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Elastic scattering of °Li from °Li and "Li from Li has been studied for beam energies from 2.0 to
5.5 MeV using very thin films of isotopically separated LiF as targets. A double-folding model opti-
cal potential provided a good fit for 'Li+ ’Li for the entire energy range, and for °Li+°Li for ener-
gies low enough that the breakup °Li—a+d could not occur. For higher energies, the real part of
the ®Li+ °Li potential falls off rapidly with energy so that by 5.5 MeV the potential well required to
fit the data is only about 40% as deep as is predicted by the folding model.

NUCLEAR REACTIONS °Li(°Li,°Li) and ’Li(CLi,’Li), E;,=2.0—5.5 MeV;
measured o(6, E), calculated double-folding model potentials.

I. INTRODUCTION

Double-folding model potentials provide a good descrip-
tion of elastic scattering of intermediate energy heavy ions
such as '2C and %0.! But for °Li, Li, and °Be the calcu-
lated potentials are overpredicted by a factor of 2.2 Cou-
pled channel calculations for °Li scattering from various
heavy nuclei in the 20 to 200 MeV energy range have
shown that this factor of 2 can be explained as a conse-
quence of the low threshold for the breakup mode
SLi—sa+d.> If this explanation is correct, the discrepan-
cy should be even larger for Li+Li scattering where both
beam and target are subject to breakup, and the discrepan-
cy should disappear when the beam energy is sufficiently
low that the breakup cannot occur. The threshold beam
energies are Ey,,=2.94 MeV for °Li+°Li—°Li+a-+d
and E;,, =4.93 MeV for 'Li+'Li—"Li+a+t.

The previous studies of Li+Li elastic scattering in the
energy range studied here have not been of sufficient pre-
cision to allow meaningful theoretical fits to the data.*>
For °Li+°Li, there have been some scattered measure-
ments at higher energies,”® but even for the best of these
the overall normalization for the angular distributions was
uncertain.

One of the goals of this work was to make precise
cross-section measurements and use them along with the
double-folding model to generate Li—Li potentials for
DWBA calculations. For °Li+°Li—3a with E;,=2.0
MeV, our folding-model potential allowed an excellent fit’
to the data, while other reasonable potentials, which also
fit the scattering data, failed.?

It is interesting that the double-folding model works so
well for low-energy lithium ions. The model was
developed for heavier ions at higher energies where only
the outer edge of the potential affects the scattering cross
section.” With low-energy lithium ions, the interior of the
potential is more important than the surface.!”

II. EXPERIMENT

The lithium beams were supplied by The University of
Iowa HVEC Model CN 6 MV Van de Graaff accelerator.
Either Li or "Li could be selected from a multiple hot-
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filament ion source. The scattered beam was detected by
two 100 um thick silicon surface-barrier detectors at the
outer edge of a 43 cm diameter Ortec Model 600 scatter-
ing chamber. The angular resolution of the detectors was
about 1°. The signals were passed through Ortec 142B
preamps and conventional electronics to an on-line CDC
160A computer system for storage and analysis. No
particle-identification system was needed for energies up
to 5.5 MeV, the background of nuclear reaction products
being sufficiently small that it could be subtracted off
without appreciable error.

The targets were made by evaporating isotopically pure
(99.32% for Li, 99.99% for "Li) LiF onto the thinnest,
manageable Formvar films. The LiF layer was generally
10 to 20 ug/cm? thick. Figure 1 shows a typical pulse
height spectrum from the detector. The carbon and oxy-
gen in the target were mostly from the Formvar. The oth-
er elements were incorporated during the evaporation pro-
cess.

The Formvar films were made by placing a small drop
of %% Formvar in ethylene dichloride onto a very clean
surface of cold distilled water in a 10 cm diameter dish in
a laminar-flow hood. The films were left on the surface of
the water for a number of minutes to make sure that all of
the solvent had evaporated. If they were removed from
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FIG. 1. Energy spectrum of ’Li beam scattered from a thin
"Li target.
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the water too soon, they would shrink on the target frames
and usually break when they were exposed to radiant heat
during the LiF evaporation. The films were picked up
onto thin, metal target frames that enclosed a 9 mm diam-
eter hole. The film that extended beyond the edge of the
target frame was cut away with a razor blade as it was be-
ing lifted from the water. The films were checked for uni-
formity and cleanliness by examination at both 100 and
400 times magnification with a Nomarski interference-
contrast microscope.

When the Formvar film was adequately thin, it would
usually break when LiF was evaporated onto it. This
problem was overcome by first evaporating a small
amount of LiF (10 mg) to stabilize the target backing.
The film was then thick enough to withstand the evapora-
tion of the rest of the LiF, typically about 50 mg. The
evaporation of tantalum metal onto the target was
prevented by keeping the temperature of the tantalum boat
as low as possible. The distance between the tantalum
boat and the mounted Formvar films was 20 cm. The
vacuum was 10~® Torr. A metal vane protected the film
until the LiF began to melt, at which time the vane was
moved aside with the aid of a magnet which was external
to the vacuum system.

When LiF is evaporated from tantalum metal, a small
part of the lithium is deposited as the metal. This should
be expected; when Li,COj is evaporated from tantalum,
most of the lithium comes off as the metal. The evidence
for the deposition of lithium metal along with the LiF was
the presence of basic compounds such as LiOH and
Li,COj; which were formed as soon as the metal came into
contact with air. The basic compounds were detected in a
film deposited on glass by using pH paper which turned
from yellow to purple in the range 6.0 to 8.5. When the
wet paper was rubbed over 0.5 cm? of surface, it turned
purple. An area of glass that had been screened from the
evaporating LiF served as a control. A test with the same
kind of pH paper showed no trace of basic compounds in
the LiF before it was evaporated. The Li-F atomic ratio
has been used in many experiments, including this one, to
determine absolute cross sections for lithium reactions. If
some of the lithium atoms in the target are not accom-
panied by fluorine atoms, the ratio will not be unity. To
minimize the deposition of metal, we tried to avoid heat-
ing the tantalum any hotter than necessary and to leave a
little of the LiF behind in the boat.

To determine the Li-F atomic ratio in the target, we
measured the area under the peaks in the energy spectrum
corresponding to Li scattered from Li and F for a detector
angle of 30° and a beam energy of 1.5 MeV. At this angle
the resolution of the peaks was adequate, and at this ener-
gy the unknown nuclear force made no significant contri-
bution to the scattering cross section. The measurements
indicated that, with our method of evaporating the LiF,
the excess of Li over F was never more than 5%. Ap-
propriate corrections have been made to the data.

For each point in the angular distributions, the ratio of
the cross section for Li+Li scattering to that for Mott
scattering of identical particles in a 1/r7 potential was
determined by comparing the areas under the Li and F
peaks. By using the potentials of Poling et al.!! in our op-
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tical model program, we found that the deviation of the
scattering from that predicted by the Rutherford formula
for Li+F was negligible for beam energies up to 5.5 MeV.
For a detector angle of 45°, the peaks in the energy spec-
trum were well resolved, but for small angles it was neces-
sary to subtract the tails of the C and O peaks from the
Formvar from the F peak. One detector was kept at a
large angle to constantly monitor the C-O-F ratios. These
ratios were transformed to the ratios appropriate for the
smaller angles by using the angular distributions of Poling
et al.!' Small uncertainties in this process had a negligible
effect on the "Li+’Li cross sections because the amounts
of C and O in the target were small compared with the
amount of F.

All the measurements were repeated a number of times,
each time with somewhat improved technique. The accu-
racy was estimated to be 1.5 to 2 % for °Li, and 2 to 3 %
for "Li, although a few points might have been off by as
much as 5%.

III. THE DOUBLE-FOLDING MODEL

A. Form of the double-folding optical potential

The double-folding model assumes that the nucleus-
nucleus potential can be calculated in the obvious way
from the nucleon-nucleon interaction and the nucleon den-
sities of the incident and the target particles:

VIR)= [ %, [ d*Top(Fp(T)V(T1) (1

where R is the distance between nuclei and T, is the dis-
tance between nucleons so that ?12=§+f'2— T as in Fig.
2. We have assumed that the functions in this expression
can all be regarded as spherically symmetric. The
nucleon-nucleon potential used here was developed by
Satchler and Love,!

2 —u;
V(rlz)zxwiM . (2)

i=1 Uiry2
where w,;=6315 MeV, w,=—1961 MeV, u;=4 fm~!,
and u,=2.5 fm~!. They showed that the OPEP (one-
pion exchange potential) term in the odd state force does
not contribute to the direct term because of spin-isospin
averaging if both Z and N are even for either the beam or
the target. Fox!? showed that the spin-isospin averaging
also gives zero contribution by OPEP for °Li. Thus Eq.
(2) is a reasonable nucleon-nucleon interaction to use. For
"Li we simply assumed that the extra contribution of the
single, unpaired proton in "Li does not make a large con-

NUCLEUS 2

NUCLEUS |
FIG. 2. Definition of coordinates used in Eq. (1).
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tribution to the spin-isospin averaging for the "Li+ "Li po-
tential.

Similarly, the double-folding Coulomb potential can be
expressed by

V.R)= [d°F, [d*Tp (TP (TDVe(T1) 3)

where
p'(T)=[Zp(T)/A4]

is the charge density, and
V(T =(e2/ry) .

The nuclear potential was taken to have the form
(V+iW)V(R), where the two parameters V and W were
varied to optimize the fit. The folding model was con-
sidered correct if V turned out to be close to unity. The
model did not predict W.

B. Formulation for "Li+ Li elastic scattering

It is assumed here that the nucleon density is the same
as that deduced from electron-scattering measurements.
With a harmonic-oscillator model of the potential to bind
the A nucleons together, the nucleon density is!3
]
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24 3 2,2 _ R2,2
pin=—7 £ o aBZr €xp Bz — |,
T2+ 3a)R s Rvs Ms
4)

where Ry is the root-mean-square radius of the charge
distribution, a is (Z —2)/3 =+, and
p= 3(2+5a)
2(2+43a)

To make the correction for the finite size of the proton,
we use the relation!*

R§45=<r2)—r5, (5)

where {r?) is the mean-squared radius of the charge dis-
tribution without correction, and r, is the radius of the
proton. Suelzle er al.'* obtained (r?)=(2.39 fm)? from
their electron scattering data. With r,=0.836 fm,'
RMS=2239 fm.

To obtain the analytical expression for V(R), we first
use the relation
L eik:

k2+u2 :

-
—ur T

1

- 21?2

Thus, Eq. (1) can be rewritten as

€ (6)

r

TR KT, —ik T

e e

2 w; -
3 3 [k [a'F [aTp(rp(ry
i=1%"

V(R)=—1
2

After carrying out the angular integrals, Eq. (7) becomes

k?%jo(kR)
o FL(kFy (k) ,

2 Ww; ©
VR)=32w 3~ [ k=5

i=1 1]
where

Fi(k)= fowd’ip(’i)"izfo(k"i) , i=1,2

.
e @

(8)

are the form factors for the nucleon densities. Using the nucleon density in Eq. (4),

aR IZVISk 2

T 28%2+3a)

— k2R
43

Fi(k)=F,(k)=-- exp
41

After putting this expression in Eq. (8), and carrying out a long but straightforward calculation, we get

Y(R)
“i —172

2 2 w;
VR)=Z RS =L 7

i=1H%i

{(I+u,~2d)2

where
aR %45

_ (2+3a)R¥s B
T 324 5a)

r'= 324+5a)
and
2

R
Yu——

G)(R)=exp 2y

—exp

erfc |yu — ;;7/

where erfc is the complimentary error function

2
172

erfc(x)=

[ e dr=1—erf(x) .

R
yu+ 2

u iZ
3
14

d2R2
+ 7
4y

2d 3

— 2

2

|

3 (11)

14

2
’ erfc (12)

R
W+2y

(13)
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With the numerical values given above, V(R
For the double-folding Coulomb potential, we write

—ury,

. e
V,(r;;)=e?lim —
u—0 Iy

and follow the same steps as for the nuclear potential,

k2jo(kR) Fi(k) F,(k)

Vc<r)=32ﬂzlzze231_rg)fo dk

k*+u? A, A4,
where F(k) is the same expression as in Eq. (10). Thus,
_p2
V.(R)=2Z%? -erfu;&_ﬂq/zexp R2 %ﬁ

C. Formulation for °Li+ Li elastic scattering

The nucleon density distributions in °Li and "Li are suf-
ficiently different that the same formula cannot be used
for both. For the °Li nucleus, we used the expression that
Suelzle, Yearian, and Crannell’* found to give good fits to
electron elastic-scattering measurements. They had
analyzed their data with a multipole expansion and ob-
tained the charge density

A

pir)= 873/2

2

r-. 3
2

4ph*

2
e " /4a? (2

2 jap2
; ; e’ /4b
a b

17
where a2, b2, and c? are parameters.
Using the same method as for "Li, the form factors be-

come
Fl(k)=F2(k)=ﬁ_—(e‘kzaz_kzcze—kzbz) . (18)

A? —R2 | v —R?
V(R)="=Y — {ex G, (R)+2c%x
2R [ Pk Pl
473 R 2 3
u; G, (R)———— |uf —
Py 17.1/27/% 27/2

where ¥} =2a?% y3=a?+b? and y3=2b% With the numerical values given above,

3d?
4y

R 2
4y3

)= —108 MeV at R =0.
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(14)
(15)
2p2
r

Following the method used by Payne and Nigam,!¢ we
multlply F, and F, by exp(rpk /6) to correct for the fin-
ite size of the proton. The modified Suelzle medium ra-
dius parameters
2
a?=0.87 fm?>— f =0.7535 fm?,

2
.
b2=1.7 fmz——%=1.5835 fm? ,

and ¢2=0.205 fm?, which give the best fit to the electron
scattering data, also give the best fit to our data. With
these parameters, the rms radius of the proton distribution
is 2.398 fm. With Suelzle’s other two parameter sets, the
radii become 2.315 and 2.514 fm. These radii gave poorer
fits to our data. The neutron distribution was assumed to
be the same as the proton distribution. Putting Eq. (18)
into Eq. (8), we get the nuclear potential

u,-zG,:.z(R) -~ +cexp

_R?
43
] ) (19)

V(R)=—79 MeV at R =0.

_R
1723
Y2

By using expression (18) in Eq. (15), we obtain the Coulomb potential for ®Li—+°Li elastic scattering,

R2

3 R?

V.(R)=Z%"> RV exp

%

1/2 5

exp (20)

27 42

4%]

D. Extension of the model to "Li+ ¢ Li elastic scattering

The elastic scattering "Li+SLi is of particular interest because of the possibility of a resonant transfer of a neutron
from "Li to °Li.!” The products of the neutron transfer reaction would interfere coherently with the elastically scattered
nuclei. The transfer reaction would be expected to show up as a deviation of the data from the predictions of the folding
model, particularly at backward angles. For the folding model the nuclear potential is
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VR="r i§1 w |70 | a0t w (RITEuiGy 7201
2 —_ 2,92 R 492 R 2 3 R2
+cexp o2 u;i Gy, (R)___—'rr”zag +&u; G, (R)— 17253 u; -————ZU% —_4o§ , 2D
where
Ris Ris
2 2 2 2
= a®, o3= +b°,
= 2= ap
and
£ aR s
T 2B(243a)
Similarly the Coulomb potential is
1 R 3 —R? 2 —R? || 36 £R?
VR)=Z,Ze* | — erf | =— | — ex ex - —1/]. (22)
(R)=ZiZze e e | T 27207 | a0 | T 2017263 P | a0d | 207 T 20t
I
IV. RESULTS between 1.011 and 1.095, presumably because of random

A. "Li+Li elastic scattering

The data and the folding-model fits to the data are
shown in Figs. 3 and 4. For fits optimized at each energy,
the normalization of the real potential varied randomly

T T —‘
20 MeV

1.0 - ﬁ 1.0

410

2.5 MeV

-09

30 MeV

do/doyey

07

1
o° 30° 60° 90°
gc‘m.

FIG. 3. "Li+’Li elastic scattering data for beam energies
from 2.0 to 4.0 MeV. The solid curves are the double-folding
model fits with the proton finite size correction included,
V'=1.03 and W =0.097. The dotted-dashed curve at 4.0 MeV is
the optimal fit without the correction, ¥=1.0839 and
W =0.1355.

errors in the data. The fits shown here were calculated us-
ing the values ¥'=1.030 and W =0.097 for all energies.
When this value of V was changed by 2%, the overall fit
to the data was noticeably poorer. The difference between
the optimal fit for a single beam energy and the overall fit
is shown in Fig. 4 for 5.0 MeV where the difference is the

T

T45 MeV

do/dowan

[eXc]
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05+

o° 30°
e.m.
FIG. 4. Same as Fig. 3 except for beam energies from 4.5 to
5.5 MeV. The dashed curve at 5.0 MeV is the optimal fit with
the proton finite size correction, V'=1.0896 and W =0.1035.
The dotted-dashed curve at 5.5 MeV is the optimal fit without
the correction, ¥=1.07 and W =0.881.
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largest. For 3.5, 4.0, and 4.5 MeV, the fits are worse than
those for the other beam energies. If we do not take the
finite size of the proton into account, we obtain slightly
better fits for these three energies. An example is given
for 4.0 MeV in Fig. 3. However, without the correction,
we can never get a satisfactory fit to the 5.0 and 5.5 MeV
data even if ¥ and W are allowed to vary. An example is
given for 5.5 MeV in Fig. 4. The correction for the finite
size of the proton definitely improves the overall fit to the
data. The poorer fits for 3.5 and 4.5 MeV could be due to
resonance behavior, but are more likely due to small inac-
curacies in the data.

Another overall fit to the data was obtained with
V=0.69 and W=0.075. The curves provide a slightly
better fit at 5.0 and 5.5 MeV and slightly worse at other
energies. However, the curves for ¥'=0.69 are not signifi-
cantly different from those for ¥'=1.03. For values of V'
midway between 1.03 and 0.69, no value of W would allow
a good fit to the data.

Although 1.03 is closer to unity than 0.69, this fact by
itself is not sufficient justification for rejecting the smaller
value. An additional experimental test is provided by the
total reaction cross section that can be predicted from the
potential. These cross sections are shown in Table II. The
available data are not good enough to allow a clear distinc-
tion between the two potentials, although from prelimi-
nary work done here,!® we would prefer the larger cross
sections of the ¥'=1.03 potential.

The almost equal quality fits with ¥ =0.69 and 1.03 are

do/doiggy

o° 3 =03 90°
gc.m.

FIG. 5. SLi+SLi elastic scattering data and the double-
folding model fits for beam energies from 2.0 to 4.0 MeV. The
proton finite size correction is included. The data points sur-
rounded by circles are taken from Gruber et al. (Ref. 5). Values
of V and W are given in Table I.
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f |
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FIG. 6. Same as Fig. 5 except for beam energies from 4.5 to

5.5 MeV.

examples of the discrete ambiguity!! where many discrete
values of V can fit the experimental data equally well.
Indeed, we could still fit the data with even larger Vs, but
the total reaction cross sections predicted from the deeper
potentials become unreasonably large.

B. °Li+SLi elastic scattering

The data and the double-folding model fits are shown in
Figs. 5 and 6. The values of ¥V and W corresponding to
the curves are listed in Table I. It can be seen that the
folding model works well (V'=1) for beam energies up to
3.0 MeV, which is the threshold energy (2.94 MeV) for the
breakup process ®Li—a+d. As the beam energy in-
creases, W rises rapidly and V falls. The total cross sec-
tions obtained are listed in Table II.

We tried nucleon-nucleon potentials other than the form
in Eq. (2). Reference 1 gives several more complicated
forms, but these all resulted in potentials that were either

TABLE 1. Parameters of the double-folding optical model for
the °Li(°Li,°Li) reactions.

E, (MeV) 4 w
2.0 0.9891 0.0876
2.5 1.0468 0.0564
3.0 0.9352 0.1502
3.5 0.8421 0.1875
4.0 0.7792 0.1473
4.5 0.5424 0.5221
5.0 0.4018 0.5379
5.5 0.4378 0.5160




1146

E. NORBECK, P. T. WU, C. R. CHEN, AND R. R. CARLSON

TABLE II. Total reaction cross sections.

Li+"Li oLi+°Li
V=1.03, W=0.097 V=0.69, W=0.075

E, (MeV) o (mb) o (mb) o (mb)
2.0 27 21 40
2.5 94 74 130
3.0 209 170 251
3.5 346 293 381
4.0 470 409 488
4.5 563 499 558
5.0 637 565 602
5.5 704 622 681

too deep or too shallow to allow a good description of low
energy °Li+°Li elastic scattering.

The discrete ambiguity that was found for the "Li+'Li
fits exists also for the SLi-+°Li fits in the 2.0 to 3.0 MeV
range. However, for higher beam energies, this effect no
longer occurs. The values of V listed in Table I for beam
energies higher than 3.0 MeV are the maximum values
that can give good fits to the data. Of the many sets of ¥V
values that fit the data for beam energies less than 3.0
MeV, the set given in Table I is the only one that connects
smoothly to that for higher energies.

The fact that this procedure yields a value of ¥ close to
unity for beam energies up to the breakup energy is an in-
dication that the folding model is indeed giving an ade-
quate potential. Since the model works for the ®Li+°Li
case for beam energies below the breakup energy, it seems
reasonable that a value of V close to unity is also the
correct one for ’Li+ 'Li scattering below the 'Li breakup
energy (4.9 MeV).

We had hoped to fit the higher energy data published by
other laboratories. Gruber et al.’> showed measurements
for every 0.5 MeV from 4 to 20 MeV at 60° and 90° with
complete angular distributions at 8.0, 10.0, 12.0, and 14.5
MeV. Fortune et al.® gave complete angular distributions
at 12, 20, and 28 MeV. The two publications are not in
complete agreement. At 12 MeV both give the same cross
section at 60° but differ by a factor of 2 at 90°. The
overall normalization of the high energy data is in doubt.
We wanted to make the data by Gruber et al.’ match ours
from 4.0 to 5.5 MeV by multiplying all of Gruber’s data
by a single renormalization factor, but as can be seen easi-
ly from Figs. 5 and 6, no such factor can be chosen which
will bring the two data sets into agreement.

V. DISCUSSION AND CONCLUSIONS

The double-folding model predicts the real part of the
nuclear potential to within 10% for both °Li+°Li and
"Li+"Li scattering if we use the simplest, realistic
nucleon-nucleon interaction and if the beam energy is
below the threshold for breakup.

Small differences in the effective nucleon-nucleon in-
teraction can make large differences in the predicted
scattering cross sections. Reference 1 offers improved ver-
sions of the interaction that take into account exchange ef-
fects and a density dependence. These give potentials that
are the same in the peripheral region but are quite dif-
ferent in the interior. For heavy ions at intermediate ener-
gies, these various potentials are interchangeable, but in
our case, where the inner part of the potential is the most
important, only the original potential is compatible with
the observed scattering cross sections. There are many
corrections that must be made to the nucleon-nucleon in-
teraction to adapt it to the high-density interior region.
This work suggests that these corrections mostly cancel
out.

We have shown that the magnitude of the °Li+°Li po-
tential predicted by the folding model must be reduced for
energies above the breakup threshold. It would clearly be
valuable to extend the "Li+’Li measurements to higher
energy to see if the "Li+'Li potential behaves in the same
way as the °Li+°Li potential.
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