0.40 22.910.2E
r IV ~fm! 1.30 1.28
aIV ~fm! 0.61 0.55
WIS ~MeV! 15.45 9.320.15E
r IS ~fm! 1.30 1.28
aIS ~fm! 0.60 0.55
VSO ~MeV! 5.95 5.7 l525 d

r SO ~fm! 1.01 1.00 1.25
aSO ~fm! 0.58 0.41 0.65
r C ~fm! 1.30 1.25
NNL ~fm! 0.43 0.85

aThe potential parameters consist of real-volume~RV!, imaginary-
volume~IV !, imaginary-surface~IS!, spin-orbit~SO!, and Coulomb
~C! terms. Nonlocality correction parametersNNL are also listed.
Finite-range parameterNFR was 0.695 fm.
bE is the neutron energy in the exit channel.
cWell depth is adjusted to reproduce the separation energy.
dThomas spin-orbit strength.
3-2
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FIG. 2. Differential cross sections for thel
50, 1, and 3 transitions measured through t
18O(d,n)19F reaction at 25 MeV. The solid lines
represent the results for the ADBA calculations
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emitted neutrons were also taken from Ref.@21#. The single-
particle wave function of the transferred particle was gen
ated by the separation-energy method with a local Woo
Saxon potential. In the case of proton unbound transiti
leading to final states atEexc. 7.994 MeV, resonant form
factors were calculated according to the procedure of Vinc
and Fortune@22#. The potential parameters used in t
present analysis are listed in Table I.

Spectroscopic factorsSl j were obtained from the follow-
ing relation for the spin zero target:

S ds

dV D
exp

51.55~2J11!C2Sl j S ds

dV D
calc

, ~1!
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whereC is a Clebsh-Gordan coefficient. The normalizati
factor of 1.55 is a standard value@17# for a (d,n) reaction.

Measured angular distributions of the differential cro
sections are shown in Figs. 2 and 3, together with the res
of the ADBA analysis. The measured angular distributio
are well reproduced by the theoretical results, as far as
data at the forward angles are concerned. In the pre
analysis,l assignments have been made for 28 transitions
to Eexc514 MeV.

B. Shell-model calculation

Microscopic description of the low-lying levels in th
mass regionA517239 can be made in terms of the she
ns

the
FIG. 3. Same as Fig. 2 but for thel 52 tran-
sitions. For experimentally unresolved transitio
leading to theEexc58.02-MeV and 8.14-MeV
states, the solid line represents the result of
least-squares fit for the sum of theoreticall 52
~dot-dashed line! and 0~dotted line! transitions to
the data.
3-3
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TABLE II. Experimental spectroscopic strengths in19F.

(2J11)C2S

Eexc (MeV) a Jp; T a Eexc (MeV) b nl j b b c d e

0 1/21 0.00 2s1/2 0.45 0.6 0.42 0.51
0.110 1/22 0.24 0.224
0.197 5/21 0.20 1d5/2 2.18 2.55 2.45 4.00
1.459 3/22 0.144 0.098
1.554 3/21 1.55 1d3/2 0.99 1.17 1.01 1.65
4.550 5/21 4.55 1d5/2 0.39
5.535 5/21 5.54 1d5/2 0.18 0.29 0.31 0.44
6.088 3/22 6.09 2p3/2 0.15 0.426 0.12
6.255 1/21 6.26 2s1/2 0.28 0.41 0.19 0.60
6.497 3/21 6.50 1d3/2 0.13 0.133 0.24
6.787 3/22 6.79 2p3/2 0.11 0.29 0.17
6.927 7/22 6.93 1f 7/2 0.41 0.385 0.37

7.11 1d3/2, 1d5/2
f 0.21, 0.19f 0.52 0.087

7.540 5/21; 3/2 7.54 1d5/2 1.33 0.82 0.665 1.76
8.014 5/21 8.06 1d5/212s1/2 0.3810.22 0.40
8.138 1/21

8.310 5/21 8.30 1d5/2 0.14
8.592 3/22 8.59 2p3/2 0.15
8.793 1/21; 3/2 8.79 2s1/2 0.49 0.60

9.14 1d3/2
f, 1d5/2 0.09f, 0.08

9.668 3/21 9.67 1d3/2 0.38
10.308 3/21 10.31 1d3/2 0.38
10.555 3/21; ~3/2! 10.56 1d3/2 0.18
10.86 5/21 10.88 1d5/2 0.15

11.02 1d3/2
f, 1d5/2 0.11f, 0.10

11.540 5/21 11.55 1d5/2 0.11
11.653 3/21; ~3/2! 11.74 1d3/2 0.18
11.221 3/21 11.22 1d3/2 0.25
12.86 3/21;3/2 12.86 1d3/2 0.48
13.317 7/22 ; ~3/2! 13.34 1f 7/2 0.22 0.11
13.732 7/22 ;3/2 13.75 1f 7/2 0.22 0.29

aReference@18#.
b(d,n) reaction at 25 MeV~present work!.
c(3He, d) reaction at 11 MeV~Ref. @11#!.
d(3He, d) reaction at 16 MeV~Ref. @12#!.
e(a, t) reaction at 50 MeV~Ref. @13#!.
fAssumed strength in sum-rule analysis.
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model based on the complete space of 2s1d configurations.
The shell-model wave functions for the 2s1d-shell nuclei
have been derived by Wildenthal@10# using an effective
Hamiltonian specified by one-body and two-body matrix
ements. The one-body matrix elements corresponding
single-particle energies were fixed for each 2s1d-shell
nucleus, while the mass dependence of (18/A)0.3 was as-
sumed for the two-body matrix elements between nucl
states. The Hamiltonian parameters have been fitted b
least-squares method to a set of about 440 energy dat
2s1d-shell nuclei.

In order to interpret the proton single-particle strength
19F by means of the 2s1d shell model, one-particle paren
06431
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age coefficients between the shell-model wave functi
of A518 and 19 systems were calculated with the co
OXBASH @23#.

IV. SPECTROSCOPIC RESULTS AND DISCUSSION

Spectroscopic results for the present experiment are s
marized in Table II, together with the previous data@11–13#.
Spins and paritiesJp of the observed states in19F have al-
ready been assigned@24#, except for those of theEexc
57.11-MeV, 9.14-MeV, and 11.02-MeV states. The expe
mental and theoretical strength distributions of t
2s1d-shell orbitals are shown in Fig. 4.
3-4
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FIG. 4. Experimental and theoretical distribu
tions ~a! of the 2s1/2-proton strength,~b! of the
1d5/2-proton strength, and~c! of the 1d3/2-proton
strength in 19F. The experimental distributions
are the results of the present study. The theor
cal distributions are obtained from the she
model calculation~Ref. @10#!.
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A. lÄ0 and 2 transitions

Large components of the 2s1/2 strength have been locate
at the Eexc50-MeV, 6.26-MeV, 8.14-MeV, and 8.79-MeV
states. Figure 4~a! shows the experimental and theoretic
distributions of the 2s1/2 proton strength. Significan
strengths of the firstT51/2 and 3/2 states atEexc50 and
8.79 MeV have been reproduced by the shell-model calc
tions @10#. A large theoretical strength predicted atEexc
57.82 MeV appears to be fragmented into two states at 6
and 8.14 MeV.

The 1d5/2 strength is concentrated in the lowestT51/2
and 3/2 states atEexc50.20 MeV and 7.45 MeV, respec
tively, while small strengths are distributed in the regi
Eexc5528 MeV. The experimental results for the 1d5/2
strength have been properly reproduced by the shell-m
estimate@10# as seen in Fig. 4~b!.

In the case of the 1d3/2 orbital, a large amount of the
strength, except for a dominant one atEexc51.55 MeV, was
missing in the previous proton-stripping experiments@11–
13# although the shell model@10# predicts significant
strengths in the high-lying region. The present work reve
many states with fragmented 1d3/2 strengths aboveEexc59
MeV in addition to a low-lying dominant component
Eexc51.55 MeV. A comparison between the experimental
sult and the shell-model predictions@10# shown in Fig. 4~c!
indicates that the shell model fails to reproduce the fragm
06431
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tation of the high-lying strength, suggesting that more co
plex configurations including the 1p-shell and/or 1f 2p-shell
orbitals are needed for these states.

B. lÄ1 and 3 transitions

The l 51 transitions leading to the 3/22 states atEexc

56.09, 6.79, and 8.59 MeV have been observed toge
with the l 53 transitions leading to the 7/22 states atEexc
56.93, 13.32, and 13.73 MeV. The summations over
1 f 7/2 and 2p3/2 strengths observed up toEexc514 MeV cor-
respond to about 11% and 10%, respectively, of the sum-
limit.

C. Summed strengths and centroid energies

Summed spectroscopic strengths of the 2s1d orbitals and
their centroid energies are compared with the shell-mo
predictions@10# in Table III. The errors show only the statis
tical errors resulting from the least-squares fits of the th
retical cross sections to the data. For thel 52 transitions into
unknownJp states atEexc57.11, 9.14, and 11.02 MeV, as
sumed spins (J53/2 or 5/2! are indicated in Table II.

The present analysis shows that most of the 2s1d
strengths have been located belowEexc514 MeV. This ob-
servation appears to be supported by the shell-model ca
lation @10#. The centroid energies of the 1d5/2 and 2s1/2
TABLE III. Sums of the single-particle strengths in19F and their centroid energies.

S(2J11)C2S Centroid energy~MeV!

Orbital Experiment Calculations~Ref. @10#! Experiment Calculations~Ref. @10#!

nl j a a b a a b

1d5/2 5.0560.41 5.90 6 4.3060.30 3.91 4.14
2s1/2 1.4460.82 1.98 2 5.4561.61 5.31 5.45
1d3/2 3.1760.30 3.75 4 7.9760.46 9.46 9.90

aEvaluated for final states up toEexc514 MeV.
bEvaluated for all final states.
3-5
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TABLE IV. Occupation probabilitiesOl j and single-particle energiesEl j of the proton orbitals in18O.

Orbital nl j Ol j El j ~MeV!

Experiment Calculations~Ref. @10#! Experiment Calculations~Ref. @10#!

1p1/2 0.8760.07 1 214.9560.42
2s1/2 0.1960.02 0 25.3160.49 22.54
1d5/2 0.0760.02 0 24.8160.23 23.85
wi
th
1

o

io
th
os

c-

a
x
in
th
f

io
th
ct
ve
o
th
r

r-

or
a
n

the

the

aly-
rs

for
evi-
cts

ns
nd-
del
the
nly
re-
the

in
e

strengths in the probed region are in good agreement
the theoretical values, while the predicted energy for
1d3/2 strength is higher than the observed value by about
MeV.

D. Occupation probabilities and single-particle energies

Occupation probabilities and single-particle energies
proton orbitals near the Fermi surface for18O have been
estimated according to the procedure used in the prev
studies@5–7#. This method is based on a relation between
single-particle strengths obtained from stripping and th
from pickup reactions on the same target:

( Gl j
11( Gl j

252 j 11, ~2!

where1 and2 denote values for stripping and pickup rea
tions, respectively, and

Gl j
15~2 j 11!C2Sl j , ~3!

Gl j
25C2Sl j . ~4!

Evaluation of the occupation probability needs the summ
tion of the strengths over all final states. However, it is e
perimentally difficult to measure the high-lying strengths
the continuum region. Furthermore, the summation of
strengths may be inaccurate since absolute spectroscopic
tors strongly depend on distorted-wave Born approximat
parameters. Thus, one makes two assumptions in
method. First, relative spectroscopic factors can be extra
with high precision. Second, the summations of obser
strengths for individual orbitals near the Fermi surface c
respond to the same fraction of the total strengths for
respective orbitals. Under these assumptions one may rew
Eq. ~2! as follows:

n1( Gl j
11n2( Gl j

252 j 11, ~5!

wheren1 andn2 are normalization factors which are dete
mined from the linear regression so that Eq.~5! is simulta-
neously satisfied for the individual orbitals. Using these n
malization factors we define the occupation probability as
average of the results for the stripping and pickup reactio

Ol j 5
1

2
F S 12

n1( Gl j
1

2 j 11
D 1S n2( Gl j

2

2 j 11
D G . ~6!
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According to Baranger’s definition@25# a single-particle en-
ergy is given as a centroid energy evaluated from both
stripping and pickup strengths:

El j 5

El j
1n1( Gl j

11El j
2n2( Gl j

2

n1( Gl j
11n2( Gl j

2

, ~7!

where

El j
15

( Gl j
1Eexc

1

( Gl j
1

2B~A11!, ~8!

El j
252

( Gl j
2Eexc

2

( Gl j
2

2B~A!. ~9!

Here,B(A) denotes the one-proton separation energy in
ground state of a nucleus with massA.

In the present work we deal with the proton 1p1/2, 2s1/2,
and 1d3/2 orbitals of 18O. The stripping data were taken from
the present results for the 2s1d orbitals, and from the
(3He, d) result @12# for the 1p1/2 orbital. The pickup data
were taken from the (d,3He) result@14#. Occupation prob-
abilities and single-particle energies obtained from the an
sis are listed in Table IV. The resulting normalization facto
were n151.1060.03 andn250.8660.15. The uncertain-
ties were estimated from the statistical errors. The result
the analysis indicates that the occupation probabilities d
ate from expectation of a simple shell model that predi
proton shell closure up to the 1p1/2 orbital, in other words,
the empty 2s1d shell for oxygen isotopes. These deviatio
are probably due to configuration mixing caused by grou
state correlations. As seen from Table IV, the shell mo
@10# employed in the present work does not account for
experimental results, since the calculations included o
2s1d-shell orbitals. The explanation of the experimental
sults seems to require shell-model calculations including
1p-shell as well as 2s1d-shell orbitals.

V. SUMMARY AND CONCLUSION

The distributions of the proton single-particle strengths
19F up to Eexc514 MeV have been deduced via th
3-6



m

-
of

ar

ei

th
r-
c

a

icle

i-

n
nt.
gas
of

rt
re

PROTON SINGLE-PARTICLE STRENGTH IN19F . . . PHYSICAL REVIEW C 66, 064313 ~2002!
18O(d,n) reaction at 25 MeV. Almost all the 1d5/2 and 2s1/2
strengths have been observed in the present measure
Many states with fragmented 1d3/2 strengths have newly
been identified aboveEexc59 MeV in the present measure
ment. The observed 1d3/2 strengths amount to about 80%
the shell-model limit.

The results of the present measurement were comp
with the shell-model predictions@10# with the complete
2s1d configurations. The strength distributions and th
centroid energies for the 1d5/2 and 2s1/2 protons are in good
agreement with the shell model. On the other hand, the
oretical results for the 1d3/2 proton are unsatisfactory. In pa
ticular, the shell-model calculations have failed to reprodu
the fragmentation of the high-lying 1d3/2 components. The
present work suggests that more complex configurations
needed to explain high-lying 3/21 states.
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We deduced occupation probabilities and single-part
energies of the 1p1/2, 1d5/2 and 2s1/2 proton orbitals in the
ground state of18O. Obtained occupation probabilities dev
ate from the simple shell-model values.
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