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The °Li(a,a’) reaction was studied at E, =50 MeV. The angular distribution of the continuum region
near the °Li—a+d breakup threshold (1.475 MeV) was measured for 0),,=7°-40°. The data were ana-
lyzed in terms of plane-wave and distorted-wave impulse approximation calculations. To study the pos-
sible effects of recombination of the breakup clusters in the exit channel, distorted-wave Born approxi-

mation calculations were also performed.

PACS number(s): 25.55.Ci

I. INTRODUCTION

The origin of the continuum near the breakup thresh-
old in the scattering of an energetic projectile from °Li is
an interesting problem. The °Li nucleus is of special in-
terest because it has a predominant cluster structure with
a very low breakup threshold. The cluster structure of
®Li has been the subject of a large number of theoretical
and experimental investigations. Target breakup reac-
tions induced by various projectiles like protons, deute-
rons, alphas, electrons, and pions have confirmed the a-d
and 3He-t cluster structure of °Li [1-6]. In particular,
the low breakup threshold (1.475 MeV) of ’Li—a+d has
provided the opportunity to study the breakup reaction
mechanism and the structure of °Li both at high as well
as low incident energies. In the last few years, with the
advent of high-energy ®Li-projectile beams, the a-d clus-
ter structure of °Li has been studied with renewed vigor
through inclusive [7] and exclusive measurements [8] of
projectile breakup reactions. All these studies have
reasonably established that the °Li—a+d relative wave
function is of 2s character, and the a-d probability in the
ground state of SLi is ~0.73 [5]. Recently, for the
6Li(p,p’) reaction at 65 and 80 MeV, the angular distri-
bution of the breakup cross section was measured near
the a-d breakup threshold [9]. Although quasifree (QF)
scattering is found to play an active role here, a
significant deviation from the theory was observed at the
forward angles (6, <30°). The experimental continu-
um cross sections show a maximum at 6, , ~23.5°, i.e.,
at 0),,~20°, below which a dip in the cross section was
observed. The data were analyzed in the framework of
p+a two-body QF scattering using the plane-wave im-
pulse approximation (PWIA) for the ®Li(p,pa)’H reac-
tion. This analysis failed to account for the observed
sharp drop in the cross section at forward angles. It was
suggested that at the forward angles the QF scattering is
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strongly influenced by the final-state interaction (FSI),
with the knocked-out a and the spectator d, under the
condition of small relative energy, recombining into °Li,
an effect not taken into account in the PWIA.

We have studied the breakup of °Li near the a—d
breakup threshold with the °Li(a,a’) reaction at E, =50
MeV. Since the °Li—a+d binding energy is very small,
the a-d bound-state wave function has a long tail [4]. It
has already been observed [10,11] that alpha-induced
knockout reactions study the low density tail of the nu-
clear matter distribution. Protons, on the other hand, are
more sensitive to the interior of the target nucleus.
Therefore, a comparison of (p,p’) and (a,a’) data is of
considerable interest in understanding the reaction mech-
anism contributing near the a-d breakup threshold. The
a particles of 50 MeV are appropriate projectiles for this
type of experiment since the a-a two-body scattering
cross section in this energy region varies rapidly with
both scattering angle and incident energy. If the
®Li(a,a’) spectra near the breakup threshold originate
from the QF scattering between the projectile a and the
bound a cluster, the fluctuating structure of the two-body
scattering cross section will be reflected in the data. QF
scattering between the projectile ¢ and the bound d is
also a possible reaction channel, but its contribution in
our data, as explained in Sec. III, is much less than the
a-a QF cross section.

At E,=50 MeV, a predominant cross section for the
QF breakup of ®Li—>a+d has already been confirmed
from ®Li(a,2a)?H and ®Li(a,ad )*He in-plane exclusive
measurements [1,2]. These experiments, because of the
specific choice of the geometry, observed the broken-up
a-d pair at large relative energy. By choosing a fixed
continuum region near the breakup threshold it is possi-
ble to investigate the reaction at small relative a-d ener-
gy, and no such data exist for the ®Li(a,a’) reaction. In-
terestingly, in our SLi(a,a’) data we find that at forward
angles (6, <11°) the cross section of the fixed continuum
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region near the a-d breakup threshold does not show the
rise predicted by the impulse-approximation calculations
which incorporate a quasifree reaction mechanism. This
discrepancy indicates possibly a different reaction mecha-
nism contributing in this region.

In the following sections of this paper we discuss the
experimental details and the data (Sec. II), the analyses of
the data (Sec. III), and finally the possible implications of
our results (Sec. IV).

II. EXPERIMENT

The experiment was carried out at 50 MeV incident al-
pha energy using the unanalyzed beam available from the
Variable Energy Cyclotron at VECC, Calcutta. The
beam resolution was about 180 keV. A self-supporting
°Li target was prepared by rolling enriched °Li (~99%)
metal. The target thickness was 3.20+0.16 mg/cm?.
For particle identification we used several AE-E systems
with 80—100 pum silicon surface-barrier AE detectors and
1.5-2 mm Si(Li) E detectors. However, from the gated
spectra it was found that there was no interference from
particles emitted through other reaction channels in the
energy region we were interested in, i.e., 1 MeV from the
SLi—a+d (1.475 MeV) breakup threshold. This is be-
cause the wvarious competing processes like
a+Lisa+p+n+a, at+®Li>a+p+°He, a+°Li—a
+°He+t open at 3.7, 4.59, and 15.8 MeV, respectively.
The energy loss of protons or deuterons of energies ~50
MeV in 2 mm of Si detector is too small to cause any in-
terference in the region of interest. The data were taken
at 28 angles from 7° to 70° in the laboratory frame. Stan-
dard electronics were used and the data were recorded on
magnetic tape using a Canberra S-88 multichannel
analyzer. The beam current, measured with a Faraday
cup, a current integrator, and scalar, was kept between 1
and 40 nA depending on the angle of observation. The
data were analyzed using a ND-500 (NORSK-DATA)
computer.

A typical spectrum is shown in Fig. 1. Since the alpha
particle is an isoscalar probe, the states with isospin
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FIG. 1. Spectrum from the °Li(a,a’) reaction at E,=50
MeV for 0,,,=23.5°.

T =0 are seen to be strongly excited [12]. The arrow be-
tween the °Li(1*, 0.0 MeV) and SLi(3%, 2.185 MeV)
states indicates the breakup threshold of °Li—a+d
(1.475 MeV). In evaluating the elastic and inelastic cross
sections for alpha particles on ®Li, the contributions from
the elastic and inelastic peaks of impurities such as '°O,
12C, "Li, and 'H were subtracted whenever necessary by
Gaussian peak fitting. The data for those angles at which
the peaks of ®Li were not resolvable from the peaks of im-
purities were discarded.

The elastic peak of °Li was fitted by a Gaussian peak-
fitting routine. The angular distribution of the ®Li(a, )
elastic cross section is plotted in Fig. 2, the errors are the
size of the data points, or smaller.

The integrated counts with a fixed energy bin of 1 MeV
starting from the a-d breakup threshold (1.475 MeV)
were considered for calculating the double differential
cross section d%0 /dE dQ. This 1 MeV region of interest
is sitting on top of the high energy tail of the 2%, T=0,
4.31 MeV state peak of °Li. The first excited state peak
of ®Li (37, T'=0, 2.185 MeV) also contributes in this re-
gion of interest. The contributions from both the 4.31
MeV state and the 2.185 MeV state of °Li were subtract-
ed separately to obtain the a-d breakup cross section.
Both the peaks were not fitted simultaneously because of
the presence of the breakup continuum. The breakup
continuum is not of a known standard shape. An arbi-
trary choice of a common background would imply a pri-
or knowledge of the shape of the breakup continuum over
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FIG. 2. Elastic angular distribution for a scattering from °Li

at E, =50 MeV. The solid line is an optical model calculation
with parameters from Table I.
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a large energy range covering both the 4.31 MeV and the
first excited state peaks. Also, at larger excitations con-
tributions from high-lying resonance states and other
breakup channels may add to the background. It is for
this reason that we have restricted our observation of the
breakup cross section to the narrow 1 MeV window start-
ing from the breakup threshold. In this 1 MeV region of
breakup continuum, contributions from any other reac-
tion channel except the 2.18 and 4.31 MeV excited states
of SLi are practically nonexistent.

The 4.31 MeV state is an unbound state with a large
width of 1.71+0.2 MeV [13]. Accordingly, a Breit-Wigner
(BW) fit was made to this peak and the contributions
from its high-energy tail to our region of interest were
subtracted from the total counts. In the fitting procedure
we confined our search for the width of the unbound state
within the experimental values of 1.71+0.2 MeV. The fit
obtained is shown in Fig. 3. Varying the width over the
experimentally reported uncertainty of +0.2 MeV leads
to an error of about 2% in our region of interest.

The first excited state of °Li is also an unbound state
but with a small intrinsic width of 0.02410.002 MeV.
This peak was fitted with a Gaussian shape and its contri-
bution was also subtracted from the counts of our region
of interest. The subtraction was done both graphically
and by means of a Gaussian peak-fitting routine resulting
in inelastic yields which in general agreed within 1%. An
error matrix analysis of the first excited state peak-fitting
procedure gives an error which in general increases with
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FIG. 3. Spectrum from the ®Li(a,a’) reaction at E,=50
MeV for 0,,,=23.5° showing the continuum yield after subtrac-
tion of the 2.185 and 4.31 MeV peaks. The experimental data
are represented by the upper histogram (1). The dashed line his-
togram is the Gaussian fit of the 2.185 MeV peak. The dotted
line is the BW fit of 4.31 MeV peak obtained with a width of 1.5
MeV. The lower histogram (2) is the continuum yield. The
DWIA calculation for °Li(a,2a) reaction with normalization
constant 0.76 is shown by the full line. The arrows show the po-
sitions of the various peaks, the threshold of different reaction
channels, and the position of the a-a QF scattering (g =0). The
position of the a-d QF scattering is at a higher excitation energy
(13.6 MeV).
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increasing angle. The error is ~0.5% for lower angles
and ~1.5% for larger angles, only at one angle
(6),,=40°) the error is ~5%. Figure 3 shows a section of
the inclusive a spectrum at 23.5° with the separate contri-
butions from the 2.185 MeV peak (Gaussian fit), the 4.31
MeV peak (BW fit), and the continuum yield obtained
after subtraction of the contribution from the above two
peaks. The DWIA calculations (see Sec. III) for the a-d
breakup cross sections, arbitrarily normalized (spectro-
scopic factor=0.76) at 23.5°, are also shown. We find
that in our 1 MeV region of interest, the DWIA calcula-
tions agree with the extracted a-d breakup continuum.

The breakup data were extracted for 6,,,=7° to 40°
beyond which we could not isolate the 27, 4.31 MeV
state peak from the impurity peaks. In Fig. 4 we show
the angular variations of the counts for the first excited
state, the tail of the BW peak in our region of interest (di-
vided by a factor of 10), and the breakup continuum cross
section for the same 1 MeV region all plotted in the labo-
ratory frame. The angular distribution of the first excited
state peak (37, 2.185 MeV) in the center-of-mass frame is
shown in Fig. 5.

Figures 6 and 7 represent the double differential cross
sections for the continuum yield corresponding to the ex-
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FIG. 4. Angular distribution in the laboratory frame. A
*Li(a,a,) °Li*, (3%, 2.185 MeV), @ breakup continuum in the
1.47-2.47 MeV region, * Breit-Wigner tail of 2, 4.31 MeV
state within 1.47-2.47 MeV region.
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citation energy range 1.47-2.47 MeV in the ’Li(a,a’) re-
action at E,=50 MeV plotted against the laboratory an-
gle (6,,) and the center-of-mass angle (6, ,, ), respective-
ly. The error bars in Figs. 6 and 7 originate from statist-
ical and systematic errors. These include (i) the error due
to the peak subtraction discussed earlier, (ii) the uncer-
tainty in the determination of the solid angle (~2.5%),
and (iii) the uncertainty in the target thickness measure-

ment, the main contribution coming from the estimation™ -

of the correction in thickness from contaminants. The
error due to this factor was estimated to be about 5%.
The total error due to all these factors vary from 9% to
15% for the different experimental points. The data at
01.,=7° and 9° have relatively larger errors (~20%) due
to the presence of a+'H elastic peak near our region of
interest. Also, we could not subtract the BW tail at the
angles 7° and 9° because of the presence of the impurity
peaks near the 2%, 4.31 MeV state. Therefore, the con-
tinuum cross sections at these two angles should be taken
as the upper bound of their values. At larger angles this
hydrogen peak no longer interferes with our data. It
should be noted that the contribution from sequential de-
cay, which can be seen in exclusive measurements, is
completely absent in our data; in our inclusive spectra
they appear in the low-energy region, far from our region
of interest.

From Figs. 6 and 7 we find that the nature of ®Li(a,a’)
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FIG. 5. Angular distribution for the 3% (2.185 MeV) excited
state of °Li from the °Li(a,a,) reaction at E,=50 MeV. The
solid line is the DWBA calculation with deformation parameter
=0.45 and optical-potential parameters from Table 1.
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FIG. 6. Double differential cross sections for the continuum
yield corresponding to excitation energy of 1.47-2.47 MeV
(near the a-d breakup threshold) in the Li(a,a’) reaction at
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with normalization constant 0.14 (---), DWIA calculations
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data is quite different from that observed in ®Li(p,p’)
studies [9]. The (a,a’) data show a diffraction structure
with the first minimum falling around 6., ~30°. This
feature is completely absent in the (p,p’) data. At our in-
cident energy alpha-alpha scattering is highly diffractive
with considerable structure in its angular distribution
whereas proton-alpha scattering is not. As mentioned
earlier, this fluctuating structure of the continuum cross
section in the ®Li(a,a’) data may originate from the
quasifree scattering between the projectile and the bound
alpha clusters. Therefore in the following section we ana-
lyze our data first in the framework of a QF reaction
mechanism.

III. ANALYSIS

To investigate the origin of our continuum data near
the a-d breakup threshold we have carried out the fol-
lowing analysis.

A. Quasifree scattering

First we consider a quasifree (QF) reaction mechanism.
In the QF mechanism the incident projectile interacts
with either a bound alpha or a bound deuteron cluster in-
side the ®Li-target nucleus and this two-body interaction
knocks that particular cluster out of the target nucleus
while the residual nucleus recoils with the same momen-
tum it had before the interaction. This means that the
(a,a’) cross section near the breakup threshold originates
from either the ®Li(a,2a)?H or ®Li(a, ad )a reaction. In-
side the nucleus, the bound cluster has a distribution of
relative momentum (q) including zero. At the g =0
point, the interaction between the projectile and the
bound cluster is almost like a free two-body interaction
except for the presence of the binding energy.

For such a QF two-body kinematic calculation, we find
that the ¢ =0 point for both the a-a and a-d scattering
lies very close to the breakup threshold (our region of in-
terest) at the forward angles, and as the observed scat-
tered angle increases, this ¢ =0 point moves toward
lower scattered alpha energies compared to the a+°Li
elastic peak. This can be easily understood because both
in a+a or a+d QF scattering the bound « or d target is
lighter than the target °Li. Our window of measurement
of continuum cross section is fixed (only 1 MeV from the
breakup threshold) and this implies that as the scattering
angle increases we are scanning progressively larger
values of g for the a-d bound-state wave function (Fig. 8).

In °Li, the relative orbital angular momentum of the a
particle and the deuteron is restricted to L =0 or 2 and
many previous studies have shown that L =0 dominates
[5]. The relative momentum wave function, ®(q), thus
has a maximum at g =0 (Fig. 8). Therefore, according to
the QF model, in this fixed energy bin one expects rela-
tively larger cross sections at forward angles compared to
backward angles. However, in the SLi(p,p’) experiment
[9] this expectation was contradicted and a sudden fall of
cross section was observed at the forward angles. At
first, to understand the trend of our (a,a’) data, we did
the PWIA analysis as was done in the °Li(p,p’) work.
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FIG. 8. The a-d internal momentum distribution of °Li. The
solid curve is used for this analysis (see Ref. [4] for details). The
dashed curve is obtained using Kukulin’s wave function [18].

Since alphas are strongly absorbed particles, it is expect-
ed that the distortions of the incoming and outgoing
wave functions caused by the presence of the residual nu-
cleus will be important [1]. For (p,p’) it was conjectured
that the final-state interaction (FSI) might play an impor-
tant role in explaining that data. Accordingly, we per-
formed DWIA calculations which include most of the
FSI except for the recombination effect in which the
bound clusters recombine immediately after breakup.

For both the PWIA and DWIA analyses we have used
the THREEDEE code of N. S. Chant. In both these
theories the three-body knockout cross section for
A(a,a’'b)B reaction takes a factorized form [14]

d3c do

_ ® v @@ = 2 240
40.d0,dE,  KFLC S1e@F 5 la-s

(1)

where KF is a known kinematic factor, (do /dQ)|, _ p 1S
properly a half-off-the-energy-shell cross section for the
interaction of particles @ and b. The quantity CZ2S
represents the probability of finding the cluster b inside
the target nucleus 4 and ®(q) is the momentum distribu-
tion of the cluster b in the target 4. In DWIA this ®(q)
is modified by distortion effects and is replaced by
3, TE*, the so-called distorted momentum distribution
given by
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TLK:(_Z_L-:_I)I_/Z_ fxz—)t(r)xz—)t(r)q)nl‘j(r)

x x5 %r dr, @)

where the Y’s are the incoming and outgoing distorted
waves and @, ;(r) the bound cluster wave function in the
ground state of the nucleus. In the plane-wave limit, T**
is simply the Fourier transform of the cluster wave func-
tion.

In this analysis we have used the impulse approxima-
tion and therefore we have replaced the (do /dQ)|, _, by
an appropriate on-shell two-body cross section. The final
energy prescription (FEP) has been used because in previ-
ous studies [1,4] this prescription has been found to be
most suitable.

In order to obtain the double-differential cross section
corresponding to the inclusive measurement at a particu-
lar laboratory angle 6,, we integrate over the solid angle
of the unobserved particle

d%c _ d3o
dQ,dE, dQ,dQ, dE,

dQ, . (3)

For each 6, we find that there is a range of allowed 09,,
the scattering angle, and §,, the out-of-plane angle of the
unobserved particle. Both g and (do /dQ)|,_, vary with
8, and 8,. Therefore at each 6, we scan over a certain
portion of the bound-state momentum wave function
O(q).

The a-d bound-state wave function of °Li has been ex-
tensively investigated theoretically by many authors
mostly using either a microscopic cluster model [15,16]
or a three-body (aNN) model [17-19] based on the Fad-
deev formalism [20]. Both the cluster model and the
three-body model predict an effective antisymmetrized
S-wave function of the 25 form, i.e., a wave function that
has a node. This 2S structure has been experimentally
confirmed in the noncoplanar ®Li(p,pd )*He reaction by
Warner et al. [21] and by °Li(e,e’d )*He reaction by Ent
et al. [5]. In a knockout reaction it has been found that
the shape of the momentum distribution at small momen-
ta is determined by the tail of the bound-state wave func-
tion, and at larger recoil momenta the distortion effects
tend to remove most of the large differences between
different wave functions [4,10]. Since the alpha is a
strongly absorbing particle, in an alpha-induced reaction
a proper treatment of the asymptotic tail of the bound-
state wave function by accurate inclusion of the Coulomb
interaction is extremely important. Kukulin et al. re-
cently solved the ®Li three-body problem by the Faddeev
formalism, including exact treatment of the Coulomb
effect [18,19]. Warner et al., in the analysis of (p,pd)
data on °Li, took the bound-state wave function as the
eigenfunction of a Woods-Saxon potential with the ener-
gy eigenvalue the same as the a-d separation energy
[21,22] and found that the use of the properly antisym-
metrized Kukulin wave function [18] produces identical
results. In our analysis we have also used a Woods-Saxon
wave function [4] and this wave function, as shown in
Figs. 8 and 9, is virtually identical with that generated by
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FIG. 9. The a-d bound-state wave function. The solid line
corresponds to wave function generated in a Woods-Saxon po-
tential and the dashed line to the Kukulin wave function [18].

Kukulin et al.
For the distorted-wave calculations the optical poten-
tial is of the form

Vopt == Vf(r,rq,a)
—i(W—4Wpa'd/dr')f(r,r',a’)+ Vo

where
-1

flryrg,a)=

and V¢, is the Coulomb potential of a uniform sphere of
charge with radius 7, 4 /3, 4 being the target mass.
Starting with the parameters of Bragin et al. [23] ob-
tained at E,=50.5 MeV we made a search of optical po-
tential parameters. Figure 2 shows our 6Li(a,ao)f’Li (1",
0.0 MeV) elastic scattering data and the optical model
calculations with the parameters given in Table I. The
calculations fit our elastic data up to 6, ,, ~70°. The rise
in the cross section beyond this angle is well understood
in terms of the exchange effect [23] which is not incor-
porated in our optical model calculations. In Fig. 5 we
show the angular distribution of the 3%, 2.185 MeV excit-
ed state of °Li along with the DWBA calculations using
the same optical potential parameters as given in Table 1.
The calculations were carried out using the code DWUCK4
[24]. We have used the deformation parameter B=0.45
to normalize our DWBA calculations with the data. This
is in reasonable agreement with those obtained from the
theoretical B(E2) values given in Ref. [25]. Although
the fit is not very good, it reproduces the overall structure
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TABLE 1. Optical-potential parameters.

Reaction E System & 7o a r. W Wp ro a’' Ref.
*Li(a,2a)H 50.0 a+°Li 85.98 1.15 0.8 1.3 0.0 14.01 1.7 0.657 b
52.0 d+ta 103.16 1.05 0.775 1.3 0.0 8.174 128 0.741 [26]
—0.5E
Bound state 77.0 147 0.71 147 0.0 [4]
‘Li(a,ad )a 500 a+°Li 85.98 1.15 0.8 1.3 0.0 14.01 1.7 0.657 b
47.1 ata 107.0 1.14 0.7 1.14 1.0 0.0 1.14 0.7 [27]

In the distorted-wave impulse approximation calculation for the reaction A(a,a’b)B, the well depth V'
for a+°Li was multiplied by B/ 4 to crudely exclude the interaction between the incoming a and the

knocked-out particle.
*This work.

of the angular distribution. The possible effect of alpha-
cluster exchange leading to the excited state of °Li has
not been investigated here. Appropriate consideration of
this effect might produce a better fit to the data.

In our DWIA calculations, the optical-potential pa-
rameters used for the a+9Li entrance channel are given
in Table I. In the outgoing channel for the °Li(a,2a)’H
reaction we have one alpha with very high energy (due to
our selection of the energy bin near the a-d threshold)
close to the elastic a energy and the other with relatively
low energy. For the high-energy scattered a in the a-d
channel we have used the energy-dependent optical-
potential parameters of Hinterberger et al. [26]. For the
®Li(a,ad )*He reaction in the a+*He channel, we have
used the optical-potential parameters obtained at
E_ =47.10 MeV [27].

Since in an inclusive measurement only one of the par-
ticles is detected, the wave function of the unobserved
particle cannot be complex and should be calculated in a
purely real potential [28]. It should be noted that since
the kinematics and the phase-space factor require the
unobserved particle to make a transition to the continu-
um, Pauli blocking is automatically included. Because
we have confined our measurements to the high energy
scattered a-particle region, the energy of the unobserved
particle is extremely low where optical-potential parame-
ters are not available. Therefore we have retained only
the Coulomb potential between the unobserved particle
and the residual nucleus, assuming very little nuclear in-
terference at this low energy.

To estimate the QF contribution in our (a,a’) data, we
have considered both the °Li(a,2a)*H and °®Li( a,ad )*He
reactions at E, =50 MeV. In these reactions, a-a two-
body and a-d two-body interactions are expected to play
dominant roles. In our inclusive cross-section calculation
we find that at each 0,, the unobserved particle can have
a wide range of 0, and 8, and the corresponding effective
two-body laboratory energy may differ considerably from
50 MeV. The a-a and a-d two-body cross sections have
been taken at appropriate effective laboratory energies
and c.m. angles (from the FEP) using a smooth interpola-
tion of the available a-a data in the energy range 29-53
MeV [29-31] and the a-d data in the range 30-52 MeV
[26,32]. In these energy regions both a-a and a-d two-
body cross sections vary rapidly with energy and angle.

From Egs. (1) and (3) we find that we have to integrate
over various values of (do/dQ)|,_, and therefore a
comparison of the contribution of the %Li(a,2a) and
®Li(a,ad) reactions cannot be made just on the basis of
the relative magnitudes of a-a and a-d two-body cross
sections at E,=50 MeV. However, with the increase of
0,, the ¢ =0 point (at which the maximum of the cross
section occurs) corresponding to the (a,ad) reaction
moves more rapidly towards lower scattered alpha ener-
gies than for the (a,2a) reaction. Therefore, as 6, in-
creases, we find less and less (a,ad ) reaction contribution
to our data.

The PWIA and DWIA calculations for the ’Li(a,2a)
reaction (with different normalizations) are shown in Fig.
6. The normalization factor for the PWIA calculation is
0.14. This is consistent with the values of 0.08-0.20
found from analysis of ®Li(a,2a) reactions using various
wave functions [1-3]. In Fig. 6 the solid curve
represents the DWIA calculations with a normalizing
constant (spectroscopic factor) of 1.0 which is close to the
microscopic estimate of 0.93 [33]. The spectroscopic fac-
tor obtained from the °Li(e,e’d )*He reaction, where dis-
tortion effects are expected to be minimum, is 0.73+0.09
[5]. The best overall fit to our data seems to correspond
to a higher normalization constant. DWIA calculations
with a normalization constant of 1.8 seem to be in reason-
able agreement with the data as shown by the dash-
dotted curve in Fig. 6. The uncertainty in the spectro-
scopic factor arises mainly from the uncertainty of the
optical-potential parameters especially because they are
not well determined for a few nucleon systems. More-
over, it has already been observed that in the alpha-
particle-induced cluster knock-out reactions the DWIA
calculations reproduce the shape of the angular and
energy-sharing distributions but they usually overpredict
the spectroscopic factors [10,34]. We find that both the
PWIA and DWIA calculations for the °Li(a,2a) reaction
agree well with the general trend of the data for 6,,, ~11°
to 30°. The DWIA calculations give a deeper first mini-
ma in the angular distribution and the peak near
01, ~25° is slightly shifted from the one obtained in
PWIA calculations. At angles 6,,, <11° the experimen-
tally obtained cross sections are much less than the calcu-
lated values. This decrease in cross sections at forward
angles is not due to the effect of distortions because both
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PWIA and DWIA show a sharp rise in cross section in
this region and a variation in normalization does not ac-
count for this discrepancy. At 6, >30° the calculated
cross sections underpredict the measured values. By add-
ing the contributions from the ®Li(a,ad )*He reaction in-
coherently with the °Li(a,2a)*H results, we find that this
increases the total calculated cross section by ~20% at
O, =12.5°, ~10% at 22.5°, ~4% at 30°, and even less at
larger angles. This clearly, therefore, cannot resolve the
observed discrepancy, i.e., overpredicting the cross sec-
tions below 6,,,~11° and underpredicting the cross sec-
tion above 30°.

The most striking feature that comes out of this
analysis is the failure of the quasifree reaction mechanism
near ¢~0. This feature was also observed in the
®Li(p,p’) reaction where similar overpredictions of quasi-
free scattering calculations were found for 6, =25° (i.e.,
0. m. =30°) [9]. We find that for our (a,a’) data at
E_ =50 MeV, the momentum transferred to the system
by the projectile is ~117 MeV/c at 0,,,=11°. The same
value of momentum transfer is obtained for the (p,p’)
data at E,=65 MeV, when 6,,,~19.5° the angle where
the experimental cross section reaches its maximum. It
seems therefore that the onset of discrepancy in both
®Li(p,p’) and Li(a,a’) reactions corresponds to roughly
the same magnitude of momentum transfer.

It should be noted that by our choice of data window
at the high energy part of the continuum we are observ-
ing the low energy transfer, i.e., the relative energy of the
broken up a-d pair is small. The above observation pos-
sibly indicates that at forward angles either the QF mech-
anism does not work for small relative energy or some
other reaction mechanism (such as strong final state in-
teractions leading to recombination of the a-d clusters)
contributes to lowering the cross section. It would also
be interesting to see the effect of the proper treatment of
the coupling term in the DWIA calculations [35].

B. DWBA analysis

Although the DWIA takes care of most of the final-
state interactions (FSI) between the outgoing particles
and the residual nucleus, it does not include recombina-
tion effects. Of course, if the recombination between the
knocked-out particle and the residual nucleus occurs on a
long time scale, the scattered a particle remains
unaffected and this would have no effect on the inclusive
spectra. On the other hand, if the recombination occurs
on a very short time scale producing a two-body final
state instead of a three-body system, this would affect the
kinematics of the scattered a particle. Because of the
special choice of kinematics selected for our data reduc-
tion, there is very little energy left for the bound a and d
clusters. Due to this constraint, the ¢ and d will not
separate after breakup. In fact we may visualize this as if
the interaction between the projectile and the target ex-
cites the target to a virtual state (1.475 MeV, in our case),
and the bound clusters do not get separated after the
scattering, thereby producing a two-body final state.

With this in mind we have carried out a distorted-wave
Born approximation (DWBA) analysis of our data. The
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ground state of °Li has J7=1" with a-d relative angular
momentum predominantly L =0 [5]. The spin and parity
of this virtual excited state are also assumed to be 17,
which is a possible configuration if the relative angular
momentum L between the clusters is 2 instead of 0. The
DWBA analysis of this 1%, 1.47 MeV state has been done
using the parameter set 1 of Table I, with the code
DWUCK4 [24]. To normalize the calculations with the
data we have used an arbitrary normalization factor
which corresponds to $=0.19. In Fig. 7 we find that
though the DWBA calculations are unable to explain the
full angular distribution, they do produce a reduction of
the cross section at forward angles.

IV. DISCUSSIONS

We studied the °Li(a,a’) reaction at E,=50 MeV to
examine the mechanism of ®Li breakup into a +d clusters
at small relative energy. We selected a region of excita-
tion energy 1 MeV wide starting at the a-d breakup
threshold, and measured its angular distribution. We find
that the data show a sharp rise in cross section with de-
creasing scattering angle up to about 6,,~11°
(6. ~20°). We analyzed the data in the framework of
the quasifree reaction mechanism and performed impulse
approximation calculations. The DWIA shows fair
agreement with the general trend of the observed cross
sections between laboratory angles of 11° and 30°. At for-
ward angles (6),, <11°) both the PWIA and DWIA cal-
culations show a continuous rise in cross section in con-
trast to the data. At scattering angles greater than
0., =30°, the PWIA and DWIA calculations both under-
predict the observed cross section. These larger angles
correspond to the larger relative momenta (q) for the
bound a-d clusters, and the failure of impulse-
approximation calculations for cluster knockout reac-
tions at large g has been observed before [1,10,34]. The
important finding of our work is that standard impulse-
approximation calculations fail to reproduce the observed
data at forward angles (near ¢ ~0) where the quasifree
mechanism is expected to be most valid. Similar phe-
nomena were also observed in the ®Li(p,p’) reaction [9]
in which the experimental cross sections showed a
significant deviation from the plane-wave impulse-
approximation calculations for 6,,, <25° (i.e., 6., =30°).
For the ®Li(p,p’) data, the experimental cross sections
were found to reach their maximum values at 6, ~20°.
Whereas, in the °Li(a,a’) data this maximum occurs at
01, ~ 11°. It is pertinent to note that both angles corre-
spond to nearly the same magnitude of momentum
transfer for the two reactions. This possibly indicates the
breakdown of the quasifree breakup reaction mechanism
for small relative energies for the outgoing particles when
the momentum transfer falls below a critical value. Since
the alpha is a strongly absorbed particle, we have carried
out distorted-wave-impulse-approximation (DWIA) cal-
culations. But we find that the reduction in cross sections
at the forward angles is not an effect caused by the distor-
tions. The DWIA used in our analysis include most of
the final-state interactions (FSI) except for recombina-
tion. Possibly a full Faddeev three-body calculation for
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the continuum, including the FSI, is needed.

As a first attempt to understand the effects of this
recombination we performed DWBA calculations assum-
ing excitation of a virtual state at the breakup threshold.
The DWBA calculations do show a sharp decrease in
cross section for 6,,,<11° but comparison with the
overall angular distribution data reflects the inadequacies
of the DWBA calculations. Recombination effects could
possibly be studied by coupling the 1%(g.s.)-3"-
continuum (C7') states with all possible reorientation
terms in a conventional coupled-channel calculation.
These calculations, along with the alpha-cluster exchange
phenomena, properly incorporated, might provide a
better understanding of both our elastic and inelastic
data. Additionally, experimental data on the °Li(d,d’)
reaction near the a-d breakup threshold would be useful.
A comparison of the (d,d’) data with the (a,a’) and

(p,p’) work may provide further insight into the break-
down of the QF formalism and a possible change in the
reaction mechanism below a critical value of momentum
transfer.
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