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Systematics of Li-induced radioactive beam reactions: %=13—20 MeV
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Elastic and inelastic scattering, one-nucleon transfers [mostly ( Li, Li)] and the ( Li,n) fusion-
evaporation reaction have been studied on a variety of targets (A=1—58) at E( Li) 13—20 MeV
using the University of Michigan —University of Notre Dame radioactive nuclear beam (RNB) facility.
The latter, which produces an energy-resolved ( 500 keV FWHM), focused beam with intensity) 10 Li/s, permitted measurements to selected nuclear levels with cross sections down to approx-
imately 1 mb/sr. Based on the systematics of the measured Li elastic scattering an appropriate

Li optical potential was deduced. Large inelastic scattering cross sections (and B[E2 $]) are ob-
served for Li—+ Lio qs. Large cross sections are also observed for the ( Li, Li) transfer reaction
corresponding to quasielastic (viz. , Q 0) neutron transfer to selected high spin excited levels in
the residual nucleus. The ( Li, o:) fusion-evaporation reaction also appears to be significant and
can produce very-high-energy a particles, viz. , E &) Eb, . Although observed using Li, these
features appear to be important for many RNB-induced reactions and they must be considered, for
example, in nucleosynthesis calculations involving Li and other short-lived radioactive nuclei.

PACS number(s): 25.70.Bc, 25.70.De, 25.70.Gh, 25.70.Hi

I. INTRODUCTION

Reactions involving short-lived radioactive nuclear
beams (RNB) are of intrinsic interest in nuclear physics
and nuclear astrophysics because they can involve un-
usual isospin, spin, and energy transfer [1—4]. In con-
trast to similar reactions involving beta-stable nuclei, re-
actions involving sLi (and other RNB) generally can have
reaction Q values for certain transitions which are close
to the optimum (Q~~t) for maximum cross section [5,6].
Furthermore, the existence [7] of a neutron (or proton)
"halo" or "skin" in a RNB projectile may result in en-
hanced transfer reaction modes [5] and unique inelastic
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projectile excitations such as a soft-El dipole excitation
[8 9]

There is obviously considerable interest in the study of
RNB-induced reactions for nucleosynthesis calculations.
As a well-known example, the measured abundances of
the lithium isotopes provide constraints on the initial
baryon density deduced for the early Universe [1—3]. One
cannot both reproduce these abundances and, using stan-
dard nucleosynthesis models [1], have a large enough
baryon density (0 = 1) to close the universe. Inhomoge-
neous big-bang models (IBB),and other nonstandard nu-

cleosynthesis models, are thus being invoked [2—4]. The
IBB model uses nonuniform initial baryon densities and
postulates unusual nuclear reaction chains, such as those
involving Li and other short-lived radioactive nuclei, to
produce many of the heavy elements. However, reactions
with Q )) 0, which are typical of sLi-induced and other
RNB reactions, may have large reaction cross sections.
This may occur even at low collisional energies due to
nucleon tunneling, fusion evaporation, and other mecha-
nisms allowed by the large energies released. It is there-
fore difficult to decide a priori which radioactive nuclei
and which specific reactions will be important at low, as-
trophysically relevant, center-of-mass energies. Assump-
tions made concerning reaction rates of radioactive nuclei
in nucleosynthesis calculations may therefore be incom-
plete or even erroneous. The experimental study of RNB
reaction mechanisms and the most important RNB reac-
tion channels is therefore important.
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Low-energy, energy-resolved radioactive nuclear beams
(RNB) with intensities sufficient to observe some of the
most signi6cant RNB reaction channels have recently
been developed by us and others [10—12]. As part of
these measurements, we have made a systematic study
of sLi (and other) RNB-induced reactions at low bom-
barding energies (Ej b ( 20 MeV) involving a variety of
light and heavy targets. Some initial sets of measure-
ments have previously been reported [5,6,10—17, along
with selected studies on individual target nuclei [16—20].
Here we present systematics for a range of targets.

II. EXPERIMENTAL SETUP

The experiments used sLi beams produced using the
University of Michigan 3.5 T superconducting solenoid
installed at the University of Notre Dame FN tandem
Van de Graaff accelerator [10—12]. A negative Cs-ion
sputter source produces 1 to 10 electrical pA of primary
"Li beam, resulting in secondary sLi beams of 108 to
107/s at E(sLi) =' 14.3—14.9 MeV and 19.3—19.9 MeV,
with 350 to 600 keV FWHM energy spread. This beam
was focused to a spot approximately 5 mm in diame-
ter, with a +3' angular spread on the secondary target.
The secondary beam purity was typically 70—80% sLi,
depending on the solenoid collimation, with the major
impurities being He + [5—10%; E —IE(sLi)], sHe2+ [2—

5%; E = 27E( Li)], 7Li +[2—5% E —-E( Li)] as well
as lesser amounts of H + Hei+, sLi + 2B4 + and
other low-energy ions. Thus, owing to its high magnetic
rigidity, sLis+ was the highest-energy component in the
focused RNB and hence reactions with Q ) 0 were usu-
ally identified unambiguously.

Secondary, scattered reaction products were identi-
fied using a AE E XY c-oun-ter telescope with a silicon
surface-barrier (SiSB) b.E detector (10 to 28 pm thick)
backed by a 25 x 25 mm position-sensitive SiSB E de-
tector (PSD) ~ 200 pm thick. The primary and sec-
ondary beam intensities were monitored with additional
SiSB detectors. The RNB apparatus (superconducting
solenoid) and detection system (AE E XY Si telesc-op-e)
are described in more detail in Refs. [10—12]. The promi-

nent reactions studied, their Q values, and the corre-
sponding targets used in the present experiments (com-
positions and thicknesses) are listed in Table I.

III. ELASTIC AND INELASTIC SCATTERING

A. Elastic data

Targets ""' CH "s CD2, Be, C, Melamine
(nstC nstH 14N ) 27Al nstT1 stTi D nstNl
"stAu of thickness 0.4 to 3 mg/cm have been used for
study of elastic scattering. The gold target was used
primarily for normalization to Rutherford scattering. Se-
lected particle identification spectra (b,E E) are g-iven in
Figs. 1—3. Gated and projected Li elastic and inelastic
energy spectra and ( Li,7Li) reaction spectra are shown
in Figs. 4—6. In some cases, the energy spectra have been
corrected for kinematic shifts, i.e. , dE/d8, using the XY
information available from the SiSB PSD.

The sLi elastic angular distributions are shown in Figs.
7 and 8. The accuracy of the forward-angle elastic scat-
tering data is limited by the +3' spread in the secondary
RNB combined with the rapid falloff ( 1/84) of the elas-
tic scattering versus 8. In certain cases (8j,b ( 20') it
was necessary to determine a scattering angle weighted
by an assumed Rutherford scattering cross section. At
larger angles, the data are shown with the angular diver-
gence indicated as an uncertainty in the scattering angle.
The overall uncertainties in the normalizations are esti-
mated to be +20% due mostly to uncertainties in relative
target thicknesses and the secondary RNB integration.

B. Optical-model analysis
and strong absorption radii

Analyses of the elastic and inelastic scattering data for
sLi + C and sLi + sNi at E =' l4 MeV are presented
in Refs. [16] and [17], respectively. The sLi+12C optical
model (OM) parameter set deduced [16] at E = 14 MeV
was used as a basis for analysis of the sLi elastic data

TABLE I. Transfer reactions and targets studied.

Reaction

H( Li Lj) H

Be( Li, Lj) Be
Be( Lj, a) B

12 C (
8Lj 7Lj)

13

12C(8L1 A)16N

13C( Lj Lj)

14N(SLj 7Lj)15N
27

Al (8Ll 7
L 1)28 Al

88Ni(8Lj, Lj)8 Ni

g.s.-+g.s. Q value
(MeV)
4.224

4.779
13.308
2.913
12.84

6.143

8.801
5.693
6.967

Target
composition

na~CD

'Be

~~tC
~~tC
net C
CH2
13C

C3N6H6
nat A~
net N.

Thickness
(mg/cm )

2.72 + 0.03
1.9 + 0.1
1.8 + O. l

2.2 + 0.1
1.0 + 0.1

0.59 + 0.06
0.54 + 0.02
1.0 + 0.1
0.9 + 0.1
1.3 + 0.1
1.1 + 0.1
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F&G. 1. sLi + ~Be bE Espectru-m, E( Li) =' 14 MeV,
taken with a 2 mg/cm Be target. Group "A" is identified
as 9Be( Li, Li) Bes., (see also Fig. 2).

FIG. 3. Li + i3C b.E Espect-rum at E(Li) = 14 MeV
from a 1 mg/cm~ enriched i CHq foil. Group "A" is identified
as i3C(sLi, rLi) Cs., (see also Fig. 2).

from other targets. Since our experimental setup was
not optimized for measurements of elastic scattering, we
have somewhat limited angular distributions for targets
other than izC. In addition, rather wide AE E XYde---'
tector angular acceptances (68) of +3' to +6' were used.
Nonetheless, it is possible to extract several meaningful
features of the low-energy I i B,NB optical-model poten-
tials from fits to the elastic data.

Starting with the fitted sLi + zC OM parameters, and
using published [18—21] analyses of s "Li elastic scattering
on light targets as a guide, we adjusted [22] individual
OM parameters (such as potential strengths or radii) as
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FIG. 2. Li + C b.E Espectrum, E( Li) =' -14 MeV,
from an 0.59 mg/cm natural carbon target. Group "A" is
identified as C( Li, Li) Cg, , group "B" is Li + from Li
+ C; group "C" is He + from He+ C due to a He beam
impurity; group "D" is high-energy n particles from ' C( Li,

Be + beam impurities while group "H" is tentatively identi-
fied as Be from C( Li, Be) B.
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FIG. 4. Energy spectra from Li scattering on various tar-
gets, E( Li) = 14 MeV.
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a function of target mass (AT ), keeping the remaining
parameters fixed. The exception to this was the absolute
normalization, which was adjusted within its uncertainty,
typically +20%. We found, in analogy with the sLi global
fits given in Ref. [20], that most of the sLi data could be
adequately fitted (Fig. 7) by varying only the imaginary
volume absorptive strength, W (Table II). The latter, at
least for E(sLi) = 13 to 19.6 MeV, is given approximately

FIG. 7. Elastic scattering angular distributions for Li,
E( Li) =' 14 MeV, compared with optical model calculations.
See Table II.

W = 19 —0.3AT MeV

where AT is the target mass. Our radius convention for
RR and RI conforms to that of the folding model [20,21]

1
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gular distributions for Li + " Ni compared with Li data
[23].
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TABLE II. Optical-model parameters, E( Li)='l4 MeV.

System

Li + Be
Li+ C

SLi + 13C

z,j
8~i + 27Al

Sgi + 58Ni

Va
(MeV)

175
175
175
175
175
175

BR
(fm)
2.70
2.97
3.06
3.13
3.89
5.03

+R
(fm)
0.8
0.8
0.8
0.8
0.8
0.8

wb
(MeV)

18.4
15.1
15.0
14.9
11.4
4.0

Ri
(fm)
4.68
5.15
5.29
5.42
6.75
8.7

al
(fm)
0.8
0.8
0.8
0.8
0.8
0.8

(mb)
1423
1363
1432
1375
1302
501

1

'Volume Woods-Saxon potential; Rs = ro~ A~, ros = 1.30; Re = 1.3 x (Ag + 8~).
Volume Woods-Saxon potential; Rl = r~i Az~, r~l = 2.25.

'Calculated reaction cross section.
Li + Ni at E( Li)=' 14 MeV is near the Coulomb barrier (see text).

increases the mean-square optical-model radii relative to
those of the corresponding nucleon-nucleus scattering po-
tentials.

It is interesting to note that our Li parameters also
give a reasonable fit to published [18,19] data for 7Li +
i2C elastic scattering at E & 40 MeV. Therefore, we have
adopted the Li OM parameters for both the incoming
(sLi) and outgoing (7Li) channels in our (sLi, ~Li) reac-
tion calculations (see below). Although our sLi poten-
tials appear to reproduce the elastic scattering and other
data quite well, they do not necessarily correspond to the
potentials one would extrapolate from the "unique" Li
OM potentials determined from analysis of high-energy
large-angle rainbow scattering [21], as the latter poten-
tials predict quite different volume integrals for the real
and imaginary sLi OM potentials than do our "best fit"
sets.

Since the sLi projectile has Js, ——2+, one might ex-
pect spin-orbit (E s) or similar spin-spin (s s) interac-
tions to be enhanced in the sLi OM. However, as observed
[20,21,23] with sLi (where J, = 1+), such effects appear
to be rather small and would probably be significant, if
at all, only at much higher bombarding energies. Thus
we did not include an explicit spin-orbit interaction in
our SLi OM.

A comparison of s7Li + sNi [23] with sLi + "'tNi
scattering at E(Li) =' 20 MeV is shown in Fig. 8. As
seen with Li + C data [16], the Li elastic scatter-
ing resembles that measured for s "Li, i.e. , there are no
anomalous effects apparent in the sLi data, nor the re-
sulting Li optical-model parameters (see below).

For the adopted Li OM potentials we have calculated
the reaction cross sections (o~). As observed by Tani-
hata et al [7], sLi does n.ot exhibit the anomalously large
absorption cross sections noted in the most neutron-rich
RNB's, such as Li.

was also observed particularly for the i C and "'tNi tar-
gets. The latter is attributed to nuclear and Coulomb ex-
citation, and the analysis of the data obtained at E(sLi)

14 MeV has been presented in detail elsewhere [16,17].
These measurements of sLio 9s indicate a B[E2 t'] of 25
to 70 e2 fm4 i.e., & 30 single-particle units. This is sub-
stantially larger than B[E2 T] observed for ~Li (8 single-
particle units) but is similar to that known for other very
proton- and neutron-rich nuclei such as ioC and ioBe.

Additional inelastic scattering data for Li*Q 9s [from
"~tNi at E(sLi) = 19.6 MeV] are shown in Fig. 8, together
with a distorted-wave Born-approximation (DWBA) cal-
culation [24]. The latter includes both Coulomb and nu-
clear excitation with the conventional, destructive inter-
ference between them. This interference ean result in a
slight dip in the inelastic cross section near the grazing
angle, which for our data is near 8i b

=' 70' and hence
just beyond the last data point. Such an interference
phenomenon could eventually be exploited to deduce de-
tailed information about deformation parameters of the
neutron and proton distributions which would be of spe-
cial interest for very neutron-rich and proton-rich RNB's.
Here, although limited, the data appear compatible with
our measurements at E( Li) =' 14 MeV, viz. , B[E2 $]
of 30 to 50 e2 fm4 for sLi*o ss. However, a slight difFer-
ence (&30%) in the Coulomb and nuclear B(E2 t'] values
cannot be excluded. Such differences might be expected
in a nucleus such as Li where N && Z. Data at higher
bombarding energies may exhibit these diff'erences more
strongly and thus should be pursued as the appropriate
RNB's become available.

We have also used the measured sLi' inelastic data, 1
MeV ( E~ ( 2 MeV, to set a limit [16,17] on any low-
lying soft-El dipole excitation of Li. However, we note
that sLi is unstable to decay to ~Li + n above E~( Li)—
2 MeV, so projectile excitation above 2 MeV would not
be seen in the I i spectra.

C. Inelastic scattering and H [%2 f] for sLio ~a

Besides elastic scattering, only weak inelastic tran-
sitions to the target levels ~C" (2+, E~ = 4.4 MeV)
and i N'(0+, E~ = 2.3 MeV) were observed. Relatively
strong projectile excitation of sLi (2+, E~ = 0.98 MeV)

IV. TRANSFER REACTIONS
A. Data

Projected AE E(sLi,7Li) spectra for 1-4 MeV sLi ions
on sBe and i~C are shown in Figs. 5 and 6. (Related



48 SYSTEMATICS OF Li-INDUCED RADIOACTIVE BEAM. . . 313

data for " tNi + sLi at E =' 19.6 MeV will be presented
[25] elsewhere. ) The identification of the ( Li,7Li) neu-
tron transfer groups was rather unambiguous since, e.g. ,

Q =' +6 MeV for ~sC(sLi, 7Li)~4C and thus (Fig. 2) the
7Li transfer products are weil separated from the sLi elas-
tic and beam-impurity scattering groups. In addition to
high-energy ~Li, one also notes the presence of very-high-
energy a particles with E approaching 30 MeV, i.e., at
energies much greater than the beam energy. These n
particles could be produced via (sLi, o.). This, as we will
discuss, is compatible with nondirect mechanisms such
as compound nucleus fusion evaporation and, perhaps,
sequential sLi breakup. Some additional evidence for the
latter was seen in the AE —E spectra of sLi + ~ ~H

[6,11]. These exhibit several bands attributable to the
unresolved detection of coincident light-ion fragments in
the large solid angle (300 mm2, 20 msr) 6E ESiSB-tele-
scope. The (sLi, a) data will be discussed in more detail
in Sec. V.

In the AE ESiSB-spectra (and others presented else-
where [5—19]) the most dominant Li-induced transfer
reaction appears to be the highly exothermic single-
neutron transfer reaction (sLi,"Li). Similarly, the reac-
tion (~Li,sLi) has been shown to be a dominant channel in
7Li-induced reactions [19]. As previously noted, the low
binding energy of the last neutron in sLi (hence Q ) 0)
and the large sPectroscoPic [26] overlaP sLis, —+"Lis, +
n (Table III) can result in large (sLi,"Li) cross sections
even at relatively low sLi bombarding energies. Likewise,
the exothermic reaction (sLi,9Be) was observed, but with
lower cross sections, and for only a few very light targets
such as H. These lower cross sections result from the
higher Coulomb barrier for the sBe ejectile which sup-
presses the cross section at E(Li) & 14 MeV. In contrast
to the (sLi,~Li) and (sLi, sBe) reactions, (sLi,9Li) typi-

cally has a large negative Q value and does not appear
to have significant cross section, at least at E(sLi) =' 14
MeV.

Some gated and projected (sLi,7Li) energy spectra are
displayed in Figs. 5 and 6. Although we do not always
completely resolve the 7Lis., from ~Li' (E~ = 0.47 MeV),
particularly for measurements using targets with thick-
nesses ) 1 mg/cmz (Table I), it appears that (sLi,~Lis, )
is the dominant neutron transfer mode as the groups ob-
served were not double peaked [5], at least within the lim-
ited statistics obtained. In several targets, excited target
levels at E, ) 3 MeV were also observed. Due to their
incomplete separation from the much more intense elas-
tically and inelastically scattered sLi ions, we could not
always extract clean (sLi,7Li) spectra. However, sepa-
rate measurements made for sLi+ C allowed for cleaner
separation of 7Li from sLi and provided ~zC(sLi, ~Li) re-
action spectra which extended to high excitation in ~sC.

Absolute transfer-reaction cross sections were obtained
from sLi beam normalizations deduced from direct 8 =
O' RNB flux measurements using a reduced secondary
beam, or from Rutherford scattering of sLi from a gold
target of known thickness (Table I). These methods usu-
ally agreed to within 6 20'Fo, and thus the uncertainty in
cross sections was often dominated by counting statistics.
As previously noted, there also is a k3' angular spread
in the secondary beam.

In order to verify the reaction mechanism and check
the absolute cross section for ~C( Li,7Li) sCs, , we have
measured [11] the inverse reaction C(~Li,sLi)~ Cg, at
the appropriate 7Li bombarding energy. The cross sec-
tions for the two measurements agree with those ex-
pected from detailed balance, if we assume that only
the g.s. ~ g.s. transitions are involved. This sup-
ports our assumption that ~2C(sLi, ~Lig, ), rather than

TABLE III. ( Li, Li) spectroscopic factors.

Reaction

H~ H
Be —+ Beg 8.

Be ~ Be'

12' 13C+
13' 14C
14N

g 8.

Al ~ Al, .
Ni ~ Ni

(MeV)
0
0

3.37
0

3.85
0
0
0

5.4

J1T

0+
Q+

Q+
Q+
1—
2
1+
5+
2
Q+

1+
2
p+
2+
1—
3+
2
p+
1—
2
3+
5+
2

~expt

1.0
4.0
0 2c

0.8
1.1
1.2
1.9( 3e

0.2

~CK

2.35
0.21d
0.61
1.0
1.38
1.43
0.6'

0.15g

Deduced from normalization to FRDWBA calculations assuming ( Li, Lis., ) is the dominant
transfer mode. We assume Lis., -+ Lis., + n has 8 = 1.0 (see text and Ref. [15]).

Theoretical values [29] except as noted.
'Assumes p1 neutron transfer.

Assumes pg neutron transfer.
'Upper limit.
T.P.G. Carola and J.G. Van der Bann, Nucl. Phys. Al'T3, 414 (1971).

sM.S. Chowdury and H.M. Sen Gupta, Nucl. Phys. A205, 454 (1973).
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izC(sLi, 7Lio 4r), is the dominant neutron-transfer mech-
anism, as the latter would not necessarily agree with the
inverse isC(7Lis, ,sLi) cross sections measured.

A feature of the izC(sLi, 7Li)rsC spectrum (Fig. 6) is
the unusually large cross section observed for the transi-
tion to the high-spin level (J = 5/2+) in is C at E =' 3.5
MeV. This level is also seen [19] with large cross sections
in izC(7Li, sLi) isC. The large cross sections are presum-
ably the result of statistical spin factors, as well as the
mostly pure Idsyz single-particle nature of this level (see
below). However, as we will show, the highly favorable
reaction Q value for certain sLi-induced reactions further
enhances the neutron-transfer probability.

Angular distributions for most of the (sLi, Li) reac-
tions studied are shown in Figs. 9 and 10. (Data on cer-
tain targets which consist only of measurements at a few
forward angles are not shown. ) The agreement between
the latest measurements and those reported previously [5]
is generally good, although the present data have much
better statistics and cover a larger angular range, viz. ,
Hi b ~ 45'. Also, better Li beam normalization proce-
dures that should be more reliable have been used, based
on Rutherford scattering.

Our measurements include limited data [5,11] for the
reactions of 2H(sLi, Li) H and zH(sLi, sBe)n. As pre-
viously noted, sLi reactions are part of a crucial chain
of reactions which determine the abundance of Li and
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heavier nuclei and therefore are of considerable interest
in nuclear astrophysics. The present experiments in-
dicate a rather significant rate for this channel, which
again has Q ) 0. In a separate set of measurements [27]
dedicated to obtaining data specifically needed for nucle-
osynthesis calculations, cross sections for these channels
were measured at E( Li)=6 to 14 MeV, corresponding to
E, ~ =' 0.6 to 2.5 MeV. These results will be reported
elsewhere [27].

10 —:

Be( Li, Li) Be B. Spectroscopic factors

J3
E

Q
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ZO 40
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60 80

FIG. 9. Experimental and calculated ( Li, Li) cross sec-
tions, E( Li) =' l4 MeV.

We have done finite-range distorted-wave Born-
approximation (FRDWBA) calculations [24] for (sLi,"Li)
assuming a simple one-step direct neutron-transfer re-
action. The required sLi and ~Li OM parameters were
obtained by suitably scaling our OM potential parame-
ters deduced from sLi elastic scattering (Sec. III). As
noted, the sLi OM potentials are similar to those ob-
served for 7Li and sLi and adequately fit elastic scattering
data for the latter. The Gnite, range distorted-wave Born-
approximation (FRDWBA) calculations shown in Figs.
9 and 10 are seen to adequately reproduce the overall
shapes of the angular distribution data. However, since
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multiple l transfers are involved, one does not observe
nor expect highly structured angular distributions.

The corresponding spectroscopic factors deduced from
the FRDWBA calculations are given in Table III. They
approximately follow experimental values obtained from
stable-beam neutron transfers or from calculated shell-
model values where available [26]. Hence, we believe the
(sLi, ~Li) reaction at E( Li) =' 14 MeV is primarily a
direct single nucleon transfer reaction, as opposed to a
compound-nucleus (CN) reaction or other nondirect pro-
cess. Such CN reactions are often assumed to dominate
at low bombarding energies, but this clearly may not be
the case for certain RNB reaction channels, especially
when Q )) 0.

Of particular interest are the large observed neutron
stripping cross sections to high-spin levels near Q
Q ~&

—0, such as the C( Li, Li) Cig, &, (E~ =' 3.5
MeV) data which we noted. Such "quasielastic" pro-
cesses, which may be a common feature of many RNB-
induced reactions, can be highly favored by both the
usual (2Jf+1) spin statistics for nucleon stripping, as
well as the optimal RNB Q values (below). As discussed
elsewhere [25], the FRDWBA calculations (Table III) for
the near-barrier s Ni(sLi, 7Li)ssNi reaction also support
the hypothesis of a direct neutron "tunneling" mecha-
nism [31—33]. Thus, RNB-induced sub-barrier neutron
tunneling [28,29] in heavy nuclei can also be large. This
could provide a useful new tool for the study of single-
particle levels in these nuclei, particularly for A & 200
where the location of many high-spin single-particle lev-
els is still uncertain.

C. Q windows and enhanced cross sections

As seen above, reactions induced by RNB and sta-
ble nuclei can differ greatly in their reaction Q val-
ues. This can be illustrated by isolating the Q-value
dependence [28—30] of typical reactions. As an exam-
ple, if one does a direct neutron-transfer calculation
(FRDWBA) as a function of E(Li), i.e. , an excita-
tion function for sLi(2H, sH), where Q

=' +4 MeV, and
7Li(2H, sH), where Q =' —1 MeV, rather large Q-value re-
lated effects are observed [6,11]. In Fig. 11, we show the
calculated excitation functions where we have normal-
ized the zH(sLi, 7Li)sHe cross section to our experimen-
tal data. (In order to isolate only the Q-value effects, the
OM parameters and transfer form factors are kept identi-
cal for these calculations. ) The shapes and magnitudes of
the calculated cross sections as a function of E(Li) are,
as expected, very different. Particularly, as E(Li)—+0,
i.e. , as E, approaches the region of astrophysical en-
ergies (a few hundred keV), the differences become quite
significant (Fig. 11). This illustrates the high enhance-
ment RNB-induced direct-reaction cross sections, with
Q & 0, can exhibit even at relatively low E~ . There
may also be enhancements due to the nuclear alignment
of a low-energy RNB analogous to that calculated [31] for
deuteron projectiles (Oppenheimer-Phillips effect). As-
sumptions made about the absolute rates and energy de-

IO

' Li(H, H)

10
Li(RNB)

-IIO—

IO I

I 2

E, (Mev)

FIG. 11. Calculated (FRDWBA) direct neutron-transfer
integrated cross sections for the RNB Li( H, H) and sta-
ble-beam Li( H, H) reactions in the same (but arbitrary)
units.

pendence of RNB-induced reactions of astrophysical im-
portance must take these features into consideration.

Likewise, Q-value effects (Q windows) are also signif-
icant for other, heavier target nuclei. This is illustrated
in Fig. 12 where we display a typical Q-value depen-
dence calculated for the C(sLi, 7Li) and izC(rLi, sLi)
reactions. One notes the "Q window" in the cross sec-
tion and the corresponding enhanced cross section for
sLi-induced reactions to the isCs, and excited states.
This confirms our observation for C( Li, Li) Csg2+
(E~ =' 3.5 MeV), of large cross sections where Q —Q&»t.
Again, as E(Li)—+0 direct transfers can remain important
in RNB-induced reactions even on heavier nuclei.

80
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FIG. 12. Calculated q-value dependence of the
C( Li, Li) and C( Li, Li) cross sections, E( Li) =' 14

MeV, with the appropriate C ~' Cs., Q values indicated.
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(sLi,n) REACTION

A. Data
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101

BBhM

t

»C ~ SPECTRA

I

CASCADE
(CN)—As noted in the EE-E spectra shown in Figs. 1—3, very-

high-energy n particles are apparently observed from
highly exothermic ( Li,n) reactions (Table I). Although
the secondary Li beam (Sec. II) has a small (few %%up)

fraction of He +' + (as well as Hei+' +, etc.) the ob-
served n-particle energy spectra extend well beyond the
k l cation of the He (and He) contamination.nown oca io

1H/SL.Large cross sections were observed for the (
n) Hes, reaction from the " 'CHs and melamine tar-

ets and are presented elsewhere [32]. The n-particle
energy spectra and cross sections observed for sBe and
isC other targets (Figs. 13 and 14) are consistent with
those expected for an evaporation spectrum from ( Li,
n) and appear to be similar to ( Li, n) data observed
at similar bombarding energies [33]. However, unlike sLi
and 7Li, the primary breakup modes of sLi are via neu-

not expect very-high-energy o. particles directly from Li
breakup. Instead, such n particles would require the se-
quential breakup sLi—+7Li" + n ~ n + t + n and wou d
thus appear at low E~ ((( Eb,~m) Also, d.ue to the three-
body kinematics, these alphas would not be particularly
forward peaked in HiiLb.

In the case of " C(sLi, n)isN, we observe (Fig. 14) a
strong emission of a particles to a group of levels near
the N~, . This feature can be explained, at least qual-
itatively, by the Q value and spin statistics when one
assumes a CN reaction mechanism (see below). How-
ever, unlike ( Li, n) and ("Li, n), which also show en-
hanced cross sections to selective levels [36], we cannot
attribute (sLi, n) cross sections to contributions from a
direct cluster-transfer mechanism as this would require
transfer of a H "cluster. " This seems unlikely since,
as noted, Li has the dominant spectroscopic structure:
Li+n = (n+ t) + n, where the triton and neutron are

100

10 I
I

5 10 15 20 25 30
E (Me V)

not particularly spatially correlated.
A limited amount of ( Li, n) data have been pub-

lished [33] for rLi + C at E(7Li)= 1.4 —20 MeV. We
can therefore compare (Li, n) spectra and reaction data
f 6 Li to those from Li. While one again observes

Fi .significant ( Li, n) and (rLi, n) production spectra ( ig.
15), many, if not most, of the forward-angle n particles
a ear to arise from 7Li-+ n+ t, sLi —+ n+ d or related
transfer mechanism, as the spectral shape (and angu lar
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FIG. 14. Experimental alpha-particle energy spectra of
C( Li ni E& Li) =' 14 MeV, compared with a CASCADE

(CN) calculation. The n-particle beam contamination is in-
dicated.
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FIG. 13. Experimental alpha-particle energy spectra of
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FIG. 15. Experimental angular distribution for the re-
act' ' C( Li, n), E'( Li) =' 14 MeV, compared with a
1/sin(e, ) distribution expected for a CN reaction.
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FIG. 16. Experimental angular distribution for the re-
action Be( Li, n), E( Li) =' 14 MeV, compared with a
1/sin(8, ) distribution expected for a CN reaction.

distributions) dier from those observed here for (sLi, n)
and other CN reactions.

Angular distributions for high-energy a-particle events
observed in C(sLi, n) and sBe(sLi, n), summed over
various regions of excitation energy, indicate an approxi-
mate I/sin8 dependence (Figs. 15 and 16). This is again
indicative of a compound-nucleus (CN) fusion evapora-
tion mechanism [34]. As observed [33] in (sLi, n) and

( Li, n) we also observe somewhat forward-peaked angu-
lar distributions for the most energetic alpha particles.
This feature in (sLi, o.) and ( Li, o.) data is attributed
to direct transfer of a deuteron or triton, respectively,
but again direct H transfer does not seem plausible to
explain this feature in the (sLi, n) data.

The typical spectral slope parameters [N~(E~)
Nz ] correspond to T~ 3 MeV, which is a typ-
ical CN temperature [34]. The i~C(sLi, n)isN' cross
sections are typically a few mb/sr MeV at E~ —7.5 to
10 MeV, with an estimated total integrated 2C( Li, n)
cross section of 14 mb/MeV at these energies assuming
a I/sin& dependence that persists to 180'.

1490+80 [E(sLi) = 18 to 28 MeV] by Warner et aL [37],
the latter (ii) may be the likely explanation. This would
be consistent with the large direct transfer cross sections
observed, the broad Q windows hence excitation region
for sLi-induced direct reactions, and the possibility of
significant sLi breakup channels.

As in the case of the (sLi, 7Li) reaction, the large pos-
itive Q value for (sLi, n) and other specific RNB CN
reactions suggests that many of these could have signifi-
cant cross sections even as E(RNB)-+ 0, i.e. , at collisional
energies relevant to nucleosynthesis.

Although high-energy protons, deuterons, and tritons
are also presented in some of our spectra, the AE detec-
tors used were too thin to obtain any quantitative infor-
mation for (sLi,p), (sLi,d), or (sLi,t). The GAscADE pre-
dictions for these CN channels are shown in Fig. 17 and
compared with a similar calculation done for ~Li + i2C.
The CASCADE CN calculations suggest that the (sji,2n)
and ( Li,2nn) channels [as well as the (sLi,na) channels]
should be enhanced relative to similar s 7Li CN reactions,
as one might expect for a neutron-rich RNB. In general,
high-multiplicity channels are favored since several CN
decays may be required to reach particle stability with
an RNB projectile. If even more neutron-rich projectiles
such as s sHe, s Li, etc. are employed, the correspond-
ing channels would likely be even further enhanced.

VI. CONCLUSIONS

The elastic scattering of Li from various nuclei at
E(sLi) = 13 to 20 MeV can be well represented by a
conventional optical-model potential which, in addition,
also provides adequate fits to low-energy s 7Li data. No
unusual increase in the strong absorption radius for Li
is needed. A large inelastic excitation probability and
B[E2 t'] for Lioss is observed, as are large cross sec-
tions for the (sLi, 7Li) reaction, particularly near the
"quasielastic" Q values. The (sLi, 7Li) reaction appears
to proceed by direct single-neutron transfer of the loosely
bound valence neutron of sLi, and thus should persist
even at low sLi bombarding energies due to its exother-

B. Analysis using compound nucleus code
(CASCADE)

Compound-nucleus (CN) calculations [34] of
sLi+ 2C—+soF' —+isN' + ot, using the statistical CN pro-
gram CASCADE [35] with the appropriate, discrete levels
known in isN and 20F (but neglecting isospin), predict
cross sections of about 24 mb/sr MeV at E~ =' 8 MeV
in the CN isN". Still, these predictions are consider-
ably larger (x2 to x4) than our ( Li, n) measurements
indicate. A similar discrepancy has been reported for
sLi(p, n) data obtained in related experiments [36]. This
discrepancy implies that either (i) our optical-model pa-
rameters overpredict the Li total inelastic reaction cross
sections or (ii) less than half of the calculated OM to-
tal inelastic reaction cross sections (a~) appears in CN
channels. Since our calculated sLi + 27A1 total inelastic
reaction cross section (Table II) is in excellent agreement
with the direct measurements of o.~ for Li + ~ Si of

60

~ sLi+ "c ="F
Q TL 12C —19F

40—

20—

0
n 2n np nu 2ne 2'

Emitted Particles

FIG. 17. CASCADE CN calculations for Li + C corn-
pared with those for Li + C for E(8Li) =' 14 MeV.
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mic nature. Yet another important reaction channel ap-
pears to be ( Li, n) which has the characteristics of a
fusion-evaporation CN reaction, although again with a
very positive Q value and hence a corresponding produc-
tion of very energetic cr particles even as E(Li) —+ 0. All
of these channels should be considered in nucleosynthesis
and other calculations involving Li and other neutron-
rich RNB.
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