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Clustering Characteristics of ®Li from the 6Li(cx,auc)Y Reaction
at E,=50 MeV
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The quasielastic scattering of 50-MeV « particles has been used as a tool to study the clus-
ter configurations of the ®Li nucleus by means of the ®Li(a, ax)Y reaction. Data have been ob-
tained in kinematically complete experiments and at exact quasielastic angles for those cases
corresponding to x =p, d, ¢, °He, and a. Analysis has been carried out in the framework of
the plane-wave impulse approximation. Quasielastic cross sections have been measured and
experimental momentum distributions extracted. Theoretical fits to these distributions using
simple Gaussian and exponential functions have been calculated and used to determine both ab-
solute and relative clustering probabilities with fair success. The more reliable relative prob-
abilities indicate strong p, d, and o clustering in SLi and rather weak ¢ and °He clustering.

1. INTRODUCTION

Multiparticle-breakup (MPB) reaction studies
have expanded substantially in recent years and
have provided a useful method of investigating nu-
clear structure and reactions.!™ Present detec-
tion and analysis techniques identify particles and
record coincident energy information for numerous
outgoing channels in kinematically complete experi-
ments involving more than two particles in the
final state. For relatively low bombarding ener-
gies, this type of experiment has been shown to
proceed by sequential-decay processes through
definite states of particle-unstable systems.*~"
For moderate bombarding energies, the “quasi-
elastic” (QE) process has been observed and stud-
ied.®~'° In this process, it is assumed that the
target nucleus has a structure consisting of identi-
fiable nucleons and/or clusters of nucleons, and
that the nucleons or clusters can be knocked out
of the system in a manner that can be described
in terms of elastic scattering of the incident par-
ticle and the product particle or cluster. Reac-

tions such as (p, 2p), (a,2a), and (p, pa) typify
this process.

The techniques of MPB, in general, and QE scat-
tering, in particular, should be very useful for in-
vestigating questions relating to the cluster and
shell models of nuclei, even though the interpre-
tation of such experiments is difficult and still de-
bated.!’ Some of the early QE experiments sug-
gested that in the (p, 2p) process it was possible
to knock out protons with different binding ener-
gies that were interpreted as being associated
with different shells of the nucleus.'®'® In addi-
tion, angular-distribution studies indicated that
angular momentum information about the target
nucleus could be obtained.'*!* This information
suggested that the shell model may not be valid
for the ®Li nucleus.!® Previous experiments have
investigated a given QE process, for example
(a, 2a), using various targets to determine the
validity of the assumptions used in the analysis
of such experiments. The validity of the plane-
wave impulse approximation'” (PWIA), the use
of a modified cutoff approximation,'® the separa-
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bility of the cross sections in terms of free elas-
-tic cross sections,'® and the question of what is the
appropriate energy for “off-the-energy-shell” ap-
proximations® have been discussed. ’
This experiment was performed to utilize the

QE process as a tool, rather than to investigate
the process; the purpose was to determine the
cluster configurations that could be observed in a
given nucleus. The nucleus °Li was examined be-
cause of the relative simplicity of the possible
cluster configurations. A search for p, d, ¢, °He,
and a clustering was accomplished by measuring
the cross sections for the °Li(a, ax)Y reactions
with x=p, d, ¢, *He, and a. Since °He is unstable,
no attempt was made to observe it, but the data
from the (a, ap) reaction furnish the appropriate
information on that clustering possibility. The ex-
periments were performed with the restriction that
the unobserved particle or cluster in each case
must be in its ground state and must be at rest for
some point on the kinematic locus. For every an-
gle pair used, a portion of the locus corresponding
to the appropriate QE process was identified. Pre-
liminary results of this work have been presented
at an American Physical Society meeting.!!

II. QUASIELASTIC SCATTERING PROCESS

Analysis of previous (p, 2p) experiments'*~*° has
led to a questioning of the validity of the shell mod-
el for low-A nuclei, particularly °Li. The first ex-
perimental data'? suggested that the least tightly
bound proton in °Li was bound in an 7=0 orbital.
This interpretation of the data was later proven
to be false using quite general arguments,?* Sub-
sequent analysis of these and similar data and
comparisons with theory have led to contradictions
indicating a quantitative breakdown of the shell mod-
el for °Li.'*?%2* The QE process should provide
a valuable method for further elucidating such prob-
lems of nuclear structure.

The cross section for quasielastic scattering in
the plane-wave Born approximation has the form?*

d30' do 2
o dndE, <P g, 12 @1%; ; (1)

where p [is the phase-space factor; do/dSQ; is the
c.m, differential cross section for free 1-2 scat-
tering; and |®(q)|? is the probability that the spec-
tator (3) has momentum g, given by the square of
the absolute value of the Fourier transform of the
spatial distribution of the spectator in the target.
The appropriate energy to use in selecting the
free scattering cross section is in question,'® and
can range between the initial- and final-state rela-
tive energies of the scattering particles. A.recent
experiment indicates that in the case of (o, 2a)

scattering the free cross section corresponding to
the final-state relative energy should be used.*
This was shown when a very sharp resonance in
the free a-a cross section was observed for a
final-state relative energy equivalent to this reso-~
nance energy, but not for an energy corresponding
to the initial-state relative energy. Experiments
on other reactions have not been successfully ana-
lyzed by using the final-state relative energy.2®

II. EXPERIMENTAL APPARATUS
AND PROCEDURES

A. Targets and Scattering Chamber

The 50-MeV analyzed a-particle beam from the
Naval Research Laboratory cyclotron was used to
bombard 99.4% isotopically enriched Li targets of
LiF with Mylar backings. An ORTEC 76-cm-diam

~ scattering chamber was used with a 0.95-cm-diam

halo entrance aperture, and the beam was collect-
ed in a Faraday cup approximately 4 m down-
stream from the target. The beam was aligned
and checked periodically by means of a small ap-
erture in place of the target.

B. Detection System

Two Si surface-barrier detector telescopes and
associated electronics, which includes two parti-
cle identifiers, a coincidence-event selection cir-
cuit, and an on-line EMR 6050 computer, com-
prise the data accumulation system. Transmis-
sion-mounted detectors in AE-E arrays in con-
junction with particle identifiers were used for
detecting protons, deuterons, tritons, *He, and
a particles from each of the telescopes. The tele-
scopes had an 0.32-cm-wide by 0.64-cm-high ap-
erture in front, and the thicknesses of the AE and
E detectors were 27 or 50 p and 4000 1, respec-
tively.

These detector telescopes, biased for total de-
pletion of each detector, were utilized with stan-
dard coincidence electronics. The resolving time
for the system was approximately 50 nsec, as-
suring detection of only those pulses occurring in
one rf cycle of the cyclotron. Accidental events
were decreased by pregating the analog signals

. to the particle-identifier units. The accidental

spectra were measured by inserting a two-rf-cy-
cle time delay in one logic leg and using a second
(accidental) coincidence arrangement to tag these
events for magnetic-tape storage.

Data for the (a, ax) reactions studied were accu-
mulated in a two-parameter mode with o energy
on the x axis, cluster energy on the y axis, and
counts on the z axis. Events from the QE and
sequential processes are on the kinematic locus



2012 LAMBERT, KANE, TREADO, BEACH, PETERSEN, AND THEUS 4

TABLE I. Experimental parameters for the quasielastic scattering reactions studied.

Oy, (@) Oy, (cluster) do/dQ (elastic) d’c/dQ%E (QE)
Reaction (deg) (deg) (mb/sr) (mb/sr? MeV)
6Li(or, 20)°H 44.0 44,1 2202 110 £33
8Li(er, aid)*He 17.5 59.2 30b 13 24
®Li(e, @®He)*H 22.6 22.3 10°¢ 0.7+0.3
Li(ar, t)’He 22.6 22.3 oeo ces
Li(a, ap)°He 104 28.7 50 4 4,5+2
104 36.1 86 d 5, 2
10.0 39.3 125 d 12 5

2H. E. Conzett, G, Igo, H. C. Shaw, and R. J. Slobodrian, Phys, Rev. 117, 1075 (1960).
bW. T. H. van Oers and K. W, Brockman, Jr., Nucl. Phys. 44, 546 (1963).

¢C. G. Jacobs and R, E, Brown, Phys, Rev, C 1, 1615 (1970).

dA, C, L. Barnard, C, M. Jones, and J. L. Weil, Nucl, Phys. 50, 604 (1964).

for the specific three-body breakup of interest,
Data along the locus projected on the x axis or y
axis provide detailed information about the exit-
channel particles. It was typically the case that

no background due to accidental events was pres-
ent under any of the loci of interest. Frequently,
however, the loci had sequential-process structure
which had to be subtracted. This structure, how-
ever, was usually quite small in comparison to

the data of interest. During data accumulation the
spectral information was tagged by the coincidence-
event selection circuit and was stored on magnetic
tape in the resolution of 1024 by 1024, while the
most important tagged spectrum was monitored
with a 64-by-64 scope display. The coincidence-
event selection could accommodate up to 16 types
of events. All accumulated data were called back
from the tape off line in any 2" by 2™ array where
n +m was less than or equal to 13, This technique
provided sufficient resolution for the data analysis.
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FIG. 1. Kinematic locus for the ®Li(c, 20)?H reaction
at lab angles 6, =44.1° and f,, =44.0°. Indicated on the

locus are the QE condition of 7T; =0 as well as the posi-
tions of possible sequential states.

C. Spectra

Coincidence spectra for the set of angle pairs
given in Table I were obtained. A monitor detec-
tor at 165° was used throughout the experiment to
provide a measure of the target deterioration,
which was minimal, It should be noted that the
angle pairs selected caused the structure due to
sequential-decay processes to move continuously
in a predictable manner; hence, providing a facili-
ty for identification of the spectral contents.

Energy calibration of the total system was ac-
complished by utilizing the two-body reactions
"Li(p, a)*He, °Li(p, ®He)*He, "Li(p, d)’Li(g.s.),
H(p, p)H, and H(w, @)H with coincidence and parti-
cle-identification requirements. This technique
allowed a simultaneous calibration of both axes,
and since the background was nonexistent, cali-
bration points were easy to obtain.

IV. EXPERIMENTAL RESULTS

For each of the QE scattering experiments, ®Li-
(e, ax)Y, a three-body final state exists which is
represented by a kinematic locus. Identification
of two of the three particles provides a kinemati-
cally complete experiment,! In each case, angles
were chosen so that some part of the locus would
correspond to the condition that Y have zero kinet-
ic energy in the laboratory system. An example
of the results is most easily discussed in terms
of the reaction ®Li(a, 2a)?H., Figure 1 shows the
kinematic locus for lab angles of 0o, =44.1°, %
=44.0° giving 90° scattering in the c.m. system.
The QE condition of E; =0 is indicated on the locus,
as well as the positions of nearby sequential states.
Figure 2(a) shows the projection of that portion of
the locus and exhibits a QE peak in good agree-
ment with previous results.?®»27-2® This peak has
a shape indicating a relative angular momentum
of 1=0 for the x-Y cluster (in this case, o and d).
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It is also possible to have QE scattering for 1+0,
and this is illustrated by Fig. 2(b) showing the re-
sults of "Li(a, 2a)®H with [=1, In this case, the
typical double-peaked structure has a minimum
at the QE position indicating the relative motion
of the a-¢ clusters. This double peaking may in-
dicate a measure of the cluster separation R,_;.
If the "Li(a, 2a)°H spectrum is plotted in momen-
tum coordinates as in Fig. 3, then the separation
between the peaks is 2Ap, corresponding to the
relative angular momentum of the a-¢ clusters.
Using the observed value of Ap =53 MeV/c gives
a measure of the separation, R, =#%/Ap=3.7 fm,
The results of °Li(a, ad) are shown in Fig. 4(a)
where the sequential competition is more promi-
nent than in the case of the (a, 2a) spectra. Fig-
ures 4(b), 4(c), and 4(d) show the results for x=¢,
®He, and p, respectively. All of these spectra
show clear indication of QE scattering, with the
exception of (a, at), the only one for which the
free cross section is not known in the energy
range of interest, (See Table L) In addition, the
(a, ap) experiment was run at two other pairs of

2013

QE angles in order to insure that it followed the
free cross section, and also to try to imprové the
measurement of the shape of the distribution. As
can be seen in Fig. 5, the relative cross sections
followed the free cross sections quite well. Be-
cause of the high background from « particles
elastically scattered from protons in the Mylar
backing, measurement of the shape was not com-
parable with that of the other QE reactions. In
this report, it should be noticed that the maximum
angle of the a detector for observing QE (a, ap) .
scattering is approximately 10°, which necessi-
tated the use of quite low beam currents in an at-
tempt to alleviate the high-background problem,

V. DISCUSSION

Applying the PWIA, it is possible to extract for
each clustering possibility an experimental momen-
tum distribution. As indicated earlier, this dis-
tribution represents the square of the Fourier
transform of the radial wave function of the target
nucleus. Considerable work had been done on the
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- ]
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FIG. 2. Projections of kinematic locus data onto an a-particle energy axis. (a) ®Li(c, 2¢)*H and (b) "Li (o, 2c0)°H.
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problem of a-particle and deuteron clustering in
61i,2%27-3¢ Theoretical momentum distributions
have been calculated using asymptotic s-state,
a-d-cluster-model, shell-model, and oscillator-
cluster-model wave functions. The normalization
of the theoretical curve to the experimental one is,
in principle, the probability of finding the target
nucleus in the particular cluster configuration
under consideration. Typical values obtained for
a-particle and deuteron clustering probabilities
in ®Li range from 2 to 20%.

In the analysis of the present experiment, it was
realized that one of the most interesting and im-
portant aspects was direct comparison of all the
various quasielastic processes. In light of this,
exact, detailed wave functions were ignored. Sim-
ple wave functions which could be applied in all
cases but which could still reveal interesting
trends in the data were used. Basically, these
functions were a Gaussian of the form

¥(r)= (g‘f—)m exp(-2¢.7%) , (2

and a Yukawa function having the form

w(&)*(q“)uze”a' 3)
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|0'°b
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FIG. 3. The "Li(a,2c)H projection plotted as a func-
tion of recoil momentum.
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The results for the (a,2a) and (a, ad) experi-
ments are shown in Fig. 6. The solid curves rep-
resent PWIA calculations, using simple Gaussians,
normalized to the data. Measurements of the full
width at half maximum (FWHM) and the normaliza-
tion factors are listed in Table II. There is a no-
ticeable shift of both the (@, 2a) and the (a, ad)
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data for different cluster configurations.
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FIG. 5. . Comparison of the experimental (a, op) quasi-
elastic scattering cross section (@%0/dQ?) and the a-p
elastic scattering cross section for both the initial- and
the final-state relative energy as a function of c.m. scat-
tering angle. The solid curves represent the elastic
cross section and the open circles the quasielastic. Nor-
malization is arbitrary.

peaks with respect to the ¢=0 point, This shift,

which is not predicted by the PWIA, has been at-

tributed to a long-range Coulomb interaction be-

tween the incoming a particle and the spectator.®®
It should be pointed out that the normalization fac-

" tors of clustering probabilities are almost identical

for (e, 2a) and (@, ad), as one would expect if a-d

CLUSTERING CHARACTERISTICS OF ®Li... 2015

is a valid cluster configuration for the °Li ground
state,

It is not possible to compare the (a, at) and
(a, a®He) data in the same manner as the (a, 2a)
and (a, ad) data. Although there is a small
(a, a®He) contribution, the (@, at) configuration
appears to be almost nonexistent. An interpreta-
tion of this phenomenon can not be made until
more is known about the a-triton elastic scatter-
ing cross sections in this energy region. The data
for these two experiments were obtained simul-
taneously at the same angles. This was possible,
since the only kinematic difference between the
two reactions is the small 3He~f mass difference.
As explained earlier, all parts of this experiment
were performed under the restriction that the spec-
tator be a single particle or cluster in its ground
state. This means that when a *He particle is
quasielastically scattered from a °Li nucleus, the
spectator is a triton, not two neutrons plus a pro-
ton or a neutron plus a deuteron. There must be
true ¢-*He clustering. Thus, if one is to reconcile
the (o, af) and (o, a®He) data and obtain equal nor-
malization factors in the frame work of the PWIA,
the a-¢ elastic scattering cross sections must be
considerably different at the particular angle and
energy used in this experiment,

The results for the (o, a®He) experiment are
shown in Fig. 7. The width of the (o, He) momen-
tum distribution is somewhat narrower than the
(a, 2a) distribution. This fact is in agreement with
the findings of Bachelier et @l.® which indicated
qualitatively that the (p, p*He) momentum distri-
bution was narrower than that of the (p, pa). The
over-all shape of the (o, a®He) distribution is that
of a relative /=0 configuration for the ¢ and 3He
particles in °Li. Direct comparison of the (a, 2a)
and (a, a®He) data indicates relatively little *He-¢
clustering in the ®Li ground state. Analysis of

TABLE II. Results of width measurements and normalization factors for theoretical fits to the experimental data.

Width (FWHM) Normalization
Reaction (MeV/c) Wave function (units of 1072
$Li(o, 201) 57 A? 0.95
Bb 16
ce 82
$Li(a, ad) 62 A 1.1
B 8.7
c 30
8Li(a, o®He) 44 A 0.001
: B 0.06
"Li(a, ap) 44 A 0.10
B 1.10
3 Gaussian,

b Asymptotic or Yukawa function with the correct binding energy and no cutoff,
¢ Yukawa function with the correct binding energy and a 5-fm cutoff,
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bution. The solid curve is a PWIA theoretical fit.
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data®”*® from the reaction "Li(*He, a)®Li in terms
of exchange mechanisms has suggested that there
is a finite probability of °Li existing in a *He +¢
configuration, The results of the present experi-
ment confirm the existence of this finite probabil-
ity but disagree with recent estimates®® of the
amount of *He-¢ clustering based upon analysis of
data on the direct radiative capture of *He by tri-
tons. However, such estimates employ radial
wave functions generated by a single-channel reso-
nating-group calculation which ignores the possi-
bility of a +d clustering. The present experiment,
on the other hand, considers all possibilities and
measures them in essentially the same manner.
The (a, ap) results are also shown in Fig. 8. Al-
though the statistics are poor for reasons dis-
cussed previously, the momentum distribution ap-
pears to reach a maximum at ¢=0 rather than a
minimum, This may imply a strong /=0 contri-
bution to this process not expected from shell-
model considerations. For this particular case,
both !=0 and /=1 wave functions are shown with
the data. The widths of these functions were cho-
sen so as to be consistent with the experimental
results, The FWHM for the /=0 curve, as shown
in Table II, is narrower than that of the (a, 2a)
data., The width of the I=1 curve yields a mea-
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FIG. 9. Variationf the magnitude and shape of mbmen-
tum distributions calculated for a Yukawa function versus
the parameter ¢, .

sure of the cluster separation, R,_sy =%/Ap
=16 fm,

The above results seem to indicate the same
conclusions concerning the shell model as the
early (p, 2p) experiments on ®Li., The experimen-
tal momentum distribution appears to have a shape
consistent with /=0 relative orbital angular momen-
tum for the p-°He system. Based upon spin and
parity arguments and our knowledge of *He, this
should not be so, If, however, this is really an
I=1 distribution with the minimum filled in or
masked over, the narrowness of the distribution
indicates a nuclear size somewhat inconsistent
with the shell model.

It is known that the binding-energy tail of the
wave function plays an important role and can
cause substantial variations in all phases of theo-
retical calculations., Figure 9 illustrates the vari-
ation of the magnitude and shape of momentum dis-
tributions calculated for a Yukawa or asymptotic
function versus g,. The parameter g, can be ex-
pressed as a function of the binding energy of the
knocked-out cluster in the target nucleus through
the two equations:

q.= (2mye)/?, 4)

o]

S
4

1@ [(MeV/c)"3

- O (a, ap)
O (a, 2a)
a (a,3He)
O (a, ad)

-8

1 1 1 1
-60 -40 =20 o] 2 4 60
q (Mev/e)

FIG. 10. Theoretical momentum distributions for p,d,

%He, and a-cluster knockout calculated using correct
binding energies.
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FIG. 11. Theoretical (o,2cr) momentum distributions
calculated using a Yukawa function with the correct bind-
ing energy. The different curves are for different cutoff
radii. ’

€=E, / <1 +Z—ﬁ) (5)

x

In these equations m, and m, are the mass of the
a particle and the mass of the knocked-out parti-
cle, respectively; € is the “reduced” binding en-
ergy; and Ej, is the true binding energy. Figure
10 shows the momentum distributions calculated
with the correct binding energy for p, d, *He, and
a knockout. Comparison of Figs. 9 and 10 indi-
cates that in order to fit the shape of each distri-
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bution the true binding energy, Ez, must be re-
duced from its known value. In all cases, howev-
er, the Yukawa function gives better agreement in
magnitude between theory and experiment than a
simple Gaussian; the agreement is much better in
cases in which the correct binding energy is used.

At low bombarding energies absorption and dis-
tortion effects are major problems. It has been
found that these effects along with a form of locali-
zation of the interaction can be-parametrized by
the introduction of a cutoff radius in the wave
function. Figure 11 shows the behavior of the cor-
rect-binding-energy Yukawa function for (a, 2a)
scattering as a function of the cutoff radius. Nor-
malization factors are given in Table II for all
cases treated.

In conclusion, it can be said that quasielastic
scattering can be used successfully as a tool in
studying the cluster structure of the light nuclei.
Considering the basic purpose of the present ex-
periment, analysis of the data in the framework of
the PWIA utilizing relatively simple functions is
justified and has served to point out several inter-
esting facts. Even at these energies, the PWIA
proves to be a fair approximation with several
obvious discrepancies. The necessity of introduc-
ing asymptotic functions and radial cutoffs indi-
cates that clustering is an extremely surface-ori-
ented phenomenon. Finally, absolute clustering
probabilities can not be obtained in this naive ap-
proach but good relative indications can. Absolute
probabilities are extremely sensitive to the form
of the wave function. Relative probabilities indi-
cate that ®Li has strong p, d, and @ clustering and
rather weak ¢ and ®He clustering.
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