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Abstract

The one-neutron transfer reaction 9Li + 2H → 8Li + t has been investigated in an inverse kinematics experiment by bombarding a deuterated
polypropylene target with a 2.36 MeV/u 9Li beam from the post-accelerator REX-ISOLDE at CERN. Excitation energies in 8Li as well as angular
distributions of the tritons were obtained and spectroscopic factors deduced.
 2006 Elsevier B.V.
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1. Introduction

Transfer reactions with light and heavy ions have tradition-
ally been a major source of spectroscopic information on nuclei
at and near the line of stability [1,2]. With the recent devel-
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opments of accelerated radioactive beams, of low energy at
ISOL facilities, the study of exotic nuclei far from the valley
of beta-stability, has now become possible via transfer reac-
tions employing radioactive beams. As in the case of stable
nuclei, transfer reactions can be used to extract spectroscopic
information of exotic nuclei for both bound and unbound states
[3]. Several new features for transfer reactions with radioactive
beams have been predicted as, for example, a maximal transfer
cross section at low incident energies and that the mechanism
favours transfer reactions into excited states in the final nuclei
[4]. Such features are directly related to the properties of the
wave functions in weakly bound nuclei. The experimental de-
velopment has been matched by significant progress in ab initio
calculations of the structure of light nuclei [5] and the combi-
nation of experiment and theory allows new exacting tests to
be performed. The nuclear structure interest on 8,9Li is to un-
derstand the dynamics and spectroscopy of neutron-rich nuclei.
Besides that the mass-8 isobar is of particular astrophysical in-
terest because the understanding of these nuclei is the key to
understand how the mass-8 bottleneck is overcome in primor-
dial and stellar nucleosynthesis.

In this Letter we report on one example of an inverse kine-
matics experiment, namely a one-neutron transfer reaction ex-
periment 9Li + 2H → 8Li + t performed at the REX-ISOLDE
(Radioactive beam EXperiments at ISOLDE) post-accelerator
at CERN.

2. Experimental setup

The 9Li nuclei were produced at the CERN ISOLDE [6]
facility by bombarding a Ta-foil target by a pulsed 1.4 GeV
proton beam, with 3 × 1013 protons per pulse, and a maximum
repetition rate of one pulse per 1.2 s. The 9Li atoms were sub-
sequently ionized in a surface ion-source and transferred to the
REX-ISOLDE complex [7]. At REX-ISOLDE the 1+ ions were
first bunched in the REX-TRAP (20 ms cycles), then charge
bred in REX-EBIS to the 2+ charge state and finally acceler-
ated to a energy of 2.36 MeV/u in the REX-LINAC.

The 9Li beam entered the detector setup via a 4 mm diam-
eter tungsten collimator and impinged on the 6.4 µm deuter-
ated polypropylene reaction target ((C3D6)n, 660 µg/cm2).
The charged particles were detected in a DSSSD-telescope
(double sided silicon strip detector) placed off the beam axis
covering laboratory angles from 18◦ to 80◦, with an energy
resolution of approximately 50 keV and an angular resolu-
tion about 3◦ [8] (for the triton channel the energy resolu-
tion in the excitation energy spectrum was about 0.7 MeV,
see Fig. 1). The DSSSD-telescope consisted of a 16 × 16
strip (5 × 5 cm active area) DSSSD of 64 µm thickness
backed by a 1000 µm Si pad detector. For a more detailed de-
scription of the beam conditions and detector setup see [9].
The overall normalization of the data has an uncertainty of
10% and the position of the DSSSD-telescope is uncertain to
±2◦.
Fig. 1. Extracted excitation energy for identified tritons from the 9Li+ 2H reac-
tion. The lines show simulations of the ground state and excited states at 0.9808,
2.2555 and 3.21 MeV in 8Li (dotted) and their sum (solid).

3. Results and discussion

The charged particles observed from the 9Li + 2H reaction
were protons, deuterons, tritons, 4He and 6He, which could eas-
ily be separated. Here we shall concentrate on the triton channel
where previously unobserved states should be present. The time
distribution of the tritons published in [9] shows that this chan-
nel is free from stable background.

From the Q-value (2.2 MeV), energy and angular informa-
tion it is straightforward to extract the excitation energy in 8Li,
assuming the reaction to be binary. The tritons could also orig-
inate from reactions between 9Li and 12C (10.8 MeV Q-value)
this contribution would most likely be small and have a flat
structureless distribution. For more information see Fig. 4E in
[9] for a plot of the triton energy vs. laboratory scattering angle,
on which kinematic lines are shown. The extracted excitation
energy is shown in Fig. 1 together with simulations of the four
lowest experimentally known states in 8Li situated at 0 MeV,
0.9808 MeV, 2.2555 MeV and 3.21 MeV [10], as depicted in
Fig. 2. Only the amplitudes for the four states have been var-
ied to fit the spectrum shown in the figure. The simulations
include energy and angular resolution and detector acceptance.
The four single peaks (dotted lines in Fig. 1) are obtained by as-
suming that the three lowest states are narrow while the state at
3.21 MeV has been described in an R-matrix approach with an
observed width of 1.5 MeV. Fig. 1 shows that the reproduction
of the data is very good, at least up to energies of 3–3.5 MeV.
The excess intensity at 4 MeV is briefly discussed later.

In the following we discuss the region above 3 MeV. From a
single particle picture one expects that the lowest states in 8Li
are due to an unpaired proton and an unpaired neutron both in
1p3/2 orbits. This configuration can couple to 0+, 1+, 2+ and
3+, which should appear as the four lowest states in 8Li. From
the level scheme in Fig. 2 it is seen that no 0+ state has been
observed at low energy.

The next states which should appear in the 8Li spectrum
originate from the excitation of either the proton or neutron into
the 1p1/2 orbit coupling to two pairs of 1+ and 2+ states. This
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is the origin of the 1+ state at 3.21 MeV, but the corresponding
2+ state is still missing together with the second pair of 1+ and
2+ states.

Shell model and ab initio calculations of the position and
spectroscopic factors of the low-lying levels in 8Li have been
performed. The shell model calculation has been done by Co-
hen and Kurath [11–13] and is given in Table 1 with label
CK. Furthermore, ab initio calculations have been performed
by Wiringa et al. with the Quantum Monte Carlo model [5]
using the Argonne v18 + UrbanaIX interaction [14,15]. These
results are listed in Table 1 labeled as QMC. From the table
one can see that the qualitative picture discussed above con-
cerning the grouping of the levels in 8Li is confirmed in both
calculations. The suggested position of the 0+ state seems to
be rather unclear and it will probably be very difficult to ob-
serve it via this reaction if it is situated around 2 MeV since
its spectroscopic factor is expected to be rather small, and since
the 3+ state (2.255 MeV) is fed very strongly. The experimen-
tal data are compatible with a state around 4 MeV which is
the predicted position of the second 2+ state. We note that the
calculations of the spectroscopic factors favour population of
the 2+ state rather than the known 1+ state. However, counts
in this region could arise from a different source. As shown in
Fig. 2, the neutron threshold in 8Li is rather low such that the
t + n + 7Li channel also can contribute to our spectrum. If these
contributions arise from the sequence 9Li(d,n)10Be∗ followed

Fig. 2. The experimentally established level scheme for 8Li (values from [10],
energies in MeV).
by break-up into 7Li + t, the triton energy will be recoil broad-
ened and the angular correlations washed out.

The feeding patterns indicated by the theoretical spectro-
scopic factors are at a first glance similar to the observed spec-
trum below 3 MeV in Fig. 1. However, this will now be tested
quantitatively with standard reaction theory.

By making selections in the excitation energy of 8Li it is
possible to extract differential cross sections for reactions lead-
ing to the identified states in 8Li. As previously mentioned, the
origin of the tritons corresponding to excitation energies larger
than 3 MeV are not uniquely determined so we do not con-
sider these data in the analysis. The differential cross section of
these data are compatible with an isotropic angular distribution.
The differential cross sections for the 3 states below 3 MeV are
shown in Fig. 3 overlaid with optical model and compound nu-
cleus calculations (zero degree corresponds to beam direction).
Here it is worth to notice that the measured angular distribution
corresponds to angles around and larger than the second diffrac-
tion maxima. Scattered tritons at forward angles, for which the
dominant mechanism is expected to be the direct one, are not
observed in this experiment. In contrast, at backward angles,
one expects a competition between the direct and compound
nucleus mechanisms. The contamination from the neighbouring
states in the extracted differential cross sections are less than a
few percent.

The direct contribution was calculated within the standard
DWBA approach, by means of the FRESCO code [16] version
frxy.3b. In prior representation, the DWBA amplitudes for our
reaction reads

(1)T = 〈χtφt|V[n−d] + U[d−8Li] − U[d−9Li]|φ9Liχd〉,
where χd and χt are distorted waves in the entrance and exit
channel, respectively, φt and φ9Li the (t|d) and (9Li|8Li) overlap
wavefunctions, Vn−d is the n–d binding potential and Ud−8Li is
the core–core optical potential.

The optical potential for the entrance channel was taken
from the analysis of the elastic data performed in [9]. The real
part corresponds to a standard Woods–Saxon (WS) form, and
the imaginary part to a WS derivative. The spin–orbit term of
this potential, which was considered in [9], is omitted here,
since it gives a negligible effect on the transfer cross section.
The same optical model parameters were kept for the core–
core interaction, U[d−8Li], but employing A = 8 (8Li) in the
conversion from reduced to physical radii. For the neutron bind-
ing potential on either the triton or 9Li nuclei, WS potentials
Table 1
Theoretical calculations of excitation energies and spectroscopic factors for low-lying states in 8Li (CK from [13] and QMC from [15]). The spectroscopic factors
are tabulated as SF(p3/2)/SF(p1/2)

Iπ Exp.
MeV

CK
MeV

QMC
MeV

Spec. fact.
(CK)

Spec. fact.
(QMC)

2+ 0 0 0 0.885/0.012 0.966/0.114
1+ 0.9808 1.08 1.1 0.355/0.061 0.457/0.009
0+ not obs. 4.95 2.3 0.1018/– 0.007/–
3+ 2.255 1.69 3.3 1.330/– 0.911/–
1+ 3.21 2.77 3.5 0.035/0.088 0.002/0.030
2+ not obs. 4.24 3.8 0.047/0.296 0.014/0.107
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Fig. 3. Cross-section extracted for the reaction 9Li + 2H leading to the ground state, 1st and 2nd excited state in 8Li. The calculated compound (flat line) and a finite
range DWBA calculation are shown together with the fitted sum (thick line). The left and right columns correspond to the calculations with the T1 and T2 t + 8Li
potentials, respectively.

Table 2
Optical model parameters used in the DWBA calculations. The depth of the d+n and n+ 8Li potentials were adjusted to reproduce the experimental binding energy.
All potentials have a derivative Woods–Saxon shape for the imaginary part except for the T2 potential, which has a volume Woods–Saxon shape

System V0
(MeV)

r0
(fm)

a0
(fm)

W0
(MeV)

ri
(fm)

ai

(fm)
Ref.

d + 8,9Li 104.6 1.2 0.65 12.4 1.2 0.65 [9]
t + 8Li T1 142 1.16 0.78 12.0 1.88 0.61 [17]
t + 8Li T2 162 1.2 0.72 16.5 1.4 0.86 [18]
n + d B1 57.5 1.5 0.5
n + d B2 48.1 1.69 0.67
n + 8Li 48.32 1.27 0.67
were used, with the depth adjusted to reproduce the experimen-
tal separation energy. In the n–d case two different geometries,
denoted B1 and B2 with rms radii 2.523 and 2.737 fm, respec-
tively, were used. Finally, two t–8Li potentials were used to
generate the distorted wave in the final channel. The potentials
were taken from Refs. [17,18] and denoted T1 and T2, respec-
tively. All potential parameters are listed in Table 2.

The required spectroscopic factors for the 9Li = 8Li ⊗ n de-
composition were obtained from the shell-model calculation
based on the interaction of Cohen and Kurath (CK in Table 1).
The triton internal wave function was assumed to be a pure
s-state and hence the spectroscopic factor for the t = d ⊗ n de-
composition is 3/2 [1].

The calculated transfer cross sections are compared with the
data in Fig. 3 for the ground and two first excited states of 8Li.
These calculations use the triton binding potential B1 and the
exit channel optical potential T1 or T2 (left and right column
in Fig. 3, respectively) from Table 2. The pure DWBA distrib-
utions underestimate the data by a factor of up to 3. We found
that, using the triton binding potential B2 instead of B1 leaves
the absolute cross section and shape of the angular distribu-
tion practically unchanged (changes less than 5%). Since, to our
knowledge, the elastic scattering for t + 8Li has not been mea-
sured we tried different optical potentials obtained for similar
systems, such as t + 9Be and 3He + 9Be, at low energy. Al-
though these potentials are not always consistent to each other,
they systematically lead to (d, t) cross sections which are too
small in comparison with the data. In particular, results with
the potentials of Duggan et al. [19], Earwaker et al. [20], Kel-
log et al. [21] and Lamba et al. [22], gave results very similar to
those obtained with the potentials T1 and T2. One has to bear in
mind, however, that these potentials were derived for stable nu-
clei and hence their extrapolation to neutron rich nuclei might
be questionable. The general underestimation of the experimen-



H.B. Jeppesen et al. / Physics Letters B 635 (2006) 17–22 21
Table 3
Fitted scaling factors of the CK spectroscopic factors for the T1 and T2 DWBA
calculations. For the 3+ state only the 5 data points with largest scattering an-
gles were used in the fit

Iπ E∗ [MeV] SF scaling T1 SF scaling T2

2+ 0 2.2 ± 0.3 2.6 ± 0.4
1+ 0.9808 2.3 ± 0.4 3.4 ± 0.5
3+ 2.255 1.8 ± 0.2 2.6 ± 0.2

Compound 0.9 ± 0.1 0.4 ± 0.2

tal data seen in the calculations can be improved somewhat by
fitting the depths of the T2 potential (using SFRESCO), but
these changes result in a worse agreement in shape, and thus
these changes have been omitted.

The cross section of emitted tritons coming from the com-
pound nucleus was estimated with the code TALYS [23]. The
code EMPIRE-II [24] gives a similar relative feeding to the
states in 8Li and absolute cross sections within a factor of two.
The angular distribution of the evaporated tritons, as predicted
by the code TALYS, is plotted in Fig. 5 by the thin flat line. This
contribution was found to be roughly angular-independent. It
should be noted that the use of the standard compound models
at this mass range can also be questioned [25]. Furthermore, it
has been verified through QRPA calculations based on [26] that
correlations beyond the mean-field description are small.

By adjusting the calculated differential cross sections to the
data (see Fig. 3), including the compound contribution as cal-
culated by TALYS, scaling factors for the theoretical spectro-
scopic factors can be extracted. For the two different set of
DWBA potentials (T1 and T2) the scaling of the compound
contribution was forced to be the same for all three states in
8Li. The extracted scaling factors are listed in Table 3.

Fig. 3 shows that the ground state and first excited state are
well described by the optical model calculations with a com-
pound contribution within model uncertainties. The results for
the second excited state seem rather different but we note that
the trend in the data is very different from the compound pre-
diction. Actually, the region 80–125 degrees can be described
with an optical model calculation with a spectroscopic factor
around 2 and a compound contribution of the predicted mag-
nitude. The excess below 80◦ must then arise from another
mechanism producing a projectile-like triton, which could orig-
inate from reactions on either 2H or 12C.

The scaling factors obtained in this work for the spectro-
scopic factors given in Table 3 are in general around two,
probably indicating that our model assumptions are too sim-
ple. Inclusion of other reaction channels in a coupled channel
treatment might be needed since we are in all cases close to
the continuum (cf. recent results on 8He + p scattering [27]).
Complementary to our case are the 8Li(d,p)9Li reactions in-
vestigated recently at somewhat higher energy, 8 MeV/u at
Argonne [28] and 5 MeV/u at Beijing [29]. The purpose of
these experiments were spectroscopic and astrophysical stud-
ies of the 9Li spectrum while we are considering the population
of states in 8Li. However, a comparison can be made for the
ground state transitions, where the two inverse reactions, that
both measure at small angles, agree better with calculations.

4. Summary

We were able to determine angular distributions for the three
lowest states in 8Li, populated in the 9Li(2H, t) reaction. They
have been analyzed by a combination of DWBA and com-
pound nucleus calculations. The shape of the angular distribu-
tions could be described reasonably well except for the 3+ state
where the excess at small angles may be due to projectile-like
tritons. The analysis points to the importance of a precise un-
derstanding of the reaction dynamics as a necessary prerequisite
for a quantitative determination of single-particle spectroscopic
factors and other spectroscopic information in exotic nuclei.
To conclude, in a pioneering experiment, transfer reactions at
low energy with an unstable beam were performed at the REX-
ISOLDE facility. The result emphasize the high potential of
ISOL facilities for spectroscopic studies of exotic nuclei.
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