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For the elastic scattering of Li+ Li, excitation functions at c.m. angles of 60, 70, 80,
and 90' have been studied in the c.m. energy range 5-17 MeV, and angular distributions have
been measured at c.m. energies of 6, 10, and 14 MeV. The excitation functions are relative-
ly featureless, with a broad gross-structure peak at 90' centered around 13 MeV. Good fits
to individual angular distributions are obtained with the optical model and, except for the
highest energies studied, parametrized phase-shift calculations. geese calculations, how-
ever, do not correctly reproduce the energy dependence of the data. The single most out-
standing conclusion from the present analysis is that Li+ Li is dominated by absorption,
and this dominance leads to scattering behavior very different from that found for other
heavy ions.

I. INTRODUCTION

The scattering of heavy ions has attracted much
renewed interest recently with the observation of
pronounced gross structure in the "0+"0 elastic
scattering excitation functions. ' ' In particular, it
has been suggested' ' that the heavy-ion-nucleus
potential is of the molecular type (i.e., very shal-
low and with a repulsive core), and possible par-
allels with the o. + n scattering have been empha-
sized. For n+ e scattering a unique set of phase
shifts exists for incident energies from 0 to ap-
proximately 35 MeV, and from these phase shifts
l-dependent real potentials with a repulsive core
have been derived by various authors, ' Since
'Li+ 'Li is the next heaviest system of identical
particles amenable to a scattering study, such an
investigation would seem to be of special interest.

There are, however, some significant differences
between the u+ u and the 'Li+ 'Li systems.
Whereas for the e+ e scattering only even partial
waves contribute, the spin-1 ground state of 'Li re-
moves this restriction for 'Li+ 'Li. Also, because
of the tight binding of the n particle, there are no
open particle-breakup channels for n+ o. below
about 20-MeV excitation in 'He, and consequently
the scattering can be fitted with purely real phase
shifts for energies below the threshold for the
opening of inelastic channels. Contrary to this, 'Li
is known to disintegrate easily (E„=1.47 MeV),
and therefore one may expect absorption due to
breakup to be important even at very low incident
ener gle8.

We wish to report here a study of the 'Li+ 'Li
scattering, in which we have measured both exci-
tation functions and angular distributions. The data
have been analyzed with the optical model and with
parametrized phase-shift models. A preliminary
account of the data and of the experimental method

has already been publiShe. ' In addition to the
present work, 'Li + 'Li elastic scattering has been
studied at other laboratories. ' '

II. EXPERIMENTAL METHOD

Beams of 'Li"' in the energy range from 10 to
34 MeV were accelerated with the Argonne FN tan-
dem accelerator. 'Li ions mere obtained by born-
barding lithium vapor in the exchange canal with
H' ions from the duoplasmatron ion source. Typi-
cal electrical currents on target ranged between 10
and 30 nA. Targets were produced by evaporating
'LiF layers of approximately 100-gg/cm' thickness
onto self-supporting 20-p, gjcm' carbon films.

For particle identification, kinematic coinci-
dences between the scattered ion and the recoiling
target nucleus were employed. For elastically
scattered identical particles the angle between the
scattered ion and the recoil is always 90', inde-
pendent of the scattering angle. The experiment
makes use of a computer-controlled multiple-de-
tector array. " A total of eight rectangular large-
area detectors (i.e., four coincident pairs of de-
tectors) were mounted onto two remotely con-
trolled arms of the Argonne 70-in. scattering
chamber. " Apertures in front of the angle-defin-
ing detectors were kinematically curved; the aper-
tures of the conjugate detectors were approxi-
mately twice as wide as those of the angle-defin-
ing slits to ensure complete overlap. The angular
resolution was +0.5 in the laboratory frame, i.e.,
+1' in the center-of-mass frame. For the mea-
surements at forward angles (o„b & 40'), a single
detector was employed.

Spectra from the coincident detector pairs were
stored two dimensionally in 64&& 128-channel ar-
rays. This allows setting tight energy windows
over the peaks of interest after the data have been
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FIG. 1. Two-dimensional Li+6Li coincidence spectra
of 128&& 64 channels projected onto the x and y axes (a)
without and (b) with "energy windows" set on the elastic
peak.

taken. While this technique has also proved use-
ful in several other studies of heavy-ion elastic
scattering in this laboratory, this feature is espe-

cially important for the investigation of the 'Li
+ 'Li scattering in which the spectra contain a siz-
able coincident background from three-body break-
up. In Fig. 1, typical coincident 'Li+ 'Li scatter-
ing spectra are shown for two conjugate detectors.
The lower spectra show the total coincidences
without energy windows set. The upper spectra
present the same data with energy windows set
over the peaks of interest, i.e., they are "slices"
projected out of the two-dimensional spectra.

Absolute cross sections were obtained by simul-
taneously measuring the 'Li+ 'Li and the "F+ 'Li
scattering at laboratory energies of 12, 20, and
28 MeV with a 'LiF target, and then normalizing
the Li+ Li data to the F+ Li cross sections.
The "F+ 'Li absolute cross sections in turn were
obtained by comparison at the same energies with

the Ca+ 'Li scattering from a CaF, target, in
which case the Ca+ 'Li data had been found to be
pure Coulomb scattering at the most forward an-
gles. Absolute cross sections derived for 'Li+ 'Li
by this method are believed to be accurate to +15%.

III. RESULTS AND DISCUSSION

The data are presented in Figs. 2 and 3. Figure
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FIG. 2. Li+ I,i elastic scattering excitation functions measured at 60, 70, 80, and 90'. The solid and the dashed

curves are the optical-model predictions obtained from Pot. A and Pot. B, respectively; Their parameters are listed in

Table I.
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2 shows the 60, '70, 80, and 90'excitation func-
tions from 8, = 5-17 MeV, and Fig. 3 presents
the angular distributions measured at E, = 6, 10,
and 14 MeV. Since 'Li+ 'Li involves the scatter-
ing of identical particles, the angular distribu-
tions are symmetric about 90 . Therefore no data
have been measured beyond 100'. Elastic scatter-
ing measurements performed at Heidelberg' over-
lap the present data for c.m. energies below 9
MeV; there is good agreement in the shape of the
excitation functions although their absolute cross
sections are higher than ours by about a factor
1.3-1.4. Nagatani et al. ' measured elastic scat-
tering at 16 MeV; at large angles, where their an-
gular distribution overlaps our excitation curves,
their absolute cross sections are lower by about a
factor of 10. This discrepancy is not understood.

The angular distributions (Fig. 3) appear to vary
slowly with increasing energy. The excitation func-
tions are rather featureless except for a gross-
structure peak at 90' centered around 13 MeV, and
for some broad and not very pronounced structure
in the 70 and 80 excitation functions. The approx-
imately 7-MeV width of this structure is much
broader than the approximately 3-MeV width found
in the "0 +"0 scattering (at somewhat higher
c.m. energies). This feature can readily be under-
stood by the fact that the maximum t value that
contributes to the scattering is less for 'Li+ 'Li
than for ' 0 + "0, even at the same c.m. energy.

We have analyzed the data both with the optical
model and with parametrized phase shifts. These
calculations were done with the extensively modi-
fied" Argonne version of the optical-model pro-
gram ABACUS. " The calculations take the spin-1
identical-particle nature of the 'Li+ 'Li scattering
into account. Woods-Saxon form factors were used
for both the real and the imaginary potentials. It
was generally necessary to employ different geo-
metrical parameters for the real and the imagin-
ary well. No spin-orbit potential was included.

It is found that individual angular distributions
can be well fitted by optical-model calculations.
However, none of the parameter sets obtained
from these calculations correctly predicts the en-
ergy dependence of the data. This is shown in
Figs. 2 and 3, where optical-model calculations
performed with two different sets of parameters
are compared with the data. Their parameters
are listed in Table I. The dashed curves were ob-
tained from the potential (Pot. B of Table I) that
gave best agreement with the 10-MeV data. The
solid curves were calculated from the potential
that gives the most reasonable account of the data
over the whole energy range, although it does not
yield the best fit at any one energy. This potential
(Pot. A of Table I) was derived from the best-fit po-
tential at 14 MeV by increasing the diffuseness a,
of the real mell.

The over-all agreement of the optical-model cal-
culations mith the angular distributions in Fig. 3 is
perhaps acceptable, but the poorer agreement with
the excitation functions (Fig. 2) is not. Notably,
in the 80' excitation function, the data show a peak

TABLE I. Optical-model parameters. The subscripts
1 and 2 refer to the real and imaginary terms, respec-
tively.

I
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V R& a& O' R2 a2 Rc

Pot. (MeV) (F) (F) (MeV) (F) (F) (F)

FIG. 3. 6Li+ 6Li elastic scattering angular distribu-
tions measured at E, ~ =6, 10, and 14 MeV. The solid
and dashed curves are as described in Fig. 2.

A
8

17.0 5.0 0.25 80.0 1.10 1.22 4.8
11.7 5.0 0.46 6.9 5.46 0.728 4.8
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in the energy range 10-14 MeV, while the calcula-
tions have a dip there. Very extensive optical-
model searches and scans did not yield better re-
sults. In fact, no calculation was able to yield a
peak in this energy region in both the 80 and 90
excitation functions simultaneously. Allowing for
linear energy dependences of the real and imagi-
nary potential strengths did not significantly im-
prove the fits to the excitation functions.

The inability to achieve an over-all fit to the ex-
citation functions is also reflected in our failure to
fit the three sets of angular distributions simulta-
neously. In fact, no potential could be found to fit
both the 10- and 14-MeV angular distributions,
even though good fits to either of these two ener-
gies and the 6-MeV data were possible. Of course,
this latter feature may reflect the comparatively
poor discrimination afforded by the relatively
smooth angular distribution at 6 MeV.

.An inspection of the optical-model parameters
(Table I) shows that the Pot. A set has a very
small diffuseness a, = 0.25 F for the real potential.
(The best fit at 14 MeV was obtained with an even
smaller value, a, = 0.1 F.) Keeping a, fixed at a
larger value in the range 0.5-1.2 F and allowing

I I I I f I I I I ) I I I l t i I

0.5-

-20-

-40-
MeV

-60-

-80-

-IOO—

I I I I & I I & I I I I & I I I

5 IO ts

FIG. 4. Transmission coefficients T, and (real) phase
shifts 5& corresponding to optical-model predictions for
6Li+6Li scattering at c.m. energies of 6, 10, and 14 MeV.
The solid and dashed curves correspond to Pot. A and
Pot. B, respectively. The arrows indicate the l values
for which T& ——0.5 for the three c.m. energies.

all the other parameters to vary produced poorer
fits. This result is difficult to understand in view
of the loose binding of 'Li, which would suggest a
rather diffuse surface for this nucleus. Of inter-
est also is the shape of the imaginary potential in
set A, which is approximately that of a Gaussian
centered at zero radius. It roughly resembles the
shape of the "microscopic" potential obtained by
folding the charge distributions of the two nuclei
into each other and assuming a contact interaction.
However, calculations with such "microscopic"
imaginary form factors gave significantly poorer
fits. This apparent sensitivity to the shape of the
imaginary potential contrasts sharply with the in-
sensitivity found for the "0 scattering. ' '" De-
spite these difficulties in obtaining a consistent
set of parameters over the whole energy range,
some general features that emerge from the opti-
cal-model calculations appear to be independent
of the parametrizations chosen.

(i) All the optical-model calculations consistent-
ly yield very shallow real potentials, independent
of the starting parameters in the search. With a
real radius 8, = 4.6 F and a diffuseness a, = 0.49 F,
independent searches on all three angular distri-
butions gave best fits for real-potential depths in
the neighborhood of 10 MeV. Thus the 'Li+ 'Li
scattering has the shallow real-potential charac-
teristic of "0 scattering from light nuclei. How-
ever, in the "0 scattering a shallow real poten-
tial V appeared necessary only in fitting the ener-
gy dependence of the data and was not obviously
preferred from an analysis of individual angular
distributions. In the 'Li scattering, ;.n increase
in V leads to a shrinking of the diffraction pattern
and a worsening of the fit.

(ii) An inspection of the phase shifts from the
best-fit optical-model calculations indicates that
the radius at which absorption sets in is larger
than that for which the effects of the real nuclear
potential are felt by the interacting particles. In
Fig. 4, both the transmission coefficients T, and
the nuclear phase shifts 6, calculated with the po-
tentials of Table I are plotted versus orbital angu-
lar momentum l. On this plot it can be seen that
the nuclear phase shift remains approximately
zero until the transmission coefficient is up to
about O.V. The phase shift then becomes negative.
This behavior is again in contrast to that typically
found in the scattering of other heavy ions such as
"O, for which the nuclear phase shift for a given
l differs from zero as soon as absorption sets in
for this partial wave, i.e., as soon as the trans-
mission coefficient is nonzero for that l value. Al-
so, in the "0 scattering the phase shifts typically
first become positive as the effects of the attrac-
tive potential are felt.
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The peculiar behavior of the 'Li+ 'Li phase
shifts (consistently found with all potentials that
fit the data) probably reflects the fact that the 'Li
+ 'Li scattering is indeed dominated by absorption.
It was therefore tempting to try to fit the data with

purely imaginary potentials. Simply setting V = 0
in the potentials that had given reasonable fits and
then using these parameters as starting values in
a search on the imaginary potential 8'generally
did not lead to acceptable fits. It was possible,
however, to find purely imaginary potentials that
could reproduce both the 6- and 14-MeV angular
distributions. These best fits [Fig. 5(a)] resulted
in very different geometrical parameters —specif-
ically, a much larger imaginary radius R, and a
much smaller diffuseness a, than were obtained for
the best-fit potential with Vt 0. In fact, the best
fits were obtained with an almost square-well
imaginary potential, a result again surprising in
view of the diffuse surface of 'Li. Attempts to ob-
tain fits with more conventional geometrical pa-
rameters and a purely imaginary well led to sig-
nificantly poorer fits.

If one next looks at the phase shift obtained from
the potentials of Table I with V = 0, one finds for
the 14-MeV case that 5, for large / is no longer
zero (dashed curve in Fig. 6) but positive. Thus

the effect of the real potential seems to be to can-
cel out some of the effects of the imaginary po-
tential, thereby making the interaction purely ab-
sorptive for grazing collisions. It is obviously
then of interest to examine the goodness of the fits
that can be obtained with a purely absorptive in-
teraction, i.e., with 6, = 0 for all t. The result of
such a phase-shift calculation with the McIntyre pa-
rametrization" is shown in Fig. 5(b), and the cor-
responding best-fit parameters are listed in Table
II. The fits are seen to be reasonable for 6 and

10 MeV and even reproduce the 14-MeV data for
angles out to about 70, again pointing up the im-
portant role of absorption in the scattering. We
also attempted to fit the angular distributions with

calculations based on the full parametrized phase-
shift model (5, w 0). The best fit obtained with

either the McIntyre" or the Conzett" parametriza-
tions was comparable with those from the optical-
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FIG. 5. Comparison between calculations and the Li+ ~Li elastic scattering angular distributions. (a) Optical-model
calculations. The potential used in calculating these curves was purely imaginary (i.e., V= 0) and its parameters were
R2 = 6.30 F, a2= 0.248 F, and W =3.5 MeV. (b) Parametrized-phase-shift-model calculations. The curves were calculat-
ed with 6&

——0 for all /, and the potential parameters were as listed in Table II.
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sponding to the optical-model prediction (Pot. A) . The
dashed curve was calculated with V = 0, the solid cur ve
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model calculations for the 6- and 10-MeV angular
distributions; for the 14-MeV data, neither of the
parametrized-phase-shift-model calculations was
as successful. This is nest surprising, since the
optical-model best fit to the 14-MeV data requires
an irregular variation in the transmission coeffi-
cient T, (Fig. 4) which conflicts with the smooth
l dependence assumed in the parametrized phase-
shift model.

Attempts to fit the individual angular distribu-
tions with purely repulsive real potentials were un-

successful. Similarly, all attempts to obtain im-
proved over-all fits were unsuccessful when a re-
pulsive core of Gaussian shape was added to the
attractive real potential.

IV. CONCLUSIONS

The 'Li+ 'Li scattering has been studied in the
energy range from 5 to 17 MeV. Extensive optical-
model calculations were able to reproduce individ-
ual angular distributions but did not succeed in

6
10
12

4.34
6.35
7.42

0.296
0.518
0.660
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correctly predicting the energy dependence of the
data. These difficulties may well be due to some
complicated energy dependence in the 'Li+ 'Li po-
tential, or to an / dependence such as is observed
for o. + o.. However, a meaningful exploration of
these possibilities would require a much more ex-
tensive collection of data than is presently avail-
able.

Despite these difficulties, however, one impor-
tant conclusion seems justified. In contrast to n
+ u, and indeed to all other heavy-ion scattering
so far studied, the 'Li+ 'Li scattering appears to
be dominated by absorption. This may be inferred
from the behavior of the phase shifts, which is
strikingly different from that found in other heavy-
ion analyses and appears to indicate that at a giv-
en energy there is absorption but no significant nu-
clear distortion of higher partial waves. A further
indication is that apparently the only role of the
real potential in 'Li+'Li scattering is to cancel
out some of the effects of the imaginary potential;
in contrast, the real potential largely determines
the character of the scattering of "O. While it
seems reasonable to ascribe the dominance of ab-
sorption to the loosely bound nature of 'Li and the

consequent breakup that removes it from the inci-
dent beam, studies of other loosely bound systems
would seem highly desirable.
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The p + He and n + H3 systems are considered with the resonating-group method in the one-
channel approximation. A purely central nucleon-nucleon potential which has different ranges
in the singlet and triplet states is employed. The internal wave function of the three-nucleon
cluster is a sum of two Gaussian functions, with its parameters adjusted to reproduce quite
well the properties of the cluster. From the results obtained it is found that the agreement
with experiment is quite satisfactory, although in the very low-energy region, detailed fit is
not obtained, which is most probably due to the omission of the specific distortion effect in
our calculation. An effective interaction between the clusters is also constructed. From this
effective interaction it is concluded that the requirement of antisymmetry for the total wave
function is very important. In particular, it creates an odd-even feature, wherein the effec-
tive potentials in the odd-l and even-l states are quite different.

I. INTRODUCTION

In two previous investigations' ' single-channel
resonating-group calculations have been per-
formed using a nucleon-nucleon potential which
has the feature of having different ranges in the
singlet and triplet states and which yields a very
good fit to the low-energy two-nucleon scattering
data. These calculations were made on the o. + a'
and 0.+X' scattering systems, where the low com-
pressibility of the a particle and the high reaction
thresholds provided us with an excellent opportuni-
ty to employ the one-channel approximation over a
wide energy range. Excellent agreement with ex-
periment was obtained in these calculations. In
this study we will use the same central potential

to examine the P+ He' and n+H' systems, ' as an-
other step in our continual effort to study the few-
nucleon problems with the resonating-group meth-
od. Here, however, it is expected that the results
will be somewhat worse than those obtained in the
e+ e and a+N cases; this is so, since the He' or
the H' cluster is not as incompressible as the e
cluster, and. hence the use of a one-channel ap-
proximation, with the subsequent omission of the
specific distortion effect, will result in some lack
of detailed agreement with the experimental data
especially in the very low-energy region.

In previous resonating-group calculations, the
wave function used to describe the He' or the H'

cluster has invariably been assumed to consist of
a single-Gaussian function. ' ' With such a wave


