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Neutron Spectroscopic Factors in 9Li from 2H�8Li; p�9Li
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We have studied the 2H�8Li; p�9Li reaction to obtain information on the spins, parities, and single-
neutron spectroscopic factors for states in 9Li, using a radioactive 8Li beam. The deduced properties of the
lowest three states are compared to the predictions of a number of calculations for the structure of 9Li. The
results of ab initio quantum Monte Carlo calculations are in good agreement with the observed properties.
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Modern theoretical and computational methods have
made great strides in the calculation of many properties
of light nuclei from basic principles (so-called ab initio
calculations). With interactions derived from fits to
nucleon-nucleon scattering data and the binding energies
of few-body systems, calculations using quantum Monte
Carlo [1–3] and no-core shell-model (NCSM) [4,5] meth-
ods have been used to predict the binding energies, quan-
tum numbers, charge and matter radii, and other properties
of nuclei with A � 12. Many of these predicted properties
are in good agreement with measured values. For most
light systems, the existing knowledge comes largely from
one- and few-nucleon transfer reactions. In many interest-
ing cases, however, data are not available because the
corresponding targets are unstable, and, until recently,
information for many such nuclei has remained limited
or out of reach. With the advent of radioactive nuclear
beams, however, such studies can now be carried out by
using inverse kinematics.

One such nucleus is 9Li. Most of the available informa-
tion on 9Li comes from the 7Li�t; p�9Li reaction [6,7].
Other reactions, such as 9Be�7Li; 7Be�9Li [8] and
11B�6Li; 8B�9Li [9] have also been used. Only five levels
are reported in the literature [6–11], and of these only one,
the ground state, has a firm spin-parity assignment. This
value, 3=2�, comes from the analysis of 9Li � decay
[12,13], and is consistent with the angular distribution in
two-neutron transfer [6,7]. 9Li is near the limit of current
state-of-the-art ‘‘ab initio’’ calculations.

In this Letter, we report a study of the 2H�8Li; p�9Li
single-neutron transfer reaction. Reactions of this type are
well known for their selectivity and their simplicity of
interpretation, and have been used extensively in the past
to study spins, parities, and single-particle spectroscopic
factors for a variety of nuclei in the p shell [14]. The
neutron spectroscopic factor is an experimental observable
that has not yet been used as a test of the wave functions
calculated using the theoretical frameworks described
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above. The goal of the current measurement is to obtain
such spectroscopic factors for states in 9Li.

Relatively few such measurements for transfer reactions
utilizing unstable beams are reported in the literature [15–
19]. Such studies present a number of experimental chal-
lenges. Difficulties include the low intensity of most ra-
dioactive beams and the choice of bombarding energy. To
best interpret the �d; p� angular distributions obtained in
such measurements, the optimal bombarding energy is
between 4 and 10 MeV=nucleon. This energy range gen-
erally falls between the energy available from low-energy
ISOL facilities (e.g., [16,17]), and from fragmentation
facilities [18,19]. Furthermore, at the bombarding energies
where �d; p� transfer is best understood, the protons emit-
ted at forward center-of-mass angles, corresponding to
backward angles in the laboratory, have low energies and
are difficult to detect. Also, the laboratory-energy separa-
tion between groups corresponding to different excitation
energies becomes small, thus requiring measurements with
good energy resolution.

The 8Li beam was produced using the in-flight pro-
duction facility of the ATLAS accelerator at Argonne
National Laboratory [20]. The production reaction was
2H�7Li; 8Li�p. A 7Li beam with an energy of 80 MeV and
an intensity of 45–55 pnA bombarded a LN2 cooled gas
cell kept at a pressure of 700 mbar. The cell windows were
fabricated from Fe-Ni-Co alloy foils with an areal density
of 1:9 mg=cm2. The 8Li beam, with an energy of approxi-
mately 76 MeV, was focused using a 6 T magnetic sole-
noid. These particles were separated from the much more
intense 7Li primary beam using a dipole magnet and slit
system located downstream from the solenoid. The energy
resolution of the beam was �E=E� 0:5%. The difference
in mass-to-charge ratio m=q between primary and second-
ary beams permitted a complete elimination of the 7Li at
the target position. The emittance of the beam was deter-
mined primarily by the kinematics of the production reac-
tion, with scattering in the foils of the production cell being
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a relatively small component. The size of the 8Li beam spot
was fixed by a 3 mm � 5 mm rectangular collimator at the
entrance of the scattering chamber. Typically, the 8Li in-
tensity was 4–5 � 104 particles per second. The relative
and absolute beam intensities were determined as de-
scribed below.

The 8Li ions bombarded a deuterated polyethylene
(CD2) foil with an areal density of 540 �g=cm2. The
reaction products were detected using a collection of
large-area silicon detectors, as shown in Fig. 1. The back-
ward emitted protons were detected using three annular
double-sided segmented silicon detectors, placed 16,
36, and 64 mm upstream of the target. The active area of
each of these detectors was divided into a set of 16 1.5-mm
wide rings on one side, and 16 wedge-shaped regions on
the other. The inner and outer radii of these detectors were
24 and 48 mm; they subtended angles of 109� � lab �
124�, 126:5� � lab � 146�, and 144� � lab � 159�, re-
spectively. The energy thresholds of the proton detectors
were made as low as possible, �400 keV, in order to retain
sensitivity for all the known excited states in 9Li, even at
the most backward angles.

To ensure that the particles observed in the upstream
detectors were actually the protons of interest, forward-
going Li ions were detected in coincidence with protons
using a large-area array of silicon �E-E detector tele-
scopes placed 390 mm downstream of the target position.
This array consisted of four wedge-shaped telescopes with
500 �m thick �E elements, and E elements with thick-
nesses between 1.0 and 1.5 mm, and subtended angles
between 1.3� and 7.3� in the laboratory. Apart from
four 8� wide insensitive regions from the mounting struc-
ture of these detectors, the �E-E array covered the full 2�
azimuthal angle range. This coincidence requirement elim-
inated backgrounds from reactions on 12C nuclei in the
target, or from � decay taking place in the target. While not
all Li fragments had enough energy to penetrate the first
layer of the �E-E array, a measurement of the energy of
these fragments was sufficient to identify the products of
the 2H�8Li; p�9Li� reaction. As the one- and two-neutron
separation energies in 9Li are 4.063 and 6.096 MeV, re-
spectively, protons populating excited states above these
thresholds were detected in coincidence with 8Li and 7Li
ions, instead of 9Li.

The relative intensity of the beam was monitored
throughout the experiment using an additional silicon
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FIG. 1 (color online). Schematic diagram of the experimental
setup.
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surface-barrier telescope placed beyond the forward
�E-E array. This monitor telescope detected 8Li ions
scattered at an angle of 6� from a gold foil also placed
downstream from the �E-E array. The absolute efficiency
of the beam monitor was determined in dedicated calibra-
tion runs by comparing the yield of 8Li ions scattered from
a 113 �g=cm2 gold foil placed in the primary target posi-
tion with that of ions scattered from the second gold foil to
the monitor detectors. The absolute beam intensity could
be determined to approximately 5%.

To determine the kinematic coincidence efficiency of the
experimental setup, we performed Monte Carlo simula-
tions of the reaction, where all factors including insensitive
regions in the forward �E-E array, nonworking segments
in the proton detectors, and the finite size of the beam spot
were taken into account. For the particle-bound states in
9Li, the procedure was straightforward with the results
depending chiefly on the geometry of the setup, but also
on the finite beam-spot size. For the neutron-unbound
states, the neutron decay of the excited state in 9Li was
also simulated. The calculated efficiency was most sensi-
tive to the beam-spot size and neutron-emission recoil for
events with protons emitted at the most backward labora-
tory angles.

For proton-Li coincidence events, the reaction Q value
was determined from the energy and angle of the detected
protons; the measured spectrum is shown in Fig. 2. Peaks
corresponding to transitions to the ground-, first-, and
second-excited states are apparent. While there is also
some evidence for strength at higher excitation energies,
the kinematic shift, detector resolution, and electronic
threshold make it difficult to draw specific conclusions
about this excitation-energy range. The resolution in exci-
tation energy was approximately 400 keV, FWHM, and is
dominated by a combination of beam-spot size and detec-
tor segmentation as verified by Monte Carlo simulations.

Angular distributions are presented in Fig. 3. From a
simple shell-model point of view, one expects that the
strongest states in a �d; p� reaction will be populated by
ltr 	 1 transitions, where ltr is the transferred angular
momentum. The measured angular distributions for all
three levels are forward peaked in character and fall off
at a rate consistent with ltr 	 1.
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FIG. 2. Excitation-energy spectrum for 2H�8Li; p�9Li. The sum
of coincidences at all laboratory angles is shown.

2-2



PRL 94, 082502 (2005) P H Y S I C A L R E V I E W L E T T E R S week ending
4 MARCH 2005
Excitation energies and widths for the five reported
levels in 9Li are shown in Table I along with the first five
states calculated from two standard shell-model interac-
tions and two ab initio methods using realistic two- and
three-nucleon potentials. The shell-model calculations are
denoted by CK for the (6-16)2BME interaction of Cohen
and Kurath [21], and DJM for the DJM69 interaction of
Millener [22]. These results were obtained from older
interactions using a model space limited to p-shell valence
nucleons, and are included for historical completeness.
Column GFMC gives results of Green’s function Monte
Carlo calculations for the AV18/UIX Hamiltonian [3], with
Monte Carlo errors shown in parentheses; GFMC excita-
tion energies calculated with the more realistic AV18/IL2
interaction are not statistically different. Column NCSM
shows no-core shell-model results in a 4  h! basis for the
AV80=TM0�99� Hamiltonian [4,5]. The theoretical calcu-
lations all agree on the ordering of the states and roughly
on their excitation energies. Positive parity states from a
low-lying s orbital are known at low excitation in, e.g.,
9Be. Calculations for such states are uncertain in this
region, and such an unbound level would possess a large
neutron width. Table I also shows experimental spins,
energies, and widths [11]; the experimental spin assign-
ments include the results of the present work.

Total theoretical spectroscopic factors S�tot�, defined by
S�tot� 	 S�p3=2� � S�p1=2� are given in Table II for the
CK, DJM, and NCSM calculations. Spectroscopic factors
are not yet available from GFMC calculations, so we show
the ones from the variational Monte Carlo (VMC) wave
functions that serve as a starting point for the GFMC
energy calculations [3]. The breakdown of the VMC spec-
troscopic factors into different p1=2 and p3=2 components
are also given as they are used in the input to the distorted
wave Born approximation (DWBA) calculations described
below. The theoretical calculations for the first three states
are generally in good agreement with each other. The
strength of the second 3=2� is less clear, however, all the
models agree that the 7=2� state will be only weakly
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FIG. 3. Angular distributions for different states in 9Li versus
the c.m. �d; p� scattering angle. The curves show the absolute
DWBA calculations described in the text. Note that the data and
theoretical curves for the 4.31 MeV state are multiplied by 10.
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excited, which is consistent with the small width of the
fifth observed state.

The curves in Fig. 3 represent the absolute predictions
of finite-range DWBA calculations performed with the
program PTOLEMY [23] using n� 8Lig:s: form factors con-
sistent with those obtained from spectroscopic overlaps
calculated in the VMC framework described in [1–3].
Specifically, neutron form factors for the distorted wave
calculations were obtained by calculating the wave func-
tion for a neutron bound with the experimental neutron
binding energy in a Woods-Saxon (WS) potential, and
adjusting the potential parameters so that the wave function
is in good agreement with the one calculated using the
VMC. Overlap wave functions and corresponding spectro-
scopic factors for both p3=2 and p1=2 transfer were com-
puted and used in the DWBA calculations. Both s- and
d-wave components of the AV18 deuteron [24] were also
used for the �d; p� vertex, but the d-wave contributions
were negligible. We have made a number of tests of this
procedure for the 6;7Li�d; p� stable-target reactions [14]
and find agreement with the data within &30%. In the
case of the 5=2� level, which is unbound, the separation
energy of the WS bound state was set at 0.2 MeV and the
experimental Q value was used for the scattering wave
functions. Tests showed that DWBA cross sections com-
puted in this manner are unchanged if the separation en-
ergy is further lowered. Tests also showed that the DWBA
calculations for all these states are sensitive to the overlap
functions only beyond a 8Li-n radius of �4:5 fm.

The solid and dashed curves in Fig. 3 represent the
DWBA results obtained using the optical-model potential
sets 1 and 2, respectively, from Ref. [14], with no addi-
tional normalization between the theory and the data.
These potentials well reproduced the shapes of the forward
angle data for neutron transfer on the N 	 5 isotone of 8Li,
10B. Here, the shapes of the predicted distributions are in
good agreement, and the magnitudes of the peak cross
sections are in reasonable agreement, with data. These
results are consistent with the accepted and tentative as-
signments of J� 	 3=2� and 1=2� for EX 	 0:00 and
2.691 MeV, respectively. The unbound second-excited
state is consistent with the theoretical expectation for a
J� 	 5=2� level in Table I. Attempts to associate this peak
with the other excited states shown in Tables I and II
TABLE I. Theoretical and experimental excitation energies for
states in 9Li.

Theory Experiment
J� EX (MeV) J� EX &

CK DJM GFMC NCSM (MeV) (keV)

3=2� 0.00 0.00 0.00 0.00 3=2� 0.0
1=2� 3.33 1.54 1.5(4) 1.53 (1=2�) 2.691
5=2� 3.88 3.23 3.0(5) 4.54 (5=2�) 4.31 100(30)
3=2� 5.45 4.28 3.6(5) 5.52 5.38 600(100)
7=2� 6.57 5.63 5.7(4) 6.71 6.43 40
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TABLE II. Theoretical and experimental spectroscopic factors for n� 8Lig:s: !
9Li.

J� Theory Experiment
CK DJM VMC NCSM �d; p� Width

S�tot� [S�p3=2� S�p1=2� S�tot� S�tot� S�tot� S�tot�

3=2� 0.90 0.92 [0.99 0.12] 1.11 1.05 0.90(13)
1=2� 0.20 0.47 [0.52 ] 0.52 0.52 0.73(15)
5=2� 0.75 0.82 [0.18 0.60] 0.78 0.84 0.93(20) 0.55(30)
3=2� 0.24 0.08 [0.10 0.32] 0.42 0.21 0.29(6)
7=2� 0.0001 0.001 [0.009 ] 0.009 0.002 0.0085(40)
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require much larger renormalizations. In light nuclei, s
states with ltr 	 0 are possible; the shapes of the present
angular distributions are inconsistent with ltr 	 0, as
shown by the dotted curve in Fig. 3. Experimental spectro-
scopic factors were determined by normalizing the abso-
lute predictions in Fig. 3 to the forward angle data; the
resulting values are listed in the ‘‘Experiment �d; p�’’
column of Table II. The uncertainties arise from the differ-
ent values obtained using the different optical-model po-
tentials and the uncertainty in the estimation of the
normalization between theory and experiment.

An independent measure of the neutron spectroscopic
factor for unbound levels can be obtained from an R-matrix
analysis of the width of the state [25]. The reported widths
of the three unbound states in 9Li are also listed in Table I.
Assuming ln 	 1, an R-matrix radius of 4.0 fm for the
8Li � n system, and S�tot� 	 2

�c
, the neutron spectro-

scopic factor for the second-excited state is 0.55(30).
This and the corresponding values for the higher unbound
levels are shown in the last column of Table II; they are in
general agreement with the other values listed in the table.
While the quality of the data above EX 	 4:31 MeV makes
it difficult to draw detailed quantitative conclusions, it is
possible that we see indications of the reported broad
5.38 MeV level, which might correspond to the expected
second 3=2� state shown in the tables.

In conclusion, we have studied the 2H�8Li; p�9Li reac-
tion using a radioactive 8Li beam in inverse kinematics.
This work demonstrates that low-energy transfer experi-
ments with radioactive beams in inverse kinematics can be
used to extract quantitative spectroscopic information.
This work also shows that such data can be used to test
the predictions of ab initio model calculations of nuclear
structure for nuclei away from stability, and that spectro-
scopic factors obtained from these calculations are in fact
in good agreement with observation. From a comparison of
the measured proton angular distributions with calcula-
tions performed using overlap wave functions and spectro-
scopic factors obtained from VMC calculations, we can
strengthen the tentative 1=2� assignment for the first ex-
cited state. We also tentatively assign J� 	 5=2� for the
previously unassigned second-excited state at EX 	
4:31 MeV, providing new information about 9Li and illus-
trating that similar studies are likely to be quite fruitful in
the future.
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