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Elastic Scattering of Lithium by Carbon*
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The elastic scattering cross sections of Li and Li on C~ were measured at a number of
bombarding energies from 4.5 to 13 MeV. The ratio of the cross section to the Rutherford
cross section was determined for a wide range of angles at each energy. The data were
Qtted by an optical-model potential with four parameters: radius, diffuseness, real well
depth, and imaginary surface-absorption well depth. All data for each isotope could be fitted
with numerous sets of parameters with real well depths between 40 and 450 MeV. Data for
both isotopes could be fitted using the same values for radius and diffuseness and essentially
the same for real well depth, but with greater imaginary well depth for Li . The fit holds
good for all energies if a linear dependence of the imaginary well depth on energy is included.
Data are also expressed in terms of the nuclear parts of the collision matrix elements which
show certain regularities. As a by-product of this work, it was found that in the elastic
scattering of lithium by gold the screening of the gold nucleus by its inner electrons is im-
portant for energies below 3.0 MeV.

I. INTRODUCTION

Elastic scattering of beams of simple nuclei has
long been used to obtain information about nuclear
structure and reaction mechanisms. Results have
commonly been fitted using an optical-model po-
tential. This procedure has recently been extend-
ed to the results of elastic scattering studies
made with beams of more complex nuclei. The
potentials obtained for such cases are difficult
to interpret physically, and one might question
whether any physical meaning at all could be at-
tributed to a potential representing the interaction
of two complex nuclei. The present work was
undertaken to see whether the elastic scattering
of the lightest nuclei in the 1P shell (the lithium
isotopes) could be represented by a potential func-
tion over an extended energy range. The target
material was carbon.

Elastic scattering of Li' by C" has been studied
at 20 MeV at Heidelberg' and 13 MeV at Iowa. '

Optical-model fits were made to the data with rea-
sonable success. The scattering of Li' by C' has
been studied at 7.3 MeV. ' Optical-model fits were
again reasonably successful. In the present work
the scattering has been measured at a number of
bombarding energies from 4.5 to 13 MeV. This
energy range spans the Coulomb barrier. The
combined requirements of fitting data from a
broad energy range and two isotopes should limit
the parameters of the optical-model potential.

II. METHOD

Elastic scattering measurements were made
with lithium beams supplied by the University of
Iowa Van de Graaff accelerator. Either Li' or
Li' beams could be selected from a multiple hot-
filament ion source. Positively charged ions in
either the single-, double-, or triple-charge
state were accelerated to energies up to 13 MeV.
The beam was collimated and brought to the cen-
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ter of a 17-in. -diam ORTEC Model No. 600 scat-
tering chamber. Targets were self-supporting
carbon foils from 5 to 50 p, g/cm' thick. A thin
layer of gold was placed on most of the targets
for use in monitoring the beam. The differential
cross section for elastic scattering was measured
with these beams and targets for angles from as
far forward as 6.0' to as far back as 120 in the
laboratory, and for bombarding energies of 4.5,
5.8, 6.4, 7.5, 9.0, 11.0, and 13.0 MeV. Not all
of these energies were used in the cg,se of Li'.

At beam energies of 7.5 MeV and above, an
Z-dZ detector system was used to identify the
elastically scattered lithium nuclei. These have
to be separated from inelastically scattered par-
ticles and reaction products, mostly e particles.
At the lower bombarding energies the only inelas-
tic scattering is that of the Li beam particle it-
self, but at higher energies the first excited state
of carbon is excited for both beams. The dE de-
tector was 7.5-p. -thick silicon; the E detector was
150-p, -thick silicon. The detector telescope sub-
tended an angle of 1.0' at the target. Most proton
and deuteron reaction products left little energy
in these detectors and, therefore, were not con-
fused with the elastic lithium particles. This sys-
tem was not used for energies below 7.5 MeV be-
cause the elastically scattered lithium could not
penetrate the dE detector for backward angles.
At 7.5 MeV, data could be taken as far back as
80' in the laboratory.

Pulses from the two detectors were digitized
and then taken in by an on-line computer (CDC
160-A). Data were stored in a two-dimensional
array with 60&&256 positions for dE versus E.
Particle identification was made after the run on
the basis of known energy-loss curves for the dif-
ferent particles. A pulse-height distribution for
lithium products was plotted and the various peaks
identified on the basis of their energy. The elas-
tic scattering yield was taken as the sum under
the proper peak. This peak was usually the
largest one in the spectrum.

At beam energies of 6.4 MeV and below, a sin-
gle 150-p, -thick silicon detector was used. It
subtended an angle of 1.0'. Reaction peaks and
elastic peaks were separated on the basis of en-
ergy. When elastic and reaction peaks coincided,
the size of the reaction peak was estimated from
its size at other angles where it was separated.
This method was limited to angles forward of 115
in the laboratory because of the decreasing size
of the elastic peak in relation to the reaction peaks
as the scattering angle increased.

A position-sensitive detector~ was used in place
of the single detector to look for small oscilla-
tions in the elastic yield at forward angles. Such
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FIG. 1. Ratio of the elastic scattering cross section
to the Rutherford cross section for I.i~ on C~2. Numbers
under the curves are laboratory bombarding energies.
Curves were calculated using parameter Set B.

oscillations were predicted on the basis of optical-
model fits. Careful measurements were made
with a Li' beam at 5.8 MeV at laboratory angles
greater than 6'. The detector was 9 across. It
gave two signals, with one proportional to energy
deposit and the other proportional to position
times energy. These signals were digitized by
two analog-to-digital-converter units and then
stored by the on-line computer for later analysis
on an IBM 360/65 computer. The detector was
carefully calibrated across its face for efficiency
and angle using an n-particle source. After the
run, the data were separated into groups from
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nine, 1 -wide, . contiguous regions. For the for-
ward angles the detector was moved in 2' steps
to get overlap, and the measured region was cov-
ered several times. At backward angles the over-
lap and number of runs were reduced. The data
are given here for a sufficient number of angles
to show the oscillations clear1y.

Oxygen and other contaminants in the target
produced elastic peaks which merged with the
elastic peak due to carbon at laboratory angles
forward of 20 . The contribution from these con-
taminants was subtracted on the basis of the be-
havior of the contaminant elastic peak before it
merged with the carbon elastic peak. The amounts
subtracted were usually less than 5% of the elas-
tic peak. In some cases, such as the experiment
done with the position-sensitive detector, thin
targets of 5 to 10 p, g/cm2 were used for better
resolution at the forward angles. The percentage
content of oxygen was somewhat higher in these
cases.

Throughout the present energy range the scat-
tering off gold was expected to be pure Rutherford
scattering. Beam current for runs at different
angles was monltOred on th1s basis. The thin
gold layer on the front face of the target provided
an elastic peak which was mell separated from
other peaks in the spectrum.

To put the angular distributions on an absolute
basis, it was necessary to know the relative num-
ber of carbon and gold atoms. This was found by
measuring the ratio of the carbon and gold elastic
scattering peaks as a function of bombarding en-
ergy. These yield curve measurements were
made at 40 from j.3 MeV down to 3.0 MeV bom-
barding energy. The ratio remained constant be-
low 4.0 MeV, indicating that the scattering off
carbon was Rutherford at these energies. Conse-
quently, angular distributions were reduced to
the ratio of measured cross section to Rutherford
cross section by comparison with the yield curves
at 40 . Energy losses in the gold were negligible,
but the carbon was thick enough to require correc-
tions of up to 50 keV to give the true bombarding
energy at the tax"get center. Some thickening of
the targets due to carbon buiMup was observed,
and corrections wexe applied where appropriate.

Normalization was done at 3.0 MeV and not low-
er, because at lower energies the screening of
the gold nucleus by its inner electrons became
important. This was demonstrated both by clas-
sical orbit calculations and by laboratory mea-
surements for lithium beam energies of 3.0, 2.0,
I.5, and 0.65 MeV. For a 60 angle the cross sec-
tion was smaller than the Rutherford scattering
cross section by 2% at 3.0 MeV and by 13% at
0.65 MeV.

Additional beam-current monitoring for individ-
ual angular distributions at beam energies of 7.5
MeV and above was provided by a stationary de-
tector. This detector was covered by a nickel
foil to screen out elastically scattered particles
so that it would monitor only reaction products.

In Figs. j. and 2 the ratio of measured cross sec-
tion to Rutherford cross section is plotted as a
function of center-of-mass angle for lithium. The
curves through the points are optical-model fits

TABLE I. Optical-model parameter sets.
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FIG. 2. Ratio of the elastic scattering cross section
to the Rutherford cross section for Liv on C~2. Numbers
under the. curves are laboratory bombarding energies.
Curves were calculated using parameter Set B.

A 3.50 0.65
B 3.37 0.65
C 3.21 0.63
D 3.21 0.59
E 3.21 0.58

138 6.5 8.8
148 6.9 8.5
209 7.9 10.2
332 7.8 14.5
403 13.0' 18.0

157 12.0 25.0
166 12.0 26.0
232 9.0 32.0
350 18.0 35.0.
420 19,0; 40.0
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and are discussed below. The laboratory bom-
barding energy is indicated below each set of data.
It should be noted that the data are shown in linear
plots.

Various sources of error contribute to the er-
rors indicated on the points in the figures. At
forward angles the subtraction of scattering from
oxygen and heavier materials is the major con-
tributor. At backward angles statistics are a
major contributor. For lower bombarding ener-
gies an occasional n-particle group interferes
with the elastic scattering for a few angles. En-
ergy loss in the carbon target has to be introduced
as a correction and this causes possible error in
the calculated Rutherford cross section. Finally,
the data depend on the accuracy of the yield curve
for absolute value. All of these sources are com-
bined into a standard deviation error for each
point in the figures. In case no error bars are
shown, the error is smaller in size than the point.

III. OPTICAL-MODEL CALCULATIONS

from two other programs that used different num-
erical-integration techniques. " The agreement
was good.

The optical-model potential had the following
form:

U(r) = -Uf(r) iW—-4a—+ Uc(r),
df

f(r ) —(] + e (r R)ia)-

The Coulomb potential, V~, was that due to a uni-
form distribution of charge extending out to the
nuclear radius R. Searches were conducted on
all four parameters, V, R, a, and W, to get good
fits to the data. ' Searching on all parameters at
once generally did not give good results. The
best results came from optimizing two parame-
ters at a time. After several good fits were ob-
tained, the pattern of values of R and V giving
such fits would begin to emerge and could be used
as a guide. Table I lists a number of acceptable

The data shown in Figs. 1 and 2 were fitted by
numerically integrating the Schrodinger equation
for the lithium-carbon scattering process to get
the real and imaginary parts of the collision ma-
trix for the first fifteen partial waves and from
these, the cross section. ' The higher partial
waves had little effect on the cross section. Only
the first 5 were important at 5.8 MeV, and only
the first 10 at 13 MeV. The numerical integration
was carried out to 15 F, though 10 F was suffi-
cient. For the results presented here, the inte-
gration step size was 0.05 F; calculations were
done in double precision on an IBM 360/65 com-
puter. Calculations were checked for stability
as the step size was varied from 0.025 to 0.25 F.
Results remained essentially unchanged for step
sizes below 0.15 F. For selected cases, the re-
sults of the program were compared with those
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FIG. 3. Ratio of the elastic scattering cross section to
the Rutherford cross section for 13-MeV Lie on C . The
curve was calculated using parameter Set E.

FIG. 4. Lines indicate loci of R, V values giving a
good fit to the 13-MeV data for elastic scattering of Lie

by C~2. Letters denote paramet'er sets of Table I.
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parameter sets. These sets give good fits to both
reactions over the whole energy range. The imag-
inary well depth W varies linearly with energy
between the extremes given in Table I: W4 „
depth at 4.5 MeV; and W», depth at 13.0 MeV.
Set B was used to calculate the curves drawn in
Figs. 1 and 2. Figure 3 shows a fit calculated
using Set E, where the well depth is markedly
greater than it is in Set B.

Parameter sets which give adequate fits to the
data fall into families. Figure 4 shows lines giv-
ing values of 8 versus V for good fits to Li'+ C"
at 13-MeV bombarding energy. A line marks a
locus of good fits. Each locus corresponds
to a different number of half wavelengths in-
side the well. Points corresponding to the var-
ious parameter sets in Table I are marked on the
lines in Fig. 4. In order to get a good fit along
the length of the lines shown, small variations
in a and W were necessary.

Considerable effort was spent trying to find fits
with reasonable radii and small V, corresponding
to the region in Fig. 4 above the top line. For
well depths near 30 MeV, the peaks were in the
right place, but had incorrect relative heights.
Good fits were not possible.

The fits reported here used a surface-absorp-
tion form for the imaginary well. Volume-absorp-
tion wells were also investigated and gave almost

identical results. A spin-orbit potential term
was tried'but was not found to be useful.

Extensive fitting was also done with a six-pa-
rameter potential in which the imaginary well
radius and diffuseness were allowed to become
different from the real well radius and diffuse-
ness. In most cases the radius and diffuseness
of the real well remained essentially the same as
in the four-parameter fits, but the radius and
diffuseness of the imaginary well always in-
creased. Slightly better fits to individual angu-
lar distributions were possible with six param-
eters, which is to be expected when two more
parameters are made available. However, the
six-parameter fits for either Li isotope over
the entire range were of the same quality as the
four-parameter fits.

The parameter sets which give the best fits to
the data at each bombarding energy all result
in essentially the same values of the collision
matrix U, . Therefore, the collision matrix ele-
ments give a useful representation of the data.
Thus:

de 1 2
= f~(8)+ 2. (2l+ l)(e""&—U, )P, (cos8)

1=0

The quantity, f~(8), is the Coulomb amplitude. '
If there were no nuclear potential, U, would equal

TABLE II. Partial-wave amplitudes for Li~+ C~2. TABLE III. Partial-wave amplitudes for Li +C

4.5 5.8 6 4 7.5 9.0 11.0 13.0
l (MeV) (Me V) (MeV) (Me V) (MeV) (MeV) (MeV)

4.5
(MeV)

5.8
{MeV)

9.0
(MeV)

11.0
(MeV)

13.0
(MeV)

0 0.714
360'

0.413 0.368 0.334 0 .316 0.299 0.283
3210 297' 254' 203' 141' 860

0.853
30

0.486
352'

0.133
246'

0.083
172o

0.058
104'

1 0.923 0.686 0.564
30 0 50

0.396
359'

0.282
346'

0 .237 0.227
320' 286'

0.914
10

0.647
356o

0.202
286o

0.110
2260

0.064
166o

0.915
30

0.585 0.468
356' 342'

0.371
3100

0.330
267o

0.305 0.284
221' 179'

0.957
2d

0.720
40

0.206
3Q6'

0.120
249o

0.080
193

3 0.990
10

0.921 0.850
355' 8'

0.665
14

0.419
18'

0.243
220

0.195
210

0.986
]d

0.893
30

0.361
344'

0.194
308'

0.110
265'

4 0.996
pd

0.961 0.903
3o 50

0.713
60

0.482
351'

0 .366 0.318
320o 29

0.998
QO

0.967
20

0.514
20

0.283
338'

0.171
304'

5 1.000
Po

6 1.000
Pd

7 1.000
PO

8 1.000
Po

0.996 0.990
]o 1o

1.000 0.998
po Qd

1.000 1.000
0o 00

1.000 1.000
PO Pd

0.964
40

0.990
10

0.998
Pd

1.000
00

0.864
11'

0.949
40

0.994
]0

0.998
00

0.586
24'

0.774
90

0.967
50

0.992
20

0.307
37

0.565
60

0.881
12o

0.969
40

1.000
00

1.OOO

PO

1.000
PO

1.000
Qo

0.994
10

0.998
Po

1.000
Po

1.000
00

0.783
70

0.932
40

0.984
10

0.996
00

0.499
30

0.746
80

0.923
50

0.978
20

0.294
347'

0.502
50

0.767
90

0.923
40

9 1.000 1.000 1.000 1.000 1.000 0.998 0.994
0 0 0 0 0 0 1

1.000
00

1.000
Qd

0.998
PO

0.994
1'

0.978
20
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e" &. Consequently, to show the effects of the
nuclear potential, Table II lists the values of the
partial-wave amplitudes, g, =e " &U„ for the
reaction Li'+C". These values correspond to
the fits shown in Fig. 1. Table III does the same
for Li'+C".

Figure 5 shows partial-wave amplitudes for the
two reactions plotted on Argand diagrams. Lines
are drawn connecting matrix elements corre-
sponding to a particular l value. Bombarding en-
ergy is denoted by point shape. The Li'+C" val-
ues generally follow a common track so only the
l = 0 amplitude is shown. The phase angle first
increases and then decreases, and the magnitude
shrinks as the energy increases. The Li'+C"
values do the same except that the magnitude is
larger, and the even and odd angular momentum
amplitudes follow quite different tracks.

IV. CONCLUSION

The optical model does provide a successful
description for elastic scattering of lithium from
carbon. Both Li' and Li' scattering from C" can
be fitted over a wide energy range with wells of
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FIG. 5. Real vs imaginary parts of g& for Lie on C~

and Li on C . Points are plotted for each bombarding
energy as indicated, and lines connect points with com-
mon l value.

TABLE IV. Total reaction cross sections.

Calculated Measured Calculated Measured
values for values for values for values for

Energy Lje+ C~ Lje + Ci2 Lj.v+ C Lj~ + C
(MeV) (mb) (mb) (mb) (mb)

4.5
5.8
6.4
7.5
9.0

11.0
13.0

110
320
410
560
690
810
880

36~
90 c

105 c

107 d

91 d

75
290

730
880
970

6b
12b

70e
75e
47e

~ Heference 13. Sum of Pp-P4, dp-d4, ep-o,'~.
b Preliminary results. Sum of pp p4& dp df~ tp &p.

Reference 2. Sum of pp p3 dp d4 0,'p
~Reference 2. Sum of pp p4» dp d5~ ~p ~4.
e Preliminary results. Sum of pp-p4, dp-d3, tp-t4,

Clp-Q3 ~

the same radius and diffuseness, and only slightly
different depths. The parameter sets listed in
Table I are a few of the many sets which give
good fits to the data. The analysis showed that
the real well depth must not be less than about
40 MeV. Except for this limitation, loci of good
fits were found throughout the physically mean-
ingiul regions for the radius and real-well-depth
parameters. We assumed that the real well could
not be much deeper than the sum of the real well
depths for all of the nucleons in the lithium nu-
cleus scattering individually, so we did not search
at well depths greater than about 450 MeV.

A large number of possible values for the real
well depth V is the usual result of trying to fit
elastic scattering cross sections for composite
particles. Techniques have been developed for
estimating the physically meaningful potential.
The method of Kadmenskii' calculates the poten-
tial by averaging the radial functions of the opti-
cal potentials for the constituent nucleons over
the spatial density of these nucleons in the com-
posite particle. For the scattering of Li' from
C", this method gives numbers such as 200 MeV
for V." Roughly the same results are obtained
when the calculation is done by Watanabe's meth-
od" using a d-o. cluster structure instead of a
density distribution. "

In the elastic scattering of composite particles
one can question whether the core of the well is
important, since only low l values are affected
by the core, and absorption of these partial waves
is likely. In order to test this idea, repulsive
cores of several different shapes and of about
0.5-F radius were added to the Woods-Saxon well
corresponding to parameter Set B. The partial-
wave amplitudes were markedly changed for low
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l values. One concludes that in the case of
lithium-carbon scattering, even the innermost
parts of the potential well are important.

The total reaction cross section can be calcu-
lated from the partial-wave amplitudes given in
Tables II and III for each bombarding energy and
reaction. The results are shown in Table IV. The
measured values are less than the total because
of the unmeasured particle groups. There are al-
so continua in the spectra of outgoing particles
which have not been included in the sum. "' From
qualitative observation of these continua it is
quite possible that they could account for the re-
maining cross section. The similarity in the cal-
culated cross sections was unexpected in view of
the difference in the pattern of the partial-wave
amplitudes shown in Fig. 5.

The elastic scattering of Li' and Li' by carbon
is different in character in the energy range

covered in this work. The former shows diffrac-
tive behavior in its angular distributions, whereas
the latter has almost smooth angular distribu-
tions. This difference is seen also in Fig. 5 in
the way the partial-wave amplitudes depend on
the energy. The Li' amplitudes are generally
larger than the corresponding Li' amplitudes and
show an alternation in the behavior of the even
and odd partial waves. For Li' the phase of the
odd partial waves does not change nearly as rap-
idly as that of the even waves. The physical rea-
son for this is not understood.
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