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Survey of Ground State Neutron Spectroscopic Factors from Li to Cr Isotopes
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The ground state neutron spectroscopic factors for 80 nuclei ranging in Z from 3 to 24 have been
extracted by analyzing the past measurements of the angular distributions from (d, p) and (p, d) reactions.
We demonstrate an approach that provides systematic and consistent values with minimum assumptions.
For the 61 nuclei that have been described by large-basis shell-model calculations, most experimental

spectroscopic factors are reproduced to within 20%.
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Present and planned rare isotope accelerators offer op-
portunities to explore the structure of unstable nuclei. Like
their stable counterparts, the structure of these nuclei re-
flects interplay between single-particle degrees of freedom
that govern the shell structure of nuclei [1] and collective
degrees of freedom that govern nuclear deformations [2].
Single-particle properties, such as the shell closure at
“magic’’ neutron or proton numbers, can be approximated
by the independent particle model, which assumes that
nucleons move in a mean-field potential [1]. Residual
nucleon-nucleon interactions, however, mix the single-
particle states of the independent particle model [3-5].
Understanding this mixing is an important objective of
modern structure calculations; it alters the occupancies,
or spectroscopic factors (SF), of single-nucleon orbits
from their independent particle model values, and it can
even modify the magic numbers of nuclei that have a large
neutron excess or are near the proton drip line [6].

Experimental measurements of the SF’s for single-
nucleon orbits within the quantum states of nuclei provide
the key experimental probe of single-particle dynamics.
Both transfer and knockout reactions have been widely
studied in order to determine the SF’s of single-nucleon
orbits. Transfer reactions comprise the preponderance of
such studies in the past four decades. However, their
extracted SF’s often varied widely, reflecting inconsisten-
cies in the choice of optical potentials for the incoming and
outgoing channels to which the transfer cross sections are
sensitive [7,8]. In this Letter, we reanalyze most of the
(p, d) and (d, p) neutron-transfer reactions between 10 and
60 MeV incident energy and demonstrate that the use of
global optical potentials, not available for the earlier stud-
ies, allows systematic extraction of SF’s that are remark-
ably consistent with large-basis shell-model (LB-SM)
calculations [9]. With some modifications, these proce-
dures can be readily extended to rare isotope beam experi-
ments, because they do not require the availability of
elastic scattering data for the systems under investigation.

In the present work, we restrict our analysis to ground-
state—to—ground-state transitions of A(p, d)B and the in-
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verse B(d, p)A reactions. Both reactions probe the angular
momentum, the orbital occupancy, and the wave func-
tion of the valence neutron in the nuclear surface. The
overlap integral between the wave function of one state
in nucleus A and another in B defines the theoretical
neutron SF for transfer between these states. The ratio of
the measured cross section divided by the cross section
calculated with a reaction model provides its experimental
counterpart [3-5].

In the distorted Born wave approximation (DWBA),
transfer reactions are described as a fast one-step process
[3-5]. In the present work, the approach is not strictly the
DWBA because we adopt the deuteron optical potential
calculated using the Johnson-Soper adiabatic model, which
corrects approximately for deuteron breakup in the mean
field of the target [10]. We will call this approach the
adiabatic three-body model. Following Ref. [8], the
Chapel-Hill (CH89) [11] nucleon-nucleus optical poten-
tials are used and these neutron and proton potentials are
folded to obtain the deuteron optical potential. Nonlocality
corrections with range parameters of 0.85 and 0.54 fm
for the proton and deuteron channels, respectively, are
assumed [12]. The deuteron finite range corrections
are calculated using the local energy approximation and
the strength (D,? = 150006.25 fm?) and range (8 =
0.7457 fm) parameters of the Reid soft-core 3S,-*D,
neutron-proton interaction [13]. For simplicity, a central
neutron potential of Woods-Saxon shape with fixed radius
(ro = 1.25 fm) and diffuseness (ay = 0.65 fm) parameters
is assumed and the depth of potential is adjusted to repro-
duce the experimental binding energy. We use the
University of Surrey version of TWOFNR [14], a direct
reaction model code, to calculate the angular distributions.
Other widely used reaction model codes, DWUCKS [15] and
FRESCO [16], yield nearly identical predictions with the
same input information [17-19].

Table I lists the theoretical and experimental SF values
determined for 80 nuclei, from °Li to 3Cr, studied in this
work. The range of neutron separation energies range
from 0.5 to 19 MeV. The SF values range from very small

© 2005 The American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.95.222501

PRL 95, 222501 (2005)

PHYSICAL REVIEW LETTERS

week ending
25 NOVEMBER 2005

TABLE I. SF obtained from transfer reactions [A(p, d)B and
B(d, p)A] and from the LB-SM code OXBASH.

A LB-SM SF A LB-SM SF

6Li 0.68 1.12+0.32 38 1.83 1.43 £ 0.35
TLi 0.63 1.85 +0.37 38 0.36 0.30 £ 0.09
8Li  1.09 0.62*+0.18 S 0.88 = 0.12
°Li  0.81 0.98 +0.28 Cl 032 0.35+0.10
Be  0.57 0.45 +0.03 3°Cl 077 0.68 £ 0.19
10Be 236 1.58 £0.15 %Cl 1.15 0.97 £ 0.43
Be (.74 0.51 £0.06 33Cl 1.81 = 0.51
108 0.60 0.50 £ 0.07 3°Ar 2.06 3.34 = 0.89
1B 1.09 1.48 £0.19 ¥FAr 036 0.36 £ 0.05
1z 0.83 0.45 +0.06 3Ar 3.04 2.47 £0.70
12c 2.85 3.12+ 036 FAr 0.81 £ 0.11
B¢ 0.61 0.75 +£0.10 *0Ar 1.08 £ 0.31
l4c 1.73 1.63 £0.33  4Ar 0.55 £ 0.08
I5C 0.98 1.15+0.33 ¥K 1.72 2.12 = 0.60
4N 0.69 0.77 £0.12 K 1.71 = 0.48
LN 1.46 1.48 £ 0.24 *K 0.91 £ 0.26
loN 0.96 042 +£0.12 *K 0.81 £ 0.11
160 2.00 246*+026 “Ca 4.00 4.35 = 0.62
170 1.00 094 +0.13 *'Ca 1.00 1.01 = 0.06
180 1.58 1.66 +0.19 #Ca 1.81 1.93 £ 0.17
190 0.69 0.43 £0.06 *Ca 0.75 0.63 £ 0.07
VR 0.56 1.60 = 0.23 *Ca 3.64 3.93 = 1.08
20p 0.02 ~0.01 “Ca 050 0.37 = 0.05
2INe  0.03 0.03 +£0.01 %Ca 026 0.26 = 0.04
2Ne  0.01 0.24 £0.03 *Ca 7.38 7.35 £ 1.42
2Ne 0.03 0.24 £0.03 “Ca 092 0.69 = 0.07
2Na 039 0.59 £0.17 *Sc  0.35 0.30 = 0.08
24Mg 0.22 0.41 £0.06 4°Sc 037 0.51 £0.14
25Mg 0.34 0.29 £0.03 “°Tj 2.58 2.42 +0.34
26Mg 2.51 2.43+050 #Ti ~0.03
27Mg 0.46 0.45+0.13  *Tj 0.11 = 0.01
2TA1 1.10 1.40 £ 0.20 *Ti 0.25 £0.03
2BAl 0.60 0.66 £0.10 Ti 6.36 = 1.10
28Si 3.62 440 = 1.24 O'Ti 1.25 £ 0.35
284 0.45 042 +0.13 Sy 1.28 £ 0.32
308 0.82 0.84 +0.10 Cr 0.11 £ 0.02
31si 0.58 0.54 £0.09 S'Cr 0.30 £ 0.08
2p 0.60 0.58 = 0.10 2Cr 6.24 +0.88
328 0.96 1.51 £ 043 3Cr 0.39 £ 0.03
3 0.61 0.70 £ 0.20 %Cr 0.63 £0.13

(<0.1 for 2°F, 2'Ne, #'Ti) to rather large (~7 for **Ca). In
the interest of brevity, details of our evaluation of the data
will be discussed in another paper [20,21].

The uncertainties associated with the SF’s can be deter-
mined by comparing SF values extracted from the pickup
(p, d) reaction with those extracted from the inverse strip-
ping (d, p) reaction corresponding to the same ground state
valence neutron. Fig. 1 shows strong correlations between
the SF’s determined from the (p, d) and (d, p) reactions for
18 nuclei. As these are independent measurements, we use
the scatter of the data to determine the uncertainties.
Assuming the fractional random uncertainty of each of
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FIG. 1 (color online). Comparisons of spectroscopic factors
obtained from (p, d) and (d, p) reactions for 18 nuclei [20]. The
line indicates perfect agreement.

the SF values to be the same, the data are consistent with
a 20% random uncertainty in each measurement. The
uncertainties listed in Table I include both the random
uncertainty and the scatter of the data [20]. The uncertain-
ties associated with our SF values are less than that de-
duced by Endt (50%) [22] who “‘averaged” the (p, d) and
(d, p) SF values obtained by various authors. The 50% un-
certainty assigned by Endt reflected inconsistencies in the
(p, d) and (d, p) analyses of different authors [8]; to obtain
his “best SF values™ with uncertainty of 25%, Endt aver-
aged results from (p, d), (d, p), (d, t), and (*He, a) reac-
tions [22].

Spectroscopic factors for nuclei with even number of
valence neutrons generally exceed those of the neighboring
nuclei with odd number of valence neutrons. This results
from the pairing interaction, which couples pairs of neu-
trons to spin zero, similar to the Cooper pairs in a super-
conductor. For nuclei in the vicinity of a closed shell, this
trend can be well replicated by calculations that consider
only pairing modifications to the independent particle
model (IPM). Assuming maximal pairing (minimum se-
niority), one can obtain a simple relationship between the
spectroscopic factor and the number of valence nucleons
(n) with total angular momentum j [3].

SF=n for n = even;
(D
n—1

SF=1-—
2j + 1

for n = odd

The thin bars in Fig. 2 show the predictions of Eq. (1) as a
function of the mass number A for the transfer of an f/,
neutron to or from Ca isotopes; the extracted neutron SF’s
are represented by star symbols. The excellent agreement
reflects the fact that configuration mixing of f7/, neutrons
outside the double magic *°Ca core is well described by a
pairing interaction, with little discernable contribution
from core polarization or higher lying orbits.
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Most nuclei display more significant configuration mix-
ing than these Ca isotopes. Figure 3 compares experimen-
tally extracted SF’s for 49 nuclei with predictions from two
models—the independent particle model plus pairing (left
panel) and the LB-SM (right panel). Open symbols repre-
sent odd Z elements and the closed symbols represent even
Z elements. The solid line indicates perfect agreement.
Most extracted values are less than the predictions of the
IPM-plus-maximal pairing as represented by Eq. (1). If all
available SF values are included, the observed scatter of
the data remains about the same.

If one diagonalizes the residual interaction within a LB-
SM [6], that involves the mixing of several different orbi-
tals, one can obtain a better description of nuclei. Using the
OXBASH code with the PPN, SPSDPF, SDPN, SD, and
FPPN model space and the corresponding CKPPN, WBP,
WPN, W, and FPBPPN interactions [6,23] as input, the
ground state neutron SF’s for 61 nuclei have been calcu-
lated with uncertainties of about 10%—-20% [6]. Their
predicted values are listed in Table I and plotted in the
right panel of Fig. 3. (In Fig. 3, we exclude the deformed
2Mg, Li, F, and Ne isotopes, some of which have small
calculated or measured SF values, which, in general, tend
not to be accurate.) In contrast to the IPM-plus-pairing
calculations, the agreement between data and LB-SM pre-
dictions are within 20% for most cases, as indicated by the
two dashed lines. For the 4'=*8Ca isotopes, there is close
agreement between LB-SM predictions and IPM values as
shown in Figs. 2 and 3.

Because of the absorption of flux into other channels in
the nuclear interior, the adiabatic three-body model
samples the neutron bound-state wave function mainly at
the nuclear surface. Transfer reactions constrain the exte-
rior but not the interior contributions to the overlap integral
that defines SF. In this analysis, we assume a smooth
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FIG. 2 (color online). Ground-state neutron spectroscopic fac-
tors for calcium isotopes with valence neutrons in the f7,, orbit,
star symbols represent SF values extracted from present analysis.
Thin bars are IPM values and thick bars represent predictions
from LB-SM using the program OXBASH.

variation of the potential radius (R = ryA'/3) for the bound
neutron global potential. Consistent with findings in [24],
we find the surface properties of the neutron bound-state
wave function to be dominated by the central potential; for
simplicity, we have neglected the spin-orbit interaction in
constructing the neutron wave function. The good overall
agreement between calculated and measured SF’s indicates
that these assumptions are reasonable, and that the relative
magnitudes of SF’s from nucleus to nucleus appear to be
well described. However, the absolute values of the surface
contributions to the SF are influenced by these geometrical
assumptions.

It has long been asserted that transfer reactions do not
yield absolute SF values. Nonetheless, it is informative to
compare the results from different reaction mechanisms.
The (e, €’ p) reaction removes protons from the same orbit
for 12C, 190, and *°Ca isotopes as (p, d) reactions remove
neutrons [and (d, p) reactions add neutrons]. Assuming
isospin symmetry, one might expect the SF’s determined
from (p, d), (d, p), and (e, ¢’p) reactions to be comparable
for these N = Z nuclei. As transfer reactions are insensi-
tive to depletions of the orbital occupancy due to hard core
interactions in the dense nuclear interior, we expect the
SF’s from the (e, €’ p) reactions, which probe the interior, to
be about 10%—-15% lower than the SF’s extracted from
transfer reactions. This is indeed the case in the newest
analysis on the '2C(e, ¢/ p)''B data [25,26]. However, the
proton SF’s from the older analysis of (e, ¢’p) are about
35%—-40% [27] smaller than the corresponding neutron
SF’s we extract for '2C, '°0, and *°Ca isotopes. Any
discrepancies between SF’s extracted from (e, ¢’p) reac-
tions and transfer reactions are intriguing, and will be
addressed more meaningfully when a global analysis,
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FIG. 3 (color online). Comparison of experimental spectro-
scopic factors to predictions from the independent particle model
of Eq. (1) (left panel) and LB-SM (right panel). Open and closed
symbols denote elements with odd and even Z, respectively. The
solid lines indicate perfect agreement. For reference, the two
dashed lines in the right panel indicate =20% of the solid line.
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similar to the present one, of proton SF’s from (d, *He),
(*He, d), (p, n), and (n, p) reactions become available.

Comparisons of neutron-transfer reactions with
nucleon-knockout reactions using radioactive beams can
also be made [28,29]. Recent measurements of SF’s from
single-nucleon ‘‘knockout” reactions with radioactive and
stable nuclei show increasing quenching of the SF values
with nucleon separation energy, S, [28,29]. No such de-
pendence has been reported for (e, ¢/p) reactions [27].
Within the experimental uncertainties, we do not see any
systematic quenching of the SF’s with increasing nucleon
separation energy [20]. Further theoretical study to under-
stand the reaction mechanisms is needed to resolve the
differences between the SF’s obtained in (e, €’ p), nucleon-
transfer and nucleon-knockout reactions.

The structures of rare isotopes such as neutron rich
nuclei with small neutron separation energy are of interest
in astrophysical studies. For the seven nuclei with §, <
4 MeV (3Li, °Be, !'Be, 1?B, 15C, '°N, 1°0)), most of the ex-
perimental SF values are smaller than the predictions from
LB-SM calculations. It could be that the CH89 [11] poten-
tial may not be appropriate for the description of the
scattering of these weakly bound nuclei with diffuse sur-
faces. Nevertheless, our present study of these nuclei pro-
vides reference points for future study with improved
theoretical inputs [17].

In summary, we have extracted ground-state neutron
spectroscopic factors from transfer reactions for 80 nuclei
using a set of global input parameters consistently within
the adiabatic three-body model that includes the effect of
deuteron breakup in the (d, p) and (p, d) reactions. We find
excellent agreement with large-basis shell-model calcula-
tions for most of the isotopes, suggesting that the current
approach can be applied readily to radioactive nuclei and to
other stable nuclei. The spectroscopic factors obtained over
a wide range of nuclei provide important benchmarks for
neutron-transfer reaction studies. If additional radioactive
nuclei are studied via nucleon-transfer and nucleon-
knockout reactions, an important contribution of the
present study will be to provide a consistent framework
for the analysis of these new results against which more
advanced methods for studying the reaction mechanisms of
nucleon-transfer and nucleon-knockout reactions can be
compared.
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