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Coulomb and nuclear effects in direct breakup of 54-Mev Li + C, Au
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Direct breakup of Li ~ n+ t was measured for 54-MeV Li + C, Au reactions. The breakup
products were detected in coincidence using a close-geometry detection system, and small scattering
angles, forward of grazing, were investigated. The direct-breakup cross sections for C( Li,nt) Cs,
exhibit significant enhancements beyond predictions of simple E1 Coulomb-breakup calculations,
indicating the importance of the nuclear field. Direct-breakup yields in Au( Li,nt) quasielas-

tic reactions are sensitive to detector geometry, with the asymptotic fragment energies exhibiting
target-proximity eR'ects. Three-body classical trajectory calculations are found to provide qualita-
tive agreement with these observations, provided the projectile is treated as an extended object.
These strong Coulomb and nuclear effects severely complicate the extraction of radiative-capture
cross sections and low-energy astrophysical S factors.

PACS number(s): 25.70.Mn, 95.30.Cq

I. INTRODUCTION

The breakup of Li ~ o. + t is of current interest [1—8].
By detecting the breakup fragments in a coincidence
measurement, information can be obtained about the un-

derlying reaction mechanism. The breakup reactions ob-
served are of two types: sequential breakup, a two-step
process in which the Li is first excited to a discrete state
and then decays in flight, and direct breakup, in which
breakup occurs as the rapid fragmentation of Li without
proceeding through an intermediate state.

Sequential and direct components in elastic breakup of
Li were first observed and unambiguously identified by

Shotter et al. [1,2]. In those experiments, direct breakup
was clearly observed only in reactions with high-Z tar-
gets such as Pb [1] and ' Sn [2]. No significant direct-
breakup yield was measured for reactions on C [1]. A
dependence of direct-breakup yield upon target Z sug-
gests that the Coulomb force may dominate the direct-
breakup process, However the diKculty in probing very
small scattering angles can also be responsible for this
apparent Z dependence.

Recent theoretical studies [9, 10] have suggested that
direct Coulomb-breakup cross sections can be used to
gain information on the time-reversed process of radiative
capture, using detailed balance. Since radiative-capture
experiments are very diKcult to carry out at astrophys-
ically interesting energies due to sharply falling yields
and associated experimental limitations, the use of direct
Coulomb-breakup measurements has been proposed as a
way of determining the reaction rates at these low ener-
gies. Provided that no nuclear or higher-order Coulomb
effects contribute to the reaction, astrophysical 9 factors
can be extracted for low relative energies. Recently, 0;-
t relative kinetic energies from Li breakup have been
measured down to 34 keV, using a spectrograph to de-
tect both fragments [3, 4]. In that work, it was argued
that nuclear and final-state Coulomb interactions could

be neglected in extracting a relative-energy distribution
from the direct-breakup yield.

In this paper, we report on the elastic breakup of
54-MeV Li on C and Au targets to further ex-
plore the Z dependence of the direct-breakup yield.
The experimental fragment energy spectra and direct-
breakup angular distributions are compared to results
from three-body classical-trajectory calculations and
Coulomb-breakup calculations, respectively. Special at-
tention is given to the effects of detector orientation. We
observe strong nuclear and Coulomb effects which are
found to severely complicate the extraction of radiative-
capture cross sections and, hence, astrophysical S factors.
Some of the results reported here have been discussed
previously [11].

II. BREAKUP KINEMATICS

The reaction kinematics of Li breakup are illustrated
in Fig. 1, The primary Li is emitted with a velocity vi l,

and angle a~~i, . The alpha particle and triton are then
emitted with velocities v~ and vq at angles 0~ and Oq, re-
spectively, in the laboratory reference frame. Sequential
breakup from a particle-unstable state in Li results in a
well-defined relative kinetic energy of

Ere(: E &seP1

where E* is the energy of the excited state in Li and

E„p —(m + m, —mL)c 2

= 2.47 MeV

is the separation energy for alpha-triton dissociation. For
a fixed relative energy, the alpha particles and tritons are
emitted such that their relative velocities, v„i, define
"breakup spheres" centered on the primary Li.

A coincidence-detection system (represented in Fig. 1

by the solid angles AO~ and AO& of alpha particle and
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FIG. 1. Schematic of the breakup kinematics for "Li ~
e+t. Laboratory velocities and angles are shown. The center-
to-center separation angle of the detectors is 8&pp while the
smallest alpha-triton separation angle for a detectable coin-
cidence is 8&". Laboratory solid angles of the detectors and
their intersection with the breakup spheres are also indicated.
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triton detectors, respectively) selectively samples a lim-

ited region of the breakup. These regions are indicated by
the highlighted surface segments on the breakup spheres.
They correspond to the backward and forward emissions
of the breakup fragments in the primary scattered Li ref-

erence frame. For the detector geometry shown, where

the separation angle of the detectors, 0„'&, is less than
the maximum separation angle of the emitted alpha par-
ticle and triton, 0„, the forward-backward solutions
to sequential breakup are well separated in terms of the
fragment laboratory energies, E~ and E&, provided that
the breakup is elastic.

The first excited state of Li above breakup threshold
is the 4.63-MeV 7/2 state. Breakup from this state re-
sults in a well-defined relative energy of the alpha and
triton of 2.16 MeV. By positioning the detectors such
that Hd;~ ( 0~m~~, breakup with E~~'" ( E„~ ( 2.16 MeV

can be detected, with the minimum energy E„~" deter-
mined by 0&~", the inner-edge separation angle between
the detectors. These relative energies correspond to vir-

tual excitations in the Li and thus must represent direct
breakup.

III. EXPERIMENTAL TECHNIQUE

The experiments were carried out using the upgraded
MP Tandem Van de Graaff accelerator at the Nuclear
Structure Research Laboratory. Beams of 54-MeV Li
were produced using a SNIPS source and a LiOH cath-
ode. The coincidence detection system consisted of a
200-pm Si AE, 5-mm Si(Li) E detector telescope for
detecting tritons and a position-sensitive proportional
counter [12], located in the focal plane of an Enge split-
pole spectrograph [13], for detecting alpha particles. A
schematic of the telescope-spectrograph detection system
is shown in Fig. 2.

The telescope was mounted in the horizontal plane of
the scattering chamber, thereby measuring breakup in
the reaction plane (in-plane breakup). The telescope and

FIG. 2. Schematic of the experimental setup. Tritons are
detected in the telescope and alpha particles are detected in
the focal plane of the Enge split-pole spectrograph.

spectrograph opening apertures were separated by a fixed
gd~~ 12' (to be compared with 8, ," 23' for E„~ ——

2.16 MeV) in order that alpha particles and tritons with
relative energies down to 0.3 MeV (for 8„& ——0„'p) could
be detected while still probing very forward angles. For
most measurements, the alpha particles were detected at
smaller scattering angles than the tritons.

Aluminum absorber foils were placed in front of the
telescopes to eliminate the elastically scattered beam.
However, the Eq threshold due to these foils prohib-
ited the detection of the backward-emitted tritons (cor-
responding to forward-emitted alpha particles) from se-
quential breakup of the 7/2 state of 7Li. In order to ob-
serve sequential breakup, the magnetic field in the spec-
trograph was chosen to transport backward-emitted al-

pha particles to the low-energy side of the proportional
counter. (The high-energy E cutoff of the proportional
counter was close to the low-energy E& cutoff determined
by the absorber foils, when considering elastic breakup.
In addition, the magnetic rigidity of the elastically scat-
tered 7Li ions was too high to be detected at this field. )
Data were normalized either to charge collected in a beam
dump or to elastic-scattering rates in a monitor detector
at 30'.

IV. RESULTS

The three-body kinematics for 7Li breakup are gov-
erned by momentum conservation:

pa + pt + PT = PLi

and reaction Q value:

E„+E, + ET = EL; + Q,

where the subscripts Li and T represent the beam and
target recoil, respectively. A plot of E& vs E is shown
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in Fig. 3 for 54-MeV Li + C in-plane breakup with
|I = 6' and IIq ——18' (III b = 11'), where the alpha
particle and triton are detected in coincidence. A large
fraction of breakup events fall on a locus of constant Q
given by

I I I I I I I I

54—MeV Li + C

OIab = 11
150—

Elastic

100—
Breakup
("C,)

which corresponds to the fragments and target being left
in their ground states. The locus appears straight be-
cause the variation of the target recoil energy is small
over the range of fragment energies examined.

By projecting the events in Fig. 3 onto a summed-
energy axis (indicated by the dashed line), peaks with
well-defined Q values are formed. Typical E + Eq spec-
tra for 7Li + r2C and 7Li + ~s7Au reactions are shown
in Figs. 4(a) and 4(b), respectively. The highest-energy
peak in Fig. 4(a) corresponds to elastic breakup. An
additional peak corresponding to excitation of the 4.4-
MeV 2+ state of 12C is also observed. In Fig. 4(b), the
alpha-triton summed energy spectrum for Li + Au
shows that the breakup is dominated by elastic and in-
elastic processes, with the lowest-lying states of Au un-
resolved. This will be referred to as quasielastic breakup.

When probing the most-forward angles, additional
peaks in the summed energy spectra were observed with
both gold and carbon targets. Figure 5 shows such a
spectrum for 54-MeV 7Li + 'sC at HIab 1'. To ob-
tain this lab angle, the spectrograph was positioned at
0,&„——4' with the telescope at 8„~ ——8'. The elastic-
breakup peak can be seen at E~ + E& 52 MeV. The
broad peak centered around 50 MeV cannot result
from excitation to a state, or a combination of states,
of any nuclei in the exit channel [14j. Nor can this
peak be attributed to transfer-induced breakup, such as
I C( Li,sLi" ~ ntn)I~C with Qzz&z

——21 MeV, since
the summed-energy peak would shift to a much lower en-
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FIG. 4. E + E~ spectrum for (a) 54-MeV Li + C at
8& b = 11' a.nd (b) 54-MeV Li + ' Au at II~,b = 35'. The
most energetic peak corresponds to elastic breakup (' C) and
quasielastic breakup (' Au).
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FIG. 3. E~ vs E~ spectrum for 54-MeV Li + C at
H~~b ——ll'. The solid line corresponds to Q = Qzzz. A
ummed-energy axis is indicated by the dashed line.

FlG. 5. E~+Et, spectrum for 54-MeV Li+ ' C at Hl~b ——

1'. A broad peak is observed at 50 MeV. The dashed curve
is from a Monte Carlo simulation of 54-MeV Li +p elastic
breakup (see text).
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ergy. Since this peak is not observed at larger angles, it
could result from Li breakup on a light target contami-
nant, in which case the yield would be strongly forward
focused. One possibility is hydrogen from hydrocarbons
present in the scattering chamber, leading to Li + p
reactions.

To investigate this, a Monte Carlo code was used to
simulate sequential breakup, in which the emission of the
alpha particle and triton is assumed to be isotropic in
the Li rest frame. The resulting E + E& peak from

p( Li, Li4 ss ~ at) sequential breakup (convolved with
detector resolution) is plotted with dashed lines in Fig. 5.
The position and shape of the peak is in good agreement
with the data.

Hydrocarbon contaminants in the Au target also
produce additional peaks in the Ee + EI spectra gener-
ated from breakup reactions at forward angles. In this
case, 7Li + ~zC reactions can be observed. Software ac-
ceptance gates were used to analyze elastic breakup on
~ C and quasielastic breakup on ~s7Au. An estimate of
the proton contribution to the breakup events in the ac-
ceptance gate from 54-MeV Li + ' C at HIsb = 1' was

1%. The quasielastic gate on 54-MeV Li + ~s Au was
free from Li + zC contributions at all angles studied.

Once elastic and quasielastic breakup are selected, the
individual E (or EI) spectrum identify the direct and se-
quential components of breakup. One such E spectrum
is shown in Fig. 6 for 54-MeV Li + C at 8I b

——11'.
A relative-energy axis is also shown, calculated assum-
ing the alpha-triton separation angle to be the detectors'
center-to-center separation angle, with E~I" ——0.5 MeV.
(The minimum observable relative energy, correspond-

ing to inner-edge detection, is 0.3 MeV. ) The backward-
emitted alpha particles from sequential breakup can be
seen at E~ 20 MeV. The sequential peak is kinemat-
ically broadened due to the angular acceptance of the
detectors. The rest of the alpha events correspond to vir-
tual excitations, and thus represent the direct breakup of
7Li.

A. Li + C direct-breakup yields

The direct-breakup yield was corrected for detector ef-
ficiency, which is a function of relative energy and, hence,
a function of alpha energy. The detector efficiency was
calculated using the sequential breakup simulation, in
which the Li is excited to a virtual state determined by

= Ere) + Esep ~

The efBciency-corrected yield was summed over the ob-
ser ved alpha energies, excluding sequential breakup.
The high-momentum cutoff prohibited detection of those
forward-emitted alpha particles corresponding to large
relative energies. These events were roughly accounted
for by doubling the contribution from backward-emitted
alpha particles of the same relative energies.

In an earlier analysis [Ii), yields were obtained by sum-
ming over the backward-emitted alpha particles and dou-
bling the result to account for the forward-emitted al-
pha particles. Within experimental errors, the two ap-
proaches result in the same yields.

The direct-breakup differential cross sections for Li
+ ' C are shown in Fig. 7, plotted as a function of the
center-of-mass scattering angle of the primary 7Li. (For
direct breakup, the kinematics of the alpha-triton center
of mass are equivalent to the kinematics of the scattered
lithium. ) Certain scattering angles were inaccessible us-
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FIG. 6. Alpha energy spectrum for 54-MeV Li + C at
8) t, = 11', gated on elastic breakup. The sequential breakup
peak is at E ~ 20 MeV. Events with E & 20 MeV are
attributed to direct breakup. The high-energy detector cutoft'
is shown by the dashed line.

10-'
10 15 20

I I I I I

25 30

FIG. 7. Angular distribution for direct elastic breakup
of Li + C. An E1 Coulomb breakup calculation is shown
with a solid line (see text).
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with Zz the target nuclear charge, v, the initial rela-
tive velocity of the projectile and target in the entrance
channel, B(E1;E„e~) the reduced matrix element for an
El transition, and dpi(0, , ()jdQ the Coulomb excita-
tion function. The symmetrized adiabaticity parameter
is defined by

ZpZTe ( 1 1

iVf V, )
where Zp is the projectile nuclear charge and vy is the
final relative velocity in the exit channel. In terms of the
excitation energy,

Vg EL; —(I+ ) s

ing the in-plane detection system, due to blocking by the
beam dump. Therefore, a second telescope was mounted
12.5' below the spectrograph opening —constituting an
"out-of-plane" detector geometry —to probe these angles.
(Note that this out-of-plane geometry examined angles
between the breakup and reaction planes of 20' —43', and
thus is a weak measure of anisotropy. )

The measured yields are compared to a Coulomb-
breakup calculation, in which the standard Coulomb-
excitation formalism [15] is extended to virtual excita-
tions. It has been shown that alpha-triton direct cap-
ture proceeds predominantly by electric dipole radia-
tion through s-wave capture [16]. The Coulomb-breakup
cross section is then given by

'~ B(El; „, )dE„, ,

2

hv; )

However, further theoretical studies [7] have shown that
the spectrum of virtual excitations is quite diferent for
Coulomb and nuclear breakup —especially at the lowest

B. Li + Au direct breakup

The distribution of forward-emitted and backward-
emitted alpha particles should be roughly symmetric
about the single-value solution where the minimum de-
tectable relative energy (E„,I") is observed, correspond-
ing to equal fragment laboratory velocities. In the case
of 54-MeV 7Li + Au at 0) b = 19', E (EmIn)
29.6 MeV. However, for the results shown in Fig. 8,
the observed spectrum is very asymmetric about this
Eo(E„,~'"). There is, in fact, an apparent depletion in
yield of low-energy alpha particles from direct breakup.
Such a behavior is not observed in the fragment energy
spectra of "Li+ ' C.

The question of pos t-breakup acceler ation of the
breakup fragments due to the Coulomb repulsion of the
target has previously been raised for these reactions [3,
18, 19]. Such final-state interactions would have the ef-
fect of shifting the asymptotic energies of the breakup
fragments due to their diff'erent q jm. This differential
Coulomb acceleration would also alter their asymptotic
relative energies.

One can make a simple estimate of this eff'ect in terms
of the Coulomb interaction of the projectile and frag-
ments with the target. Assuming the breakup occurs at a
distance d from the target, the fragment-target Coulomb
potential is then calculated for each fragment. This re-
sults in an energy boost for the alpha particle of

where mT is the target mass. The B(E1;E„,~) val-
ues were computed using data from radiative capture
measurements [16] using detailed balance arguments [2].
The Coulomb excitation functions were calculated semi-
classically using standard techniques [15].

The solid line in Fig. 7 represents a Coulomb-breakup
calculation obtained from Eq. (1), integrated over the
relative energy range measured experimentally. As can
be seen, the experimental cross sections at forward an-
gles are significantly larger than the calculated Coulomb-
breakup yields. This lack of agreement indicates a large
contribution to the direct-breakup yield from the tar-
get nuclear field. (The importance of nuclear forces
on breakup has previously been observed using another
loosely bound projectile, the deuteron, in reactions with
a C target [17].) In order to extract direct-capture
cross sections from direct breakup using detailed balance,
direct breakup must be well described by a first-order
Coulomb process. Therefore, the direct breakup mea-
sured with the C target is not suitable for extracting
astrophysical S factors.

Recently, it was suggested [4] that a "universal"
relative-energy dependence of the breakup cross sections
(due to a "parallelism" between nuclear and Coulomb ex-
citations) may be used to extract direct-capture cross sec-
tions when there are nuclear components in the breakup.
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I'IG. 8. Alpha energy spectrum for 54-Mev "Li + ' Au
at 8)~b ——19'. The short-dashed line indicates the value of E
corresponding to E„&".The solid line represents the shift in
the asymptotic energy of the alpha particle, E (E„I")+bE
as calculated in the text.
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The triton experiences an equal and opposite shift in en-

ergy.
For sequential breakup via the 7/2 state, the long

lifetime of the state (7 10 20 s) leads to dissociation
far from the target, where these final-state interactions
are weak. Direct breakup, on the other hand, due to its
prompt nature, occurs closer to the target, and these en-

ergy shifts cannot be ignored. If the breakup is assumed
to occur at the classical distance of closest approach,
then the alpha energy shift as calculated by Eq. (2) is

AE~ = 1.5 MeU at e~~b ——20', in qualitative agreement
with observation (Fig. 8).

As is illustrated schematically in Fig. 1, different detec-
tor arrangements selectively sample breakup events from
different regions of the breakup spheres. For breakup
near the gold target, this sampling might be influenced

by target-proximity effects. To investigate this further,
the orientation of the detectors was reversed so that the
tritons were detected at more-forward angles than the
alpha par ticles.

This comparison was made for 54-MeV Li + Au,
with "in-plane" detector angles of 0 = 14' and 8~ ——

26.5', and "reversed"-geometry angles of 0~ = 24.8' and

0~ ——12.3'. These detector angles correspond to the same

laboratory scattering angle of 19.4' for the primary Li.
The alpha energy spectra for in-plane and reversed-

geometry measurements are shown in Figs. 9(a) and 9(b),
respectively. The asymmetry seen in Fig. 8 is again ob-
served in Fig. 9(a), but the direct E distribution in
Fig. 9(b) exhibits a small shift in energy, opposite in di-
rection to that observed with in-plane geometry. The
depletion of the sequential breakup at E 20 MeV in

Fig. 9(b) is a reflection of the collection time, since the
sequential breakup yield is insensitive to this reversal of
detector geometry. If one scales the spectra of Figs. 9(a)
and 9(b) by their sequential breakup peaks, one observes
a fivefold increase in the direct-breakup yield measured
with reversed geometry as compared to in-plane geome-
try.

The simple energy-shift calculation, which is indepen-
dent of detector geometry, fails to explain these results.
Therefore, a more realistic modeling of the breakup re-
action, including proximity effects, was undertaken.

C. Three-body trajectory calculations

A simulation was developed to calculate three-body
classical Coulomb trajectories in order to take fragment
orientation and fragment-fragment interactions into ac-
count. This simulation made the following assumptions:

(1) the particles follow Coulomb trajectories, (2) breakup
occurs at the distance of closest approach, and (3) at the
point of breakup, the 7Li is treated as an extended object.

For E1 breakup of 54-MeV Li + Au with 8~ b ——

19.4', the relative-energy distribution [determined by the
integrand of Eq. (1) and shown in Fig. 10) has a maximum
at 0.6 MeV. Therefore, the simulation was performed
using a single value of E„~ ——0.6 MeV.

Both 7Li and target follow Coulomb trajectories until
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FIG. 9. Alpha energy spectrum for 54-MeV Li + Au
at 8~ b = 19.4'. (a) In-plane detector geometry. (b) Reversed
detector geometry. The dashed lines are from simulations
that include post-breakup interactions (see text). The arrow
indicates the sequential breakup from the 7j2 state in Li.
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FIG. 10. E«~ distribution for 54-MeV Li + ' Au at
8) b ——19.4' calculated assuming E1 Coulomb excitation.
The yield is peaked at 0.6 MeV.
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they arrive at the distance of closest approach (d=23.2 fm
for 8~ b = 19.4 ). At this point, the 7Li is treated as an
extended object. An alpha-triton separation of 4.8 fm
is used, corresponding to a mutual Coulomb interaction
of 0.6 MeV. In the absence of any further target inter-
action, this separation will result in an asymptotic value
of E„~ ——0.6 MeV. The trajectories of the breakup frag-
ments are then calculated, subject to the target-fragment
and fragment-fragment Coulomb repulsions, until asymp-
totic values are obtained.

To illustrate the effects of treating the Li as an ex-
tended object, the trajectories of the nuclei in the exit
channel, calculated using four different in-plane orienta-
tions of the fragments at the time of breakup, are shown
in Fig. 11. In Fig. 11(a), the alpha particle and triton
are separated perpendicular to the trajectory of the Li,
with the alpha particle emitted closer to the target. This
orientation is then rotated successively by 1r/2, about
the alpha-triton center of mass, to generate Figs. 11(b),
11(c), and ll(d). The asymptotic energies and angles of
the fragments are shown in the figure for the four orienta-
tions. As can be seen, each orientation results in different
values of the asymptotic relative energy. This distortion
of the relative energy is a reflection of final-state interac-
tions with the target.

In order to compare the results of this simulation to
the experimental yields, the trajectories were calculated
for all orientations of the breakup fragments, chosen ran-
domly. The asymptotic angles at which the breakup frag-
ments were emitted were then compared to the angular
regions subtended by the detectors to determine coinci-
dence events.

Figure 12 shows the location of the alpha particle in
the 7Li frame, at the time of breakup. The z-z plane
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FIG. ll. Fragment Coulomb trajectories for 54-MeV Li
+ Au at H~~g = 19.4' for various breakup orientations with
respect to the target. Breakup occurs at the distance of clos-
est approach, d = 23.2 fm, with a local relative energy of
E„~ ——0.6 MeV. Asymptotic fragment energies and scattering
angles are indicated, as well as asymptotic relative energies.

FIG. 12. Alpha particle breakup spheres for 54-MeV "Li
+ Au at 8~ b ——19.4'. The x-z plane is the horizontal
plane, with z along the beam direction. The location of the
alpha particle at the time of breakup is plotted with respect
to the Li for a coincidence measurement with (a) in-plane ge-
ometry and (b) reversed geometry. For comparison, isotropic
emission of alpha particles is shown in (c).
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is the horizontal plane, with the beam in the +z direc-

tion. The isotropic emission of the breakup fragments is

illustrated in Fig. 12(c). The in-plane and reversed ge-

ometries select different regions of the breakup spheres,
as shown in Figs. 12(a) and 12(b), respectively. As can

be seen, a larger range of breakup orientations can be
detected with the reversed geometry, which is therefore

more efficient for detecting direct breakup. In fact, the

simulation reproduces the factor of 5 increase in de-

tector efBciency for the reversed geometry, as compared

to the in-plane measurement.
The resulting alpha energy spectra from the classical-

trajectory simulations for both in-plane and reversed ge-
ometries are shown in Figs. 9(a) and 9(b), respectively, as
dashed curves. The simulated spectrum for in-plane ge-
ometry was scaled to the measured yield, with the scaling
for reversed geometry then determined by the calculated
detector efIIciencies. The simulation qualitatively repro-
duces the experimental distributions for the two different
detector geometries. It should be noted that the distri-
butions generated by the simulation are sensitive to the
separation distance between the breakup fragments.

Recently, asymmetries in angular correlations have

been observed in 60-MeV Li ~ a + d breakup [19],
for which the q/m difFerential acceleration is negligible.
The measurements were performed forward of grazing on
a high-Z target (zMPb) and nuclear contributions were

not observed. The observed asymmetries could not be
reproduced by first-order Coulomb breakup, but rather
were attributed by the authors to final-state interactions.

Applying the three-body trajectory calculations (de-
scribed above) to sLi, in which the projectile is treated
as an extended object at breakup, we observe that target-
proximity effects distort the asymptotic relative ener-

gies of the breakup fragments. The simulations were

conducted assuming a fixed local E„,~ of 600 keV, an
isotropic distribution of breakup orientations, and a fixed
o-d opening angle of 12'. As was the case for Li, the
coincidence efticiency is strongly modulated by detector
geometry. In particular, the efBciency is found to vary
by a factor of 3 as the out-of-plane angle, Ps, varies

(using the notation of [19]). These simulations indicate
that fragment q/m ratios alone are not sufficient for eval-

uating final-state Coulomb eff'ects.

D. Li + ' Au direct-breakup yields

The efficiency correction used to extract yields on the
C target was generated using a sequential-like calcula-

tion, which, by its very nature, neglects target-proximity
effects. For data on Au, such effects are clearly evi-

dent, and, in fact, severely complicate the extraction of
breakup cross sections, since the ef6ciency is no longer a
function of just E„i (or E ), but now contains a strong
dependence on detector orientation. Therefore, in order
to calculate the experimental cross sections, the classical-
trajectory simulation was used to generate the e%ciency.
Since the simulated and measured E~ distributions have
similar shapes, the eKciency correction described earlier
can be reduced to a simple scaling.

The direct-breakup cross sections for Li + Au are
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FIG. 13. Angular distribution for direct quasielastic
breakup of Li + ' Au. An E1 Coulomb breakup calculation
is shown with a solid line (see text).

shown in Fig. 13. The solid line in Fig. 13 is the result of
an El Coulomb-breakup calculation (described earlier).
The experimental cross sections are approximately re-

produced, within a factor of 2, by the Coulomb-breakup
calculation, except at the most-backward angle. (This
backward angle is near the grazing angle calculated using

an effective interaction radius for the breakup fragments
and the target, where ro ——1.4 fm and the alpha-triton
separation is included. Therefore, the decreased yield is

most likely due to nuclear absorption —especially for the
in-plane geometry used. )

Agreement at the forward angles suggests that direct
breakup at these angles results from a Coulomb process.
However, to calculate S factors, one needs the local rela-
tive energy distribution (associated with the spectrum
of virtual excitation), as deduced from the measured
asymptotic distribution. To account for the final-state
interactions requires knowledge of where the breakup oc-
curred and what orientation the alpha particle and triton
had with respect to the target. However, even by im-

posing geometric constraints on the detection system, a
broad region of the breakup spheres is sampled. As a re-
sult, a given value of the asymptotic E„i is found to arise
from a convolution of local E„i and breakup-orientation
distributions. Consequently, there is no unique mapping
from asymptotic to local values of the relative kinetic
energy.

In contrast to these conclusions, another study of Li
breakup [3, 4] cited yield minima at E„i = 0 MeV (un-
shifted by Coulomb effects) as evidence that the breakup
took place far from the target. This was supported by
the long lifetime inferred from the width of the direct-
breakup continuum [3]. However, the stability of relative-

energy minima can also arise from the alpha-triton in-

teraction, and thus is not a good measure of final-state
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interactions with the target. Furthermore, the width of
the E„~ continuum is determined by transmission coef5-
cients and virtual photon spectra (the latter a reflection
of reaction kinematics), and thus cannot be analyzed as
a long-lived resonance [8].

V. CONCLUSIONS

Direct breakup of Li is observed on both C and
Au targets. For Li + i C elastic breakup, calculated

Coulomb-breakup cross sections substantially underpre-
dict the experimental yields, implying a strong nuclear
component in the reaction. For Li + Au quasielas-
tic breakup, the calculated Coulomb-breakup cross sec-
tions qualitatively agree with the data at the forward
angles. Even though direct breakup appears to result
from a Coulomb process at these angles, orientation ef-
fects and final-state interactions are found to distort the
energy spectra and modulate detector e%ciency. Such
effects prohibit one from accurately determining astro-
physical S factors.

More work is required to determine optimum experi-

mental conditions for using direct breakup to probe ra-
diative capture. Future experiments on Li + Au will

investigate the kinematic and geometric conditions un-

der which the post-breakup interactions and orientation
effects are minimized. Simulations show that these ef-

fects can be greatly suppressed by going to more forward

angles, corresponding to larger distances of closest ap-
proach. However, the direct-breakup yield diminishes

rapidly as the interaction becomes weaker, and thus a
more efficient detection system will be required.
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