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Description of large angle Li + Ca scattering from 26 to 34 MeV
using double-folded and a+d cluster potentials
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New elastic scattering data are reported for Li + Ca at 26 and 30 MeV, and inelastic
data at 30 MeV. The measurements at 30 MeV were taken to provide a complete angular
distribution at this energy and showed that previously published large angle data at 30
MeV are incorrectly normalized and must be multiplied by 0.65. The new angular distribu-
tion at 26 MeV displays enhanced large angle cross sections as has also been previously ob-
served at 30 and 34 MeV. Double-folded or cluster potentials are able to describe the elas-
tic scattering of Li + Ca over the energy range 26—34 MeV, including the large angle
oscillations. No special property is required to explain the large angle behavior other than
weak absorption. The double-folding model has also been used to determine deformation
lengths for the first 2+, 3, and 5 states in Ca. The values for the 2+ and 3 states
agree well with those found from electron, Be and "Binelastic scattering, while the value
for the 5 state is a factor of 2 smaller.

NUCLEAR REACTIONS Ca( Li, Li) Ca, E =26 MeV, '
Oc m

=9'—161'; Ca( Li, Li) Ca* elastic and 3, 2+, 5 E=30 MeV,
8, =9'—78'; measured 0.(8). Double-folding model, cluster folding
model, deduced optical model parameters; DWBA, deduced deforma-

tion lengths at 30 MeV.

I. INTRODUCTION

Recent experimental results' show that the
scattering of Li by targets around mass 40 displays
enhanced large angle cross sections reminiscent of
that observed for a-particle scattering from these
same target nuclei. A natural assumption is that
the Li large angle scattering arises from the under-

lying u-particle component of an o.+d cluster
structure in Li. Studies of this phenomenon for
Li have been hampered by the much smaller cross

sections (-10pb sr ') compared with those for the
equivalent energy u-particle scattering. The present
work reports the results of some new experimental
data and analyzes this together with existing data
using folded potentials. The new data consist of a
complete angular distribution for 6Li+ Ca elastic
scattering at 26 MeV, and the forward angle data at
30 MeV necessary to provide a complete angular
distribution when combined with the existing data
at this energy. In addition, inelastic scattering to
the first 2+, 3, and 5 states in Ca has been
measured and compared with 0%'BA calculations.

The elastic data have been analyzed with a micro-
scopic double-folded real potential obtained by con-
voluting a realistic nucleon-nucleon interaction with
the ground state densities of Li and Ca. This
model has previously been applied to the old 28,
30, and 34 MeV data, and was able to describe the
data well. However, a discrepancy arose in that dif-
ferent imaginary parameters were required at 30
MeV. With the new 26 and 30 MeV data we wish
to try to resolve this discrepancy.

In an attempt to relate the large angle behavior of
Li+ Ca to that of a+ Ca, single-folding cluster

potentials have been calculated for Li+ Ca as-
suming that Li has an cz+d structure. The method
used is to fold phenomenological a+ Ca and
d+ Ca potentials with the wave function for a+d
in Li, and was first described by Watson for Li
scattering at 20 MeV. It has also been used success-
fully by Schwandt et al. at 99 MeV and in both
cases it was found necessary to reduce the strength
of the real potential (as also is required for the
double-folded potentials) and to use a Woods-Saxon
(WS) form for the imaginary potential rather than
the cluster form. The a+d cluster model is also

26 486 1982 The American Physical Society



26 DESCRIPTION OF LARGE ANGLE 6Li + ~Ca SCATTERING. . . 487

rather successful in describing the vector analyzing

power iTii of 6Li scattering around 20 MeV.
IO

)OO

II. EXPERIMENTAL PROCEDURE IO

)0 0'

The Li beams for these measurements were pro-
duced in an inverted sputter source and accelerated
by the Florida State University super FN tandem
Van de Graaff accelerator. The targets were made
by evaporating natural calcium metal (96.8% Ca)
onto formvar backings and transferring them under
vacuum into the scattering chamber. The forward
angle data were taken with a single counter, while
the data for Oz & 50' were taken with two bE&E
counter telescopes. The counter telescopes were
necessary to separate the Li events from the larger
number of a particles produced. The telescope
events were sorted on line so that Li energy spectra
were produced during the experimental run.

The first data taken were at 30 MeV, where Bohn
et a/. had measured detailed angular distributions
for Ot & 40'. To complete the angular distribution a
single detector was used to overlap several data
points of Ref. 2 and then the same detector was

used to measure the important forward angle
Coulomb-nuclear interference region. When these
measurements were carried out, they resulted in a
cross section that rose to 1.70 of Rutherford, indi-

cating that the data of Ref. 2 were improperly nor-

malized. The slope of the overlap points between

the present measurements and those of Ref. 2 was

the same. Several data points were taken at 28 and

34 MeV to normalize the 30 MeV data to those of
Ref. 1, where considerable effort was made to deter-

mine the absolute cross section. Our results show

that the data of Ref. 2 need to be multiplied by 0.65
to give them the proper normalization. A previous

study which analyzed Li+ Ca elastic scattering
in a consistent manner over the energy range
28 —156 MeV using a single energy independent po-
tential had found a normalization of 0.70 for the 30
MeV data of Ref. 2. A combination of the present

results with those of Ref. 2 after they have been

multiplied by 0.65 is presented in Fig. 1. The data
taken in the present work at 26 MeV are also shown

in Fig. 1 and the inelastic data at 30 MeV are
presented in Fig. 4. The absolute error of all the
data shown is +7%. The sources of this error are
discussed in Ref. 1. The error bars in the figures
represent the sum of statistical errors and peak fit-
ting errors. Minimum relative errors of 5% were

assumed at all energies.
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FIG. 1. Fits to Li+ Ca elastic scattering at 26—34
MeV using real potentials obtained by a double folding
of the M3Y interaction with the densities of Li and
~Ca (M3Y, full lines}, or by a superposition of a and

deuteron potentials (0,+d, dashed lines). The imaginary
potential had a Woods-Saxon form in both cases. The
data of Ref. 2 after multiplication by 0.65 are shown as
open circles.
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III. ELASTIC SCATTERING

Previously published analyses' of sLi + OCa

elastic scattering at 30 and 34 MeV using Woods-
Saxon potentials have been unable to fit the so-
called anomalous large angle (8 & 90') data. In con-
trast, the double-folding model is able to satisfac-
torily describe the large angle data at 30 MeV, al-
though the forward angle data is lacking at this en-

ergy. This model is applied here to 26—34 MeV
data over the angular range 10'—170'.

The real potential VF(r) is calculated by folding
an effective nucleon-nucleon interaction u(r) with
the densities of both the projectile pz(r) and target
pr(r)

VF(r)= fdry J drrp~(rr)

&(pr(rr)u(r r~+rr) . —

The effective interaction is taken to be the
S =T =0 component of the M3Y interaction deter-
mined by Bertsch et al. , modified by inclusion of a
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TABLE I. Optical model parameters for Li+ Ca
elastic scattering at 26—34 MeV.

10O

d+ Co II.SMeV

26
28
30
34

Double-folded real
0.65 9.63
0.65 11.24
0.63 10.01
0.64 11.06

E 8'p
(MeV) (MeV) (fm)

potentials
1.99
1.98
1.97
1.94

a
(fm)

0.69
0.75
0.68
0.73

0/0 R

o a+ Co 22MeV

~ ~
~ ~

26
28
30
34

cz+d real potentials
0.61 7.76
0.62 10.18
0.60 8.78
0.59 10.01

2.03
1.97
1.96
1.94

0.84
0.88
0.81
0.82

I
2
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0 30 60 90 120 150 180

e, „(deg)
FIG. 2. Optical model predictions for the elastic

scattering of d+ Ca at 11.8 MeV and a+ Ca at 22

MeV. The data are from Refs. 17 and 18, and the opti-

cal potentials from Refs. 15 and 16.

delta function to account for single nucleon ex-
change

—4r —2.5r

U (r) =7999 —2134 —2625(r) . (2)
4r 2.5r

(3)W(r) = —iWO 1+exp
a

For the Li projectile density, the proton charge dis-
tribution was unfolded from the measured charge
density and it was assumed that neutron and pro-
ton densities were equal. A semi-self-consistent cal-
culation with a density dependent potential was
used to generate the Ca density. The folded po-
tential was then calculated with the computer pro-
gram DFPOT using standard Fourier transform
techniques.

The folded potential was multiplied by a normali-
zation factor N to compensate for deficiencies in
the model. Since the interaction used was real and
there is no reason to suppose that the real and ima-

ginary parts of the interaction have the same form,
an imaginary %oods-Saxon potential was used

1/3Az-

In fact, using the same folded form for both real
and imaginary potentials does not fit the data. Also
included was the Coulomb potential due to a uni-

formly charged sphere of radius Rc——1.AT'~ fm.
The optical model program FBQMF was used to
search on the parameters to fit the data. The result-

ing parameters are given in Table I and the fits are
shown as the full lines in Fig. 1. The fits are very
good over the whole angular range of the data at
each energy. In particular they are able to describe
the deep large angle oscillations while simultaneous-

ly fitting the forward angle data, which was not
demonstrated convincingly in Ref. 4.

Satchler and Love also fitted the old 28, 30, and
34 MeV data with the double-folded potential and
noticed a discrepancy in that the 30 MeV data re-
quired smaller values for 8'0 and ai compared with
the neighboring energies of 28 and 34 MeV, while N
and rI were consistently the same at all three ener-

gies. Since changes in the normalization of the data
can be compensated for by different imaginary po-
tentials, we thought that the discrepancy might
therefore arise from an incorrect normalization of
the 30 MeV data, or from a lack of forward angle
data. However, even when the 30 MeV data are
correctly normalized and the forward angles includ-
ed, the discrepancy still remains, as can be judged
from the parameters in Table I. We do find, how-

ever, that the discrepancy is not as serious as with
the incorrectly normalized data, for which we ob-
tained the parameters N =0.63, 8'o ——9.51 MeV,
ri ——2.03 fm, and ai ——0.59 fm. Moreover, the 26
MeV imaginary parameters are very similar to those
at 30 MeV and therefore exhibit the same
discrepancy. Since the normalization of the data at
each energy has been carefully determined, it would

appear that there are small fluctuations in the ima-
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ginary parameters in this energy range, although for
higher energies up to 156 MeV the Li+ Ca poten-
tial is energy independent. ' Another point to note
is that to fit the large angle data at energies around
30 MeV the imaginary radius parameter rr -2.0 fm
is much larger than the value rI -1.7 fm required
to fit high energy data. Accompanied with this are
smaller values of 8'o at low energies. However,
there still is no variation in the real potential with
increasing energy.

Calculations have also been made using a super-
position of alpha and deuteron potentials to see if
the anomalous large angle scattering observed for
Li is related to that for the scattering of alpha par-

ticles from Ca. The real potential for Li is calcu-
lated from

V6& (r) = .I I V~( r ——,R)

+ &g(r+ —,R) I ~

y(R)
~

'dR, (4)

where V (r) and V~(r) are the real parts of the al-

pha and deuteron optical potentials, evaluated at —,

and —, of the incident Li energy. 1t(R) is the wave

function of relative motion for the alpha and deu-
teron clusters within Li and is taken from the work
of Kurdyumov et al. ' It is found, however, that
the resulting Li potential is very insensitive to the
exact form of the a —d wave function and that al-
most identical results are obtained using dif-
ferent ' wave functions.

The alpha and deuteron real potentials have the
form of a Woods-Saxon potential raised to a power

Vz(d) (r)

The 6Li energies of this work correspond to deu-

teron energies of 7.7 —10.1 MeV and alpha-particle
energies of 16.6—21.7 MeV. The global deuteron
potential of Ref. 16 was obtained from fitting data
in excess of 11.8 MeV. Figure 2 shows a fit to
d+ Ca data at 11.8 MeV from Ref. 17 using the
global deuteron potential. It is claimed in Ref. 16
that the difference between data and theory at large
angles is due to contributions from s-wave com-

pound elastic scattering. However, the data may be
fitted well at all angles by only small departures
from the global parameters. It is therefore expected
that the use of the global potential is reasonable.

The a+ Ca potential of Gubler et al. ,
' with a

WS (Ref. 5) shape for the real part and a WS shape
for the imaginary part, is capable of fitting data
over the energy range 29—104 MeV, including the
large angle behavior at the lower energies, remark-
ably well. However, it fails when applied to lower
energy data, such as the 22 MeV data of Ref. 18
shown in Figure 2. It is capable of predicting the
correct general shape, but the magnitudes of the
peaks are too low for 8 & 50' by a factor of about 2.
Searching on the parameter values is unable to sig-
nificantly improve the fit, nor is the use of other
a+ Ca potentials which are able to fit higher ener-

gy data. We note here that improvements in the
description of the large angle data appear to come
from changes in the shape of the imaginary poten-

I t

Li+ Ca 30MeV

Va(d), p 1 +exp
r —r („)AT

1/3 —N (d)

(5)

102

aq.

where the global parameters of Daehnick et al. "
are used for the deuteron potential

Vd p ——93.6—0.26E,

rd ——1.17,

ad ——0.709—0.0017E,

Nd ——1,

(6)

and the average parameters of Gubler et al. ' for
a+ Ca are used for the alpha potential

IO

-V(r)
(Mev)

0

V~ p 241 IO Oo 279E

r =1.88,

aa=1 85

N~=5 .

(7)

10 3 6 9
r (fm)

12 15

FIG. 3. Real and imaginary potentials for Li+ Ca
elastic scattering at 30 MeV. The strong absorption ra-
dius is marked as R„.
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tial and therefore justify the use of Eqs. (5) and (7)
for calculating the alpha component of the Li real
potential.

The Li+ Ca elastic data was then refitted using
the cz+d potential. As before the real potential was
multiplied by a normalization factor N and a
volume Woods-Saxon potential included. The su-

perposition model cannot be expected to yield a
realistic imaginary potential due to the different ab-
sorptive mechanisms involved. In particular it will
omit the breakup channel of Li into a+d, which is
likely to be large. The resulting parameters are
given in Table I and the fits are shown as the
dashed lines in Fig. 1. The fits to the data are again
quite good over the whole angular range, although
the 7 values are about twice as large as when using
the double-folded potential.

Comparing the parameters for the two different
potential forms, the double-folded potential has an

average normalization of N =0.64 and the a+9 po-
tential one of N=O 61 Th. e d. ifference between

these values is not very significant. However, the
folded potential has an average volume integral per
interacting nucleon of 261 MeVfm, while that for
the a+d potential is 224 MeV fm . The discrepan-

cy can be traced to the a+ Ca potential which has
a volume integral per interacting nucleon of about
350 MeVfm compared with 405 MeVfmi for the
deuteron potential and 408 MeV for the nucleon-
nucleon interaction of Eq. (2). There is little differ-
ence between the imaginary potentials, although the
diffuseness is consistently larger for the a+I fits.

Figure 3 illustrates the different potentials at 30
MeV. The folded (M3F) and a+d real potentials
are very similar for r =5—8 fm, but the a+d po-
tential is smaller in magnitude outside this region.
However, the important point to note is that the im-

aginary potential is always smaller than both real
potentials for r & 10 fm, in particular at the strong
absorption radius R„=1.5(6'~i+40'~i) fm. This is
one of the few cases in Li scattering where the ima-

ginary potential is not dominant at large radii. The
weaker absorption, presumably arising from a re-
duced number of open reaction channels, then gives
rise to the large angle oscillations in exactly the
same way as for a+ Ca.

IV. INELASTIC SCATTERING

Simultaneously with the forward angle elastic
data at 30 MeV, inelastic cross sections for the exci-
tation of the first 2+, 3, and 5 states in "Ca
were measured. These data have been analyzed in
the same way as previously used for excitation of

I O. 0
2 590MeV Lj+ 0co

I.O—

l0.0

l.0
JD
E

b 0' 5

O. l

O. OI
20 40 60

Bc ~(deg)
FIG. 4. DWBA calculations of Li+ Ca inelastic

scattering at 30 MeV using realistic transition densities
to calculate the real form factors in a double folding
model.

pT(r)=
0.0849

r —3.572
1+exp

0.0858

r —3.558
1+exp

(8)

and the proton charge was unfolded. The same
density as before was used for Li. The single nu-
cleon exchange strength was now taken as 390
MeVfm to maintain consistency. The 30 MeV
elastic scattering data is then fitted with the param-'

eters N =0.67, 8'0 ——12.41 MeV, rl ——1.92 fm, and
al ——0.66 fm with very similar fits to those obtained
in the previous section.

It was assumed that a derivative form could be
used for the 2 -pole transition densities pI (r)

the same states by Be (Ref. 19) and "B (Ref. 20)
inelastic scattering to determine if the deformation

lengths are consistent.

Since the previous papers for Be and "Bused a
different density distribution for Ca, the elastic
data was first refitted. The form of the Ca densi-

ty was taken from the liquid drop model '
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TABLE II. Deformation lengths for inelastic transitions in Ca.

Transition

+ 2+
0+ 3-
0+~5

(MeV)

—3.90
—3.74
—4.49

8(EL)
(e fm )

90'
1.5X104'
3 &(10"

5L, '(EL)
(fm)

0.46
1.30
0.75

5 ( Li)"
(fm)

0.49
1.04
0.53

(fm)

0.44
1.15
0.81

5 ("B)'
(fm)

0.44
1.15
1.00

'Derived from the 8(EL) values using Eq. (10).
Found by fitting the present data.

'Reference 19.

dpp
pL (r) =5L,

dr
(9)

where po(r) is the spherical density for Ca given

by Eq. (8). 5L is the 2 -pole nuclear deformation
length for the inelastic transition. The imaginary
part of the transition form factor had the normal
Woods-Saxon derivative form with the same defor-
mation parameter as used for the real part. The in-

elastic cross sections were calculated in the DWBA
using the computer program cHUCK. 3. The dis-
torted waves were generated with the renormalized
double-folded real and Woods-Saxon imaginary po-
tentials which fitted the elastic data. The same re-
normalization was used for the real double-folded
inelastic form factors. Coulomb excitation was in-
cluded and the deformation lengths 5r were adjust-
ed to fit the magnitude of the inelastic cross sec-
tions.

The resulting deformation lengths are compared
in Table II with those found from folding model
analyses of Be and "B inelastic scattering. A de-
formation length for the charge distribution may
also be derived from the reduced electric transition
probability 8(EL;O~L) by

I pl (r)r + dr= [B(EL)]'~
Ze

(10)

and is also given in Table II. The deformation
lengths for the 2+ and 3 states found from Li in-
elastic scattering agree well with those found from
the 8(EL) values and from Be and "8 inelastic
scattering. However, the deformation length for the
5 state is rather lower for Li inelastic scattering
than for any of the other methods, although it does
agree well with the result found for "B inelastic
scattering using real Woods-Saxon potentials and
form factors.

It is possible that the discrepancy in the deforma-
tion lengths arises from the greater sensitivity to the
real form factors (due to weaker absorption) in the
scattering of Li from Ca compared with Be and
"B. Following previous folding model calculations

Reference 20.
'Reference 23.
Reference 24.

of inelastic scattering ' Tassie transition densities

L —1
pI (r)=Cl. r

dp'

normalized to the 8(EL) values were used to calcu-
late the real form factors. The extra r ' factor in
Eq. (11) compared with Eq. (9) results in a longer
tail for the high L values and also the peak in the
transition density is located further out in radius as
L increases. The deformation lengths of the ima-
ginary form factors were adjusted to fit the data
and resulted in 51 ——0.74, 1.30, and 0.61 for the 2+,
3, and 5 states, respectively. While the deforma-
tion length for the 5 state has increased, it is still
somewhat less than the deformation lengths ob-
tained from the B(EL) value, and Be and "8
scattering. In addition the 2+ deformation length is
much greater than was previously obtained. It is
therefore concluded that the discrepancy in the S

deformation length is not attributed to an incorrect
choice for the transition densities. It is more likely
to be due to an incorrect parametrization of the im-

aginary potential since even though it appears to be
wea, kly absorbing the real form factors alone pro-
duce only about 10—20% of the inelastic cross sec-
tion.

V. CONCLUSIONS

New experimental data for Li+ Ca elastic
scattering at 26 and 30 MeV have been measured.
The 26 MeV data, extending to large angles, show
enhanced large angle cross sections, as previously
observed at 30 and 34 MeV. The new 30 MeV data
show that the normalization of previously published
large angle data at this energy is in error, and that
this data should be multiplied by 0.65 to be con-
sistent with the forward angle data presented here.
In addition, inelastic transitions to the first 2, 3
and 5 excited states in Ca were measured at an
inc:ident energy of 30 MeV.

The new elastic data measured here have been
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analyzed in conjuction with existing data at 28, 30,
and 34 MeV. Both the forward angle data and the
enhanced large angle oscillations may be simultane-
ously fitted using a real potential obtained from ei-
ther a double-folding calculation or a single-folding
cluster model. In contrast to the general case for
Li, the imaginary potential is required to be weaker

than the real at all radii in order to describe the
large angle data. The similarity of the double fold-
ed and cluster potentials, and the weakness of the
imaginary potential, suggest that the large angle
behavior of Li+ Ca is not particularly related to
the a+ Ca component, but rather is due to the

weak absorption in this case.
The inelastic data were compared with DWBA

calculations employing double-folded real and

phenomenological imaginary form factors. The de-

formation lengths were adjusted to fit the magni-
tude of the data and for the 2+ and 3 states were
found to agree well with the values obtained for in-

elastic electron, Be and "B scattering. However,
the deformation length for the 5 state was found
to be about a factor of 2 smaller.
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