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The (8Li, α) reaction at low energy: Direct 4H cluster transfer?
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The (8Li, α) reaction has been studied at E(8Li) = 27.7 MeV on targets of natC, 27Al, and 208Pb using a secondary
8Li beam. The α-energy spectra for 27Al and 208Pb are generally nondistinct and resemble fragmentation spectra.
In contrast, data for the natC target exhibit enhanced (8Li, α) cross sections in the region corresponding to
population of low-lying levels in 16N. Angular distributions were determined over a large angular range and
exhibit a strong forward peaking for 27Al and some forward peaking for the natC data. They are otherwise rather
featureless but distinct from spectra expected from fusion evaporation. The data for 27Al are indicative of either
direct or sequential fragmentation processes. Similar analysis of limited data obtained at E(8Li) = 27.7 MeV
for the 208Pb target, along with data previously obtained at higher 8Li energies, is suggestive of a sequential
breakup mechanism. In the case of the natC target, the data corresponding to low excitation energies in 16N exhibit
(8Li, α) angular distributions that appear to be most consistent with a 4H transfer mechanism. However, we cannot
distinguish between a one-step 4H cluster transfer and a multistep 4H transfer (such as n + 3H).

DOI: 10.1103/PhysRevC.71.054610 PACS number(s): 25.60.Je, 25.60.Gc, 27.20.+n

I. INTRODUCTION

A first-generation study of 8Li-induced reactions on various
targets at E(8Li) = 14.8 MeV using the University of
Michigan (UM)—University of Notre Dame (UND) 3.5T
“LilSol” solenoid radioactive nuclear beam (RNB) apparatus
[1–3] at UND revealed some interesting features [4,5] for 8Li-
induced reactions on natC. In particular, the spectra and angular
distributions [4] for the highly exothermic 12C(8Li, α)16N
reaction (Q = +12.8 MeV) exhibited features suggestive of
a direct multinucleon transfer mechanism. This included
evidence (although with very limited data) for selective
population of states (or multiplets) in 16N and as well as what
could be interpreted as a diffractionlike angular distribution
for these levels. It was suggested that direct 4H cluster transfer
might be responsible [6], but counterarguments were also
given [7]. In order to further elucidate the (8Li, α) reaction
mechanism, we have performed a followup experiment at a
higher 8Li energy (E = 27.7 MeV), and in addition to natC,
have measured 27Al (8Li, α) and 208Pb (8Li, α) energy spectra
and angular distributions at both forward and backward angles.
These data are then compared with calculations for various
reaction models.

II. EXPERIMENT

The experiment was performed at the UND nuclear
structure laboratory using the UM–UND “TwinSol” double-
solenoid RNB system [8,9]. A 27.7 MeV secondary 8Li beam
of 105 to 106/s was produced from a 31.4 MeV primary
7Li beam incident on a gas-cooled 9Be production target.
The secondary-beam reaction targets consisted of natural
carbon (98.9% 12C) of areal density, ρx = 0.93 mg/cm2;

natural aluminum (100% 27Al), ρx = 1.3 mg/cm2; and >99%
enriched 208Pb, ρx = 1.8 mg/cm2. The magnet system was
operated in the “crossover” mode with a thin energy-loss
absorber and collimator placed between the magnets to help
reduce interference from other secondary-beam products, in
particular 4He++. Likewise, the intense scattered 7Li ions
from the primary beam were stopped in a stop set at the
7Li focal point after the first magnet. The primary beam was
monitored in a faraday cup located behind the production
target.

Given the very positive Q values for the two-body direct
(8Li, α) transfer reactions of interest, the 4He beam contami-
nant was generally well separated in energy from most of the
α-particle reaction products. Nonetheless, this contaminant
limited measurements of the α spectra to energies above
the 4He beam energy, especially for the 208Pb target (Q =
4.9 MeV; see Fig. 1). In later, related TwinSol experiments [10],
time of flight was utilized to separate the 4He contaminant in
the secondary beam from α particles produced in 8Li-induced
reactions.

The α-particle reaction products were detected with a
set of �E-E Si telescopes located in an ∼50 cm diameter
scattering chamber situated after the second magnet [8,9]. The
reaction-product detectors consisted of 290 to 420 µm �E Si
surface-barrier detectors backed by similar 400 to 1100 µm
E detectors to form an array of five �E-E telescopes with
combined thickness sufficient to stop the most energetic α

particles expected (∼50 MeV; see Fig. 1). The detectors were
mounted on two moveable tables in the scattering chamber to
provide angle measurements from 15 to 150◦ (lab). In addition,
a position-sensitive �E-E Si detector system was used both
to determine the focus [8] of the secondary 8Li beam (θ = 0◦)
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FIG. 1. A sample E-E Si detector telescope spectrum used for
particle identification. The α-particle band from (8Li, α) is indicated
together with the intense 8Li+++ scattered beam and the α group
arising from 4He++ contamination of the secondary beam. The energy
calibration is 60 keV/channel.

and to then serve as a 8Li beam monitor (typically θ = 45◦)
via elastic scattering. The energy calibration of each detector
telescope was determined using a 228Th source (Eα = 8.78 to
5.42 MeV).

The 8Li beam spot at the secondary target location was
about 5 mm in diameter full-width-at-half-maximum (FWHM)
with a total angular spread of ∼6◦. The detector telescopes
were located approximately 14 cm from the target, and had

circular apertures which subtended 6◦, yielding solid angles
of 11 to 20 msr. Hence, the angular resolution was about
8◦ FWHM with an α energy resolution, mainly due to the
secondary-beam energy spread and target energy loss, of
typically 0.6 MeV FWHM. This would be sufficient to isolate
certain groups of states. In particular, 27Al was selected as
a target since the residual 31Si nucleus following a direct
4H transfer has a number of low-lying states or groups
of states [11] well separated in energy (e.g., Jπ = 1/2+,
Ex = 0.75 MeV; Jπ = 5/2+, Ex = 1.7 MeV, etc.). Hence,
these might be resolved if preferentially populated in the
(8Li, α) reaction.

Selected α-particle spectra are shown in Figs. 2 and 3.
Again, we note the highly exothermic nature of the direct
(8Li, α) reaction with Q = +12.8 MeV, Q = +24.3 MeV,
and Q = +4.9 MeV for 12C, 27Al, and 208Pb, respectively.
In contrast, the Q value for breakup of 8Li into α + (t + n) is
Qbu = −4.5 MeV.

As can be seen in Fig. 3, there is little evidence for selective
population of low-lying (or other) levels in 31Si from the 27Al
target. The α energies observed are far less than expected for a
two-body direct 4H transfer. This also seems to be true for the
208Pb target (not shown), although owing to the low E(8Li),
all reactions occur near or below the Coulomb barrier, and
thus few if any high energy αs are observed at all (see below).
Note that carbon and oxygen contaminants in the 208Pb target
also could contribute to the forward-angle data. In contrast,
the α spectra (Fig. 2) for natC (8Li, α) exhibit α energies and
enhanced cross sections corresponding to population of low-
lying levels in 16N [e.g., the four-state multiplet (Jπ = 2−, 0−,
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FIG. 2. Forward-angle α-particle energy spectra obtained for natC. The ground state (g.s.) Q value for a direct (8Li, α) reaction is indicated.
The curves shown represent a fit (in the lab-frame) to the lower α-energy portion of the spectra using a one- or two-source moving-source
fragmentation model with parameters noted in Figs. 4 and 5.
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FIG. 2. (Continued.)

3−, 1−) near the Jπ = 2− g.s.]. In particular, the spectra at the
most forward angles [Fig. 2(a–c)] extend out to the high energy
limit for a two-body transfer reaction (Q = +12.8 MeV,
Eαmax ≈ 40 MeV). As noted above, a three-body breakup
process (Q = −4.5 MeV) could not produce such high energy
α particles.

Given the nature of most of the spectra, angular distributions
were determined for various energy “bins.” These typically
were 3 MeV wide in excitation energy and included the regions

cited above where known states exist. Some typical angular
distributions are shown in Figs. 4 and 5. These are seen to
be primarily forward peaked, with only modest α emission at
large angles, i.e., beyond θlab = 90◦. Thus, few if any events
were observed at angles greater than 90◦. This generally
rules out simple fusion evaporation, i.e., α emission from a
compound nucleus, as a major mechanism for producing α

particles with Eα > 20 MeV. Also, as suggested by the data,
there is no distinct diffractionlike structure, at least relative to
the experimental angular resolution (∼8◦ FWHM), for the 27Al
target (Fig. 5) and for much of the data for natC (Fig. 4). Again,
a possible exception appears to be the energy region [Fig. 4(a)]
that would correspond to (8Li, α) resulting in low-excitation
energy levels (Ex � 9 MeV) including the multiplet near the
ground state in 16N.

III. MODEL CALCULATIONS

We have done model calculations of the angular distribu-
tions for the following mechanisms: projectile breakup using
moving-source or sequential breakup models [12–15], direct
4H cluster transfer, and multistep nuclear transfer (n + 3H).

A. Moving-source model

In the moving-source model [12–14], the Fermi motion
of the α particle in the 8Li projectile is calculated using an
adjustable effective temperature Tα of typically a few MeV.
At the time of breakup, the source of particle emission is
described by a source velocity (vR) relative to the incident
projectile velocity (vP ), given as the ratio (vR/vP ). The pa-
rameters Tα and (vR/vP ) can be deduced by fitting the energy
spectra and angular distributions of the breakup products,
in this case the α particles. A value (vR/vP ) = 1 indicates
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FIG. 3. Same as Fig. 2 but for an 27Al target.
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FIG. 4. Angular distributions for natC(8Li, α) data taken in 3 MeV α-energy bins (labeled in terms of excitation energy in 16N for a direct
two-body 4H transfer reaction). The calculations shown are for a two-source moving-source fragmentation model (vR/vP = 1.0, 0.5, and
Tα = 2 MeV, respectively). The calculations are based on the normalization to the α-energy spectra shown in Fig. 2.

simple projectile breakup, whereas (vR/vP ) < 1 corresponds
to partial fusion followed by breakup, or a sequential breakup
[12–15]. The projectile momentum at the time of breakup is
then added to the internal motion of the α particle, which is
assumed to be emitted isotropically in the projectile frame.

A Coulomb-barrier energy cutoff parameter (Vc) typically
is also included for charged particles [12]. Often, two or
more sources (vR/vP and Tα) are needed to fit both the
forward-angle and backward-angle data as well as the α-energy
spectra.
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FIG. 5. Same as Fig. 3 but for the 27Al target. A two-source fragmentation model calculation is shown (vR/vP = 1.0, 0.5, and
Tα = 2 MeV, respectively) normalized to the spectra as shown in Fig. 3 (see text). A distorted wave Born approximation (DWBA) calculation
(arbitrarily normalized) simulating sequential breakup is also shown (dashed curve; see text).
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Fits to the α-energy spectra and angular distributions using
this model are shown in several of the figures (Figs. 2 to 5).
Two sources can be used to qualitatively describe most
of the data for 27Al: (vR/vP ) = 1 for forward angles and
(vR/vP ) = 0.5 for back angles, with Tα = 2 to 3 MeV (Fig. 5).
This is consistent with analyses of similar data taken at
higher bombarding energies [e.g., (16O, α) and (20Ne, α) at
E/A = 9 to 85 MeV/nucleon] [12–14]. In particular, the Tα

systematics as a function of projectile velocity (E/nucleon)
shown in Refs. 12 to 14 would suggest Tα = 2 to 3 MeV for
8Li projectiles at ∼3.5 MeV/nucleon incident beam energy
(E = 27.7 MeV). Thus, most of the 27Al data (Fig. 3) and
perhaps some of the natC data at low α energies (Figs. 2
and 4) appear to be qualitatively described by the moving-
source fragmentation model with a reasonable set of model
parameters. In contrast, the spectra and cross sections for natC
at high α energies [Figs. 2 and 4(a)] are not compatible with
this model.

B. Sequential breakup

As noted below for 8Li + 208Pb, sequential breakup (i.e., in-
elastic Coulomb or nuclear excitation of 8Li above its breakup
threshold) can be a major contributor to projectile breakup.
Although this can be incorporated in the moving-source model
(see above), an alternate method that is likely to be more ap-
propriate at low bombarding energies is the coupled-channels
distorted wave Born approximation (CCDWBA) [15].
The CCDWBA calculations generally produce angular dis-
tributions for the heavy fragments (e.g., α particles) similar in
shape [e.g., for 6Li → α + d (see Sec. IV)] to that expected
for projectile excitation (usually via E1 excitation). This is
not unreasonable if the heavy breakup fragment is emitted in
the forward direction with respect to the projectile motion.
We can thus qualitatively simulate a CCDWBA sequential
breakup angular distribution via a DWBA calculation for E1
inelastic projectile excitation (see Sec. IV). Such calculations
are shown in Fig. 5 for 8Li + 27Al, where we assume an
E1 excitation in 8Li at 6 MeV (i.e., at an energy just above
the breakup threshold for 8Li). The calculation, which has
been arbitrarily normalized but has a magnitude expected for
such a process, gives a good representation of the data for
27Al.

As indicated above, the high energy α spectra (Fig. 2)
for natC are not consistent with those expected for projec-
tile breakup, so sequential breakup calculations were not
performed for natC. Instead, those data were analyzed with
two-body transfer models (direct and sequential), which are
consistent with the spectra observed.

C. Direct 4H cluster-transfer calculations

We have performed selective calculations using the finite-
range distorted wave Born approximation (FRDWBA) [16]
and assuming a direct 4H cluster transfer for 12C →16N. We
use various optical-model potentials extrapolated from fits
to measured 8Li and α elastic scattering [4,5,17]. The 4H

cluster (Jπ = 2−) is assumed to be bound in the projectile
[18] with angular momentum l = 1 h̄ at the 4H separation
energy [and similarly for various (Jπ ,Ex) levels [11] in
the residual nucleus 16N]. Owing to the Jπ = 2− spin and
parity of 4H, multiple l transfers are allowed. Combined with
the limited angular resolution (∼8◦ FWHM), the calculated
angular distributions (Fig. 6) are much less diffractive in shape
than the simple calculation shown in Ref. [6]. Nonetheless,
there are some notable features seen in the data. Specifically,
the data exhibit less forward peaking than expected for
projectile breakup, and as noted previously, breakup cannot
produce the high energy α particles observed (Fig. 2). Since
we are primarily interested in the qualitative features of the
FRDWBA calculations (e.g., the overall structure and falloff
with angle), we have assumed 4H transfers to high-spin
levels in 16N, (Jπ = 2− or 3−), which should be the major
components of the observed cross sections. Again due to the
multiple l transfers involved, FRDWBA angular distributions
for other final Jπ levels will be qualitatively similar. (Although
a direct proton transfer reaction can also produce αs, the
Q value is not sufficient to produce the high energy αs we
observe here).

Perhaps surprisingly [7], the direct-transfer FRDWBA cal-
culations (Fig. 6) resemble the observed angular distributions
rather well. The general falloff with angle and the broad
diffractionlike features in the data are qualitatively reproduced.
This suggests that a two-body cluster-transfer mechanism
(apparently corresponding to population of levels at low
excitation in 16N) is likely responsible for the large cross
sections observed for 12C (8Li, α).

As a further test of the above hypothesis, we have done
calculations using the same 4H transfer model and compared
these (see Fig. 7) with the data previously obtained [4] on
carbon at E(8Li) = 14.8 MeV. The FRDWBA calculations
(again owing to the multiple l transfers allowed, along with
the finite detector angular acceptance) are not as diffractive as
the calculation shown in Ref. [6]. In fact, they more closely
reproduce the observations. However, as discussed in Ref. [7],
the extraction of the corresponding 4H “spectroscopic factors”
may not be very meaningful, as these are very model dependent
for projectiles such as 8Li and extended, loosely bound clusters
such as 4H. In such cases, extraction of reduced widths would
be more meaningful. Nonetheless, within a reasonable range
of bound-state, nuclear-spin, and optical-model parameters,
the data can be reproduced with 4H “spectroscopic factors”
near unity for 8Li and 16N. But as implied in Ref. [7] and as
indicated below, a direct two-step sequential transfer can give
essentially similar results.

In retrospect, we note that we also have observed [19] very
large cross sections for the reaction 8Li (p, α)5He. This result
is especially of interest in understanding the nucleosynthesis
of light elements. These data indicate a large parentage of
8Li as 4H + 4He, which would enhance the probability of
8Li + p → 4He + 5He, as we have observed. This would
also favor a direct 12C (8Li, α) reaction, as suggested by the
present data for natC. It also is consistent with the cluster-model
calculations by Varga et al., which have been used to describe
the properties of the neutron-rich isotopes of Li, including
8Li [18].
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FIG. 6. Angular distributions for natC(8Li, α) data taken in 3 MeV α-energy bins (labeled in terms of excitation energy in 16N for a direct
two-body 4H transfer reaction). The calculations shown are typical FRDWBA 4H cluster-transfer calculations arbitrarily normalized to the data
shown (solid curve, J π

f = 3−; dashed curve, J π
f = 2−). The calculations have been averaged over angular acceptance of the detector. Scattering

angles and cross sections are given in the center of mass (c.m.) system for 12C(8Li, α)16N.

Given the apparent direct 4H transfer observed on natC, it
would be of interest to look for the analog of 4H transfer, i.e.,
4Li transfer, and in particular the reaction 12C (8B, α)16F using
a secondary 8B RNB.

D. Multi-step direct transfer

We previously have observed [3,4,8,10] large cross sections
for the (8Li, 7Li) one-neutron direct transfer reaction on
various targets including 12C. Since this reaction is exothermic,
certain transfer-reaction Q values correspond to the optimum
(Qopt ∼ 0) for a heavy-ion induced neutron transfer. This
results in large cross sections even at near-barrier energies
[8,10]. Likewise, it is known that 7Li has a high parentage as
α + t. Both (7Li, t) and (7Li, α) direct transfer reactions on
targets with A ≈ 12 have large cross sections (see e.g., the
reaction listings in Ref. [20]).

We have performed some simple semiclassical calculations
to simulate the angular distributions one might expect from a
two-step sequential transfer, e.g., neutron transfer followed by
3H (i.e., triton) transfer. In a semiclassical model [21], i.e., one
modified to include nuclear absorption in the elastic channels,
one can relate a given transfer cross section (σt ) to the elastic
scattering cross section σel(θ ) at a given angle:

σt (θ ) = Pt (θ ) σel(θ ). (1)

Here, Pt (θ ) is the probability function for the transfer process.
This assumes that the incoming and outgoing elastic scattering
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FIG. 7. Same as Fig. 6, but with calculations performed at
E(8Li) = 14.8 MeV and compared with the corresponding 12C(8Li, α)
data taken from Ref. [4].
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FIG. 8. A semiclassical sequential transfer calculation for 12C(8Li, α)16N compared with a one-step 4H transfer calculation (arbitrarily
normalized) and the experimental data.

channels are similar, as is usually the case for low energy
heavy ions. A sequential, two-step transfer σst(θ ) can then be
approximated by

σst(θ ) = Pt1(θ )Pt2(θ ) σ̄el(θ ), (2)

where σ̄el(θ ) is a suitable average [21] of the incident and
outgoing elastic scattering.

We can now invoke FRDWBA to calculate Pt1(θ ) and
Pt2(θ ) separately, using calculated values of σel(θ ) which have
been fitted to observed data [4] where possible [e.g., Pt1(θ ) =
σt1(θ )/σel(θ )]. We have done this for 12C(8Li, α)16N as a
12C(8Li, 7Li)(7Li, α)16N transfer, and the results are shown in
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FIG. 9. Energy spectrum of α particles observed from 8Li +
208Pb at Ec.m.(8Li) = 34.4 MeV (Ref. [10]; Prof. E. Aguilera, private
communication).

Fig. 8, along with the experimental data and direct 4H transfer
calculations.

These calculations are less forward peaked than those for
either simple breakup (vR/vP = 1 ) or one-step transfer, and
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FIG. 10. Angular distribution of α particles from 8Li + 208Pb
at Ec.m.(8Li) = 33.4 MeV (Ref. [10]) compared with a sequential-
breakup calculation extrapolated from those shown in Ref. [23] for
6Li + 208Pb at a comparable energy. The latter has been slightly
renormalized to fit the present data.
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they are also somewhat less diffractive than the latter but
otherwise are very similar [22]. Like the one-step cluster-
transfer calculations, the angular distributions calculated for
multistep transfer are similar to the data observed for 12C
(8Li, α) →16N (at low Ex).

IV. 208Pb (8Li, α) REACTION

As noted, the bombarding energy used in the present
experiment is at or below the Coulomb barrier for 8Li incident
on 208Pb [10]. Still, based on the large cross sections observed
for 12C (8Li, α)16N and the large (8Li, 7Li) transfer cross
sections observed on 208Pb at slightly higher energies, [8,
10, 21], we might have expected measurable (8Li, α) cross
sections for any direct reaction process if, for example, near-
barrier neutron “tunneling” were significant. Few if any events
attributable to a direct (8Li, α) mechanism (Q = 4.9 MeV)
were observed. However, low energy α production cross
sections were obtained in a companion experiment [10] done
at Ec.m.(8Li) = 34.4 MeV where time of flight was used
to separate reaction αs from the 4He++ contaminant in the
secondary 8Li beam (Fig. 9). This permitted measurements
for the α-energy regime corresponding to 8Li → α + (t
+ n) breakup (Q ≈ −4.5 MeV), which was obscured by
the 4He++ beam contamination in the present experiment
(Fig. 1).

The angular distribution obtained [10] for the lower energy
“breakup” αs observed at E(8Li) = 34.4 MeV (Fig. 9) is shown
in Fig. 10. The solid curve shown is a sequential breakup model
calculation done for 6Li + 208Pb at a comparable energy [23].
We expect 6Li and 8Li to behave similarly since both have, for
example, large Coulomb-excitation cross sections [24, 25]. In
fact, the curve shown is only slightly renormalized from the
6Li + 208Pb calculation [23]. As with direct one-step breakup,
sequential breakup yields a multibody α-energy spectrum with
α energies well below those for a direct two-body (8Li, α)
transfer reaction. Sequential fragmentation models have been
successful [26–30] in describing similar (6Li, α) and (7Li, α)
cross sections on heavy targets including 208Pb (in some
cases using polarized beams [27]) or via measurement of

coincident α, t , and other fragments [28,29]. (In general, the
most complete description requires invoking several closely
related breakup mechanisms [26–30]).

The lack of high energy α particles from 208Pb in the present
experiment and at Ec.m. (8Li) = 34.4 MeV, along with the
lower energy αs and their angular distributions observed at the
latter energy, appears to be compatible with predominantly
sequential breakup mechanisms for 208Pb (8Li, α) at near-
barrier energies.

V. CONCLUSION

We have observed the energy spectra and angular dis-
tributions of energetic α particles emitted from the (8Li, α)
reaction on natC, 27Al, and 208Pb at E(8Li) = 27.7 MeV. The
data for 27Al appear consistent with simple fragmentation or
sequential breakup models. Likewise, the α-energy spectra
and upper limits for cross sections on 208Pb obtained in the
present experiment, along with data previously measured at
a somewhat higher bombarding energy, are suggestive of a
sequential breakup mechanism for α production from 208Pb.
In contrast, the high energy α data for natC are indicative of
a direct 4H transfer mechanism, as either a one-step cluster
transfer or sequential transfer corresponding to population
of levels at low excitation in 16N, including those near
the ground state. In any case, independent of the exact
nature of the transfer mechanism, since RNB-induced “exotic”
multinucleon direct transfer reactions can potentially lead to
the production of nuclei far from stability and, for example,
determination of nuclear properties such as masses (or useful
limits on these) far from stability, these reactions warrant
further study.
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J. A. Brown, J. W. Jänecke, D. A. Roberts, J. J. Kolata,
K. L. Lamkin, A. Morsad, R. J. Smith, X. J. Kong, and
R. E. Warner, Phys. Rev. C 48, 308 (1993).

[5] R. J. Smith, J. J. Kolata, K. Lamkin, A. Morsad, F. D. Becchetti,
J. A. Brown, W. Z. Liu, J. W. Jänecke, D. A. Roberts, and
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