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The 'Li(p, 'He)'He reaction was studied at incident proton energies of 12, 14, and 16 MeV. Detection
of both the 'He and 'He particles in the lab defined angular distributions from about 10 to 170 c.m.
The data taken as well as existing data at 8, 10, and 18.5 MeV were analyzed using a finite-range
multi-interaction distorted-wave Born-approximation formalism to determine the importance of clustering

in the Li nucleus as well as the importance of various reaction mechanisms. Reduced widths of 0.69
for a+ d in a relative s state, 0.04 for a+ d in a relative d state, and 0.44 for 'He+ t in a
relative s state provided fits to the data at 12, 14, 16, and 18.5 MeV.

I. INTRODUCTION II. EXPERIMENT

The 'Li nucleus has frequently been described
by the e+ d cluster model. Such a description has
accounted for many of the properties of that nu-
cleus. ' Because of the rather weak binding be-
tween the e and d clusters that form 'Li, that
description is thought to be energetically favored
over other cluster configurations. ' However,
more recently some attention has been given to
the 'He+ t description of 'Li in which some auth-
ors'4 find evidence of significant 'He+ t cluster-
ing while others' do not. It is possible to have
considerable a+ d.and 'He+ t clustering at the
same time, ' and the importance of both configura-
tions may be examined by analyzing angular dis-
tributions of the eLi(P, 'He)~He reaction using a
finite-range two-mode multi-interaction distorted-
wave Born-approximation (DWBA) formalism. '

In such a two-mode formalism, exchange modes
arise from the antisymmetrization of the total ini-
tial-state or final-state wave function. For the
direct mode, the outgoing particle, 'He, is made

up of the bombarding particle p and a transferred
particle (in this case, a deuteron). We write the
process as follows

P+('Li =aed) —('He =dP)+'He.

For the exchange mode, the outgoing particle is
emitted from the target nucleus, and the process
appears as follows

p+ ('Li = 'He& t) - 'He+ (n = pcs t) .

In this paper, angular distributions of the reac-
tion are analyzed using the finite-range multi-in-
teraction computer code FANLU2. ' The impor-
tance of the various interactions is examined and

spectroscopic factors of the two-cluster configura-
tions are extracted from the data.

Angular distributions were obtained for the 'Li-
(P, 'He)'He reaction at proton energies of 12, 14,
and 16 MeV. Detection of both exit channel nuclei
at forward angles in the lab provided angular dis-
tributions from about 10 to 170' c.m. Targets
were bombarded with the proton beam from the
Florida State University super FN tandem acceler-
ator.

Targets of 99.9% isotopically enriched 'Li were
prepared by slowly evaporating the enriched met-
al onto a thin Formvar backing a few hours be-
fore running. The targets were kept and trans-
ported in vacuum of 1.ess than 10 4 Torr to prevent
atmospheric contamination and decomposition.
Target thickness was measured and continuously
monitored by observing elastically scattered pro-
tons with fixed geometry at 95 lab. Target thick-
nesses were typically 15 pg/cm', and no loss of
Li was observed after 12 hours running time. Tar-
get nonuniformity was &10% but contributed no

experimental error since each data point was nor-
malized to the elastic yield at S5'.

Detection and identification of 'He and 'He par-
ticles were facilitated by means of a Si surface-
barrier telescope consisting of a 50-p, m trans-
mission counter and a 300-pm stopping counter.
Collimation was provided such that the target
frame and beam defining slits could not be viewed
by the telescope and such that small-angle scat-
tering from defining slits was negligible. The
identification and resolution of 'He and He groups
were such that errors in extracting peak areas
were due solely to counting statistics. A typical
energy spectrum is shown in Fig. 1. Statistics
produced the only relative experimental errors,
since the data were normalized to the elastic
scattering yield from a fixed geometry counter.
Error in the absolute normalization is based on
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the error in determining the monitor counter sol-
id angle 2%, beam current normalization 5%,
error due to background subtraction from the
elastic proton yield in the monitor counter 5%,
and the reported experimental error in the mea-
sured elastic scattering cross section 4%.' These
factors yield a total error in the absolute normal-
ization of -10%.

III. MULTI-INTERACTION FORMALISM

T =(f1V~, + Vp„, —Pqe„, ji) .
The complete transition amplitude is then:

(4)

The multi-interaction exact finite-r~~m two-mode
DWBA formalism has been given elsewhere, "and
we merely give those parts of the formalism that
are necessary for understanding our analysis of the
the 'Li(p, 'He)~He reaction. The total direct tran-
sition amplitude is

Ts=(f1'~+ Vp UqeL;1-i}, (2)

where 1i) and (f1 contain initial- and final-state
distorted-wave information, V,„designates the
interaction between pairs of particles x and y and,

U~ez& generates the incident distorted waves. The
exchange amplitude is:

N'T' = [S'"'(2s)S " (ls)]'"P

N T =[S "'(1d)S~"'(Is)]'"ts

NsTs = [Ss"' (2s) S~",(Is)]'"ts

(6)

relative motion wave function p d is a mixture of
2s and Id states to be discussed later. " The he-
lion is expanded in a relative Is state designated
by pd~.

For the exchange mode, 'Li is expanded on a
basis that includes the ground state of a triton
and 'He in a relative 2s state, designated by PsH„.
The remaining relative motion state in the ex-
change mode is between a triton and a proton in
a relative 1s state designated by Q„.

Since p d has both 2s and Id components, it is
possible to divide T~ into two components

T =T +T2s id&

where the subscripts designate the contributions
of the 2s and 1d components of the Q d system to
the total direct amplitude. This enables one to
calculate the components of the transition ampli-
tude associated with the distinct states of the a
+ d configuration.

It can be shown that":

T =N~T +N~T (5)
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FIG. 1. Energy spectrum from the 8Li{p, BHe)4He re-
action at 12 MeV.

where N~ and N~ are statistical factors which give
the number of direct and exchange amplitudes as
determined by the number of exchangeable parti-
cles. The interaction V~ is associated with light
particle or direct pickup, V~ is associated with
direct or heavy particle knockout, V~, is associ-
ated with exchange or heavy particle pickup, and

V~3„, with exchange or light particle knockout.
Both structure and scattering state information

are contained in the quantities 1i) and (f1. In the
direct mode, the target 'Li is expanded on a basis
that includes the ground state of an a particle and
that of a deuteron with relative motion p d. The

IV. RELATIVE MOTION BOUND-

STATE %AVE FUNCTIONS

A. d+p Relative Motion Function

The radial part of the wave function describing
the relative motion between a deuteron and a pro-
ton is taken as the overlap between 'He and deu-
teron wave functions.

Q~~ =(d1 He).

The 'He wave function is assumed to have the
Jastrow' form for the radial part, assuming only

(10)

Here S;„(a)designates the spectroscopic factor
of system z made up of clusters x and y in rela-
tive motion state a. The quantities t are transi-
tion amplitudes calculated from bound-state wave
functions and reduced widths normalized to unity.

The square roots of the products of spectroscop-
ic factors are taken to be the only adjustable pa-
rameters, and their values are determined by fit-
ting the experimental angular distributions. The
values of S~,(ls) and S~~H'(1s) have been determined
elsewhere" and are 2.0 and 1.35, respectively.
Thus, one can obtain the values of S ~~'(2s}, P~'(Id),
and Ss„",', (2s} in this analysis. It is to be pointed
out that the relative signs of the adjustable factors
are also impotant and are determined by the fitting
method.
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the symmetric 1s state.

I'He) = NQ g(r, ),

where

g(r() =(e '"(-e-()jr "' (12)

and X is a normahzation constant. Here rf is the
separation between a pair of the three nucleons
that make up 'He, and a and b are the long and
short range parameters. This form wi11 yield
the correct asymptotic shape of the wave function
if a is chosen as follows":

a = (mme/3)" ' . (13)

Here m is the mass of the nucleon and E~ is the
difference between the binding energy of the helion
and the effective binding energy of the deuteron.
The parameter b was determined by adjusting its
value to predict the experimental root-mean-
square radius of the 'He nucleus. " The result-
ing parameters are a =0.22, 5 =2.10. The overlap
is then taken between the 1s component of the
Gartenhaus solution for the deuteron wave func-
tion" and the 'He wave function to yield p~~. The
derived function Q~~ is only normalized to unity if
'He is in a pure Is relative d+ p state. This in
fact is not expected, and the quantity

(15)

The d state of the deuteron was not included in
the derivation of Q„~H' since its contribution is ex-
pected to be small for the following reason. The
wave function Q~~' occurs as a product with V~~

for the pickup term. The short range nature of

V„~ and the effect of the angular momentum bar-
3Herier on the d state component of Q~~' wil1 result

in little overlap between the two and thus will
yield a small contribution from the direct pickup
term. Since the direct knockout term is small for
the 1s relative state component, it might be as-
sumed that the d relative state component would

also be small.

B. 0(+d Relative Motion Wave Function

The problem of obtaining the relative motion
wave function between the n and d clusters mak-
ing up 'Li may be reduced to a three-body prob-
lem by treating n as fundamental and assuming

I:e'"'1' = I(&:I4.,)I' (14)

yields the probability of finding 'He in a d + p rela-
tive 1s state. This number is often assumed to be
unity, but a calculation by this method predicts a
value of 0.9 consistent with other results. " The
spectroscopic factor is

+He &(e He)2

the nucleons in the deuteron to interact with the
n particle via an e-nucleon interaction and with
themselves via a nucleon-nucleon potential. In
order to formulate the problem mathematically,
we set the wave function of 'Li equal to the pro-
duct of the deuteron wave function ao4 the relative
motion wave function P, between the centers of
mass of the two clusters. In this method, one
assumes that there is no distortion of the deuteron
in the neighborhood of o., i.e. the no distortion
approximation. '

Qne then substitutes this wave function for Li
into the Schr6dinger equation and derives an
equation which defines (t) „ in terms of a Hamil-
tonian containing the potential

V, (p)=fp~(r)[V„(p+2r)+ V~(p r2)]-p, (r)dr,

where p is the displacement vector between the
centers of mass of n and d. The nucleon-n po-
tentials V and V„are of the form V,e "" with
the Coulomb term added for V~. The parameters
V, and k are obtained from values used by Sack,
Biedenharn, and Breit" in their analysis of elas-
tic scattering between nucleons and n particles.

If the d component of the deuteron is included
in the deuteron wave function, then the above po-
tentia1 will contain both a central and tensor term.
The tensor term leads to a coupled set of linear
differential equations and thereby predicts an s
and d component for P ~ consistent with angular
momentum and parity conservation for the system.

Rather than perform a lengthy calculation, we
ignore the d component Q~ in deriving V „and ob-
tain a central potential that contains a rather long
tail. This method predicts a 2s P, state with a
binding energy of 2.2 MeV, a value remarkably
close to the 1.47-MeV value found experimentally.
By reducing the value of V, obtained by Sack by
less than 5%, it was possible to predict the actual
experimental value. However, the 1d component
was found to be slightly unbound, though one might
expect binding to occur had the tensor term been
included. In order to include the 1d state using
this simplified method, the magnitude of Vp was
increased slightly to predict the correct binding
energy of this system. The derived form factors
are illustrated in Fig. 2.

C. Exchange Relative Motion Wave

Functions

The relative motion wave function $3H, between
3He and t is shown in Fig. 2. This wave function
was obtained from a resonating group calculation
performed by Thompson and Tang. " The remain-
ing relative motion wave function for the t+ p sys-
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tern was obtained by adjusting the geometric pa-
rameters and well depth of a Woods-Saxon poten-
tial to yieM the experimental root-mean-square
radius (charge radius). " Because of the very
large separation energy between the two clusters
(Z~, ~20 MeV), the relative motion wave function
is constricted in space, and its shape is not sensi-
tive to different methods of derivation; hence, we
use the above simple potential weD derivation.

Conservation of angular momentum and parity
does not forbid He+ t to be in a 1d relative state.
Including this state would have required the calcu-
lation of two additional transition amplitudes since
the 1d state can overlap with both the 2s and 1d
n+ d relative states. The overlap between the two
Id states would require an extremely lengthy cal-
culation because of the large number of radial
integrals that occur from coupling the two Id
states. Characteristic cross sections from such
overlaps tend to vary slowly with angle, especially

TABLE I. Optical-model parameters.

Set Vp W„W, rp w& ap a;

I. p+'Li
II. p+8Li

576 00 66 115 115 06 05
49 0 0 0 7 5 1 25 1 25 0 7 0 7

III. 3He+n 100.0 0.0 8.5 1.35 1.35 0.6 0.6
IV. 3He+n 80.0 6.0 0.0 1.50 1.50 0.6 0.6
V. 3He+a 106.0 10.65 0.0 1.57 1.52 0.7 0.7
VI. SHe+n 32.0 10.0 0.0 1.50 1.50 0.6 0.6

The optical-model parameters used in the calcu-
lations are listed in Table I. Set I was obtained
by fitting elastic scattering data on 1p-shell nu-
clei ' while Set II was obtained by fitting polari-
zation data of protons2' on 'Li. For the exit chan-
nel, Sets V~ and VI'4 were obtained by fitting elas-
tic scattering data at energies somewhat lower
than required for the exit channel. The real parts
of the potential Sets III and IV were obtained from
potentials that bind 'He+ a to form 'Be with the
appropriate binding energy. " The imaginary parts
were added to account for absorption of particles
into nonelastic channels.

The above parameter sets were used in a pre-
liminary calculation that included only the 2s rela-
tive states of the a+d and 'He+ t systems. Quali-
tatively, shapes of the predicted cross sections
were insensitive to the parameter sets. However,
the magnitudes of the calculated cross sections
and the resulting spectroscopic factors varied
somewhat with extreme choices of exit channel
sets (Sets V and VI). There was little effect when

Sets I, II, III, and IV were interchanged. The
maximum effect occurred in the exchange mode
which amounted to a difference of not more than
20% in magnitude of the extracted spectroscopic
factor. The parameters were not allowed to vary
as a function of energy except for Set I which was

in the backward direction, in contrast with the ob-
served sharp backward peaking. Thus, the 1d
relative state was not included in this analysis.

V. OPTICAL-MODEL PARAMETERS
AND INTERACTION POTENTIALS

-0.2

-0.4
TABLE II. Interaction potentials.

-0.6

0.0 2.0 40 6D
Radius {fm)

8.0 lOX?

FIG. 2. Relative motion motion wave functions for 2s
0. + d, 1d n + d, and 2s 3He + t cluster configurations
of 'Li.
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39.5
45.0
61.4
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&p

(fm)

1.59
1.40
1.39
1.39

ap
(fm)

0.600
0.435
0.400
0.400
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varied according to the prescription proposed by
Watson. " Only Sets I and III were used in aQ final
calculations because of the rather large computer
time needed for each calculation.

All interaction potentials were of the Woods-
Saxon form, and their parameters are listed in
Table II. The potentials V~ and V~, were obtained
by adjusting the well depths and geometries so
that the p+d and p+t bound systems yielded the
experimental binding energies and root-mean-

square radii for SHe and n, respectively. " The
potential V~~H, was set equal to V~„and V~ was
obtained from the real part of a potential that de-
scribed the elastic scattering of protons by n
particles. "

VI. EXTRACTION OF SPECTROSCOPIC
FACTORS

The exact finite-range two-mode multi-interac-
tion formalism discussed above was used to analyze
data taken here as well as data taken by In Gun
Han2' at 9 and 10 MeV and by Likely and Brady"
at 18.5 MeV. Figure 3 illustrates the shapes and
relative importance of the various components
that make up the total cross sections for the re-
action at 12 MeV. It is apparent from the figure
that contributions to the cross section from the
relative motion wave functions P ~ and QsH, ~

have

distinguishing characteristic shapes which enables
one to extract the spectroscopic factors unambig-
uously. In this study, the spectroscopic factors
S L~'(2s), S L~'(1d), and S~sL,', (2s) were adjusted until
the calculated cross sections yielded the best X'
fit to the 12- and 14-MeV data. Since the g' cri-
terion was not selective enough at the other ener-
gies, best qualitative visual fits were used instead.
Table ID shows the spectroscopic factors obtained,
and Fig. 4 shows the resulting fits to the corre-
sponding experimental angular distributions. Rel-
ative experimental errors are smaQer than the
data points, and the absolute normalization is
good to 10%%uo.

Fits could be obtained for the 12- to 18.5-MeV
data with mean spectroscopic factors of:

S„'~'(2s) =0.69,
S'",'(1d) =0.04,
S'„"„',(2s) = 0.44.

The value of 0.69 for the 2s relative state for the
a+d system is large as expected and compares
well with the value of 0.8 obtained by other meth-
ods." The value of 0.44 for 'He+I clustering is
somewhat smaOer than the value of 0.69 obtained

TABLE IG. Spectroscopic factors.

0.05 Energy
(Me V)

'Li
S~ (2s)

eLi

S~~ (1d)
'Li

S3 (2s)

30 60 90 120 !50
e (deg)

180

FIG. 3. Calculated angular distribution of differential
cross sections for the Li{p, He) He reaction at 12 MeV.

8
10
12

16
18.5

1.03
0.76
0.76
0.62
0.66
0.66

0.012
0.045
0.045
0.038
0.032
0,032

0.57
0.36
0.36
0.50
0.45
0.45
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by Young et al.' but is close to the value of 0.5 ob-
tained by Kurdyumov, Neudatchin, and Smirnov. "
In the analysis, the signs of the square roots of
the spectroscopic factors were found to be the
same.

The fits to the data at 8 and 10 Me7 are not as
good as those for the higher energies. This could
be due to possible compound nuclear effects at the

lower energies. The variation of the spectroscop-
ic factors with energy may be due, in part, to en-
ergy dependence of the exit-channel optical-model
parameters and nonlocal effects which were not
included in the present formalism.

The relatively smaQ spectroscopic factor ob-
tained for S ~'(ld) does not imply that inclusion
of this term has little effect on the total cross
section. As can be seen from Fig. 5, the 1d term
plays a very important role in predicting the over-
all contribution to the total cross section, especi-
ally for the intermediate angles.

The present formalism does not include spin-
orbit coupling in the distorted waves. However,
the inclusion of spin-orbit effects in a direct pick-
up zero-range calcuhtion using DWUCK" does not
significantly alter the calculated angular distribu-
tion of the 'Li(p, 'He)'He reaction. Therefore,
one might not expect spin-orbit effects to alter the
results in the finite-range analysis.

Figure 6 illustrates the calculated angular dis-
tributions at 12 Me7 with and without the exchange
mode. By comparing the two curves, it is appar-
ent that the exchange mode accounts for the sharp
rise in the angular distribution at the background
angles.

8 —~
0
E

b 2

E =l4MeV

VII. DISCUSSION OF REACTION

MECHANISMS

As demonstrated above, several mechanisms
contribute to the total cross sections for the 'Li-
(p, He) reaction. The predicted cross sections
associated with each mechanism used in fitting
the 12-MeV data are illustrated in Fig. 3.

The total direct cross section associated with
the 2s component of Q, is compared with that

E =l6MeV

E&=!8.5 MeV

8-g
g 6-

b

6 5 4
Li(p, He) He E&=I2 MeV

total differentiol cross-section-- —without direct ( I d) contribution

aa

0
0 30 60 90 I20 I50 I80

c m.~deg)

FIG. 4. Angular distributions of differential cross sec-
tions from the 8Li(p, ~He)4He reaction at 8, 10, 12, 14,
16, and 18.5 MeV with relative experimental errors typi-
cally smaller than the data points.

0
0 30 60 90 I 20 I50 180

e (deg)

FIG. 5. A comparison of the experimental angular dis-
tribution from the ~Li(p, sHe)4He reaction at 12 MeV with
the total calculated cross section and the cross section
obtained by omitting contributions corresponding to the
1d u + d target state.
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predicted from the stripping potential V~~ (dashed
curve) and the direct knockout potential V~ (dotted
curve). The pickup cross section which dominates
the total cross section has sharp forward peaking,
characteristic of stripping reactions associated
with s-state form factors. The direct knockout
contribution is also forward peaked but varies
more smoothly with angle.

Because of the small separation energy between
the e and d that form 'Li, the 2s form factor is
a rather extended system. Thus, the series gen-
erated by the overlap of this form factor with the
partial wave functions required a fairly large num-
ber of terms before converging. Since the form
factor changes sign, there will be considerable
cancellation in that region where there is signifi-
cant overlap with the partial waves. Such cancel-
lation occurs for lower partial waves to the point
at which the centrifugal barrier pushes the partial
waves away from the first node. For this reason,
the cross section associated with the 2s component
of ill ~ is less sensitive to choices of distorting
potentials, i.e. contributions to the cross section
occur at higher partial waves where the partial
wave functions are approaching Coulomb radial
functions.

The extracted reduced width for the 2s relative
state of the a+d system is considerably larger
than that for the 1d relative state. However, as
can be seen by observing the top two solid curves
of Fig. 3, the over-all contribution from the 1d
form factor is the larger of the two. This effect,
in part, is due to the cancellation associated with
the 2s a+ d form factor previosuly discussed
which does not occur for the 1d form factor. A
second reason has to do with the difference be-
tween angular momentum transfer for the two

states. For the 2s state (f =0 transfer), there
will be one radial integral for each outgoing par-
tail wave, whereas for the 1d state (l =2 transfer),
there will be three. In addition, one observes a
relatively large direct knockout contribution for
the 1d case (refer to Fig. 2) which was not the
case when using the 2s form factor.

The difference between the two knockout contri-
butions is related to the spatial region of the V~

interaction (it occurs in the interior region of 'Li)
and the number of nodes of the form factor. Form
factors which change sign, such as in the 2s case,
will have a tendency to produce smaller contribu-
tions to direct knockout because of strong cancel-
lation in the nuclear interior. The added impor-
tance of direct knockout for the 1d case serves
to enhance the total cross section calculated from
the form factor. As can be seen in Fig. 3, when
direct pickup and direct knockout are coherently
added, the resulting cross section is somewhat
larger than that for either case. Thus, several
factors come into play in enhancing the magnitude
of the contribution to the cross section associated
with the Id component of the e+d relative state
despite the relatively small value of S'"~'(1d).

Figure 3 illustrates the cross sections associated
with the various exchange mechanisms. The solid
curve peaks sharply in the backward direction and
along with the interference term (Fig. 7) accounts
for most of the total cross section in the backward
direction. The exchange cross section actually
contributes little elsewhere. It is apparent from
Fig. 6, which exhibits a fit to the cross section
from only the direct mechanisms, that the cross
sections at the backward angles can be described
well by including the exchange mode but cannot
with calculations that include only the direct mode.

Li(p, He) He E&=12 MeV

- 8-y
CO

a4-

total differential cross-section
-——without exchange contribution 1.2

0.8
E

0.4

0.0
I

30 60 90
8c (deg)

120 150 180 -0.4
I I

50 60 90 120 150 180

c.m~ g)

FIG. 6. A comparison of the experimental angular dis-
tribution from the 6Li{p, 3He)4He reaction at 12 MeV with
the total calculated cross section and the cross section
obtained by omitting exchange contributions correspond-
ing to the 2s 3He+ t target state.

FIG. 7. The interference between the direct and ex-
change modes for the ~Li(p, 3He)4He reaction at 12 MeV
indicated as positive when constructive and negative
when destructive.
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It is interesting. to note that though the exchange
pickup and knockout potentials are equal except
for the Coulomb interaction (V» = V~», ), the mag-
nitude of the pickup contribution is somewhat larg-
er than that of knockout, and the shapes are simi-
lar except for extreme forward angles. This is
true because the pickup term has the same coor-
dinates as that of the 'He+ t form factor, i.e. it is
a diagonal term, while the knockout term is off-
diagonal.

Figure 7 illustrates the importance of the inter-
ference term in this analysis. It is apparent from
the figure that the interference term can be either
constructive or destructive depending on the angle.
By comparing the magnitude of the interference
term to the cross section calculated from total
exchange, it can be seen that it is as important
as the exchange term alone. Thus, if it were ig-
nored in this calculation, the value of g"„,', would
have been a factor of 2 too large.

VIII. CONCLUSION

In order to adequately describe angular distri-
butions of differential cross sections from the

'Li(p, 'He)'He reaction at 8, 10, 12, 14, 16, and
18.5 MeV, it was necessary to apply a finite-
range two-mode multi-interaction DWBA analysis.
Exchange effects, attributable to considerable 'He
+ t clustering in the target state, accounted for
the sharp backward-angle peaking observed in the
data. A relatively small value for S ~~'(ld} associ-
ated with the 1d relative state of the a+ d system
produced a marked effect on the calculated angular
distribution. Possible d -state components of the
'He+ t and d + p relative states discussed in Sec.
IV were expected to be less important than in the
a+ d system and were not included in this analysis.
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