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Folding-model description of elastic and inelastic scattering of Be
by ' Ca and K at 40 MeV
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Angular distributions have been measured for elastic scattering of Be+ ' Ca and

Be+ K at Ebb ——40 MeV, covering an angular range up to 8, = 120'(0/o. &
—10 '),

and for inelastic scattering of Be leading to the first 2+, 3, and 5 states in Ca, and the
first 2+ state in Ca. The large angle cross sections (0, = 173') measured are an order of
magnitude smaller than those reported earlier for Li scattering in this mass region. The
data are analyzed in terms of the double-folding model with a realistic effective nucleon-
nucleon interaction. The need to renormalize the effective interaction by a factor of -0.6
is removed when the strong projectile quadrupole effects are treated explicitly in coupled
channels calculations. The inelastic cross sections are dominated by the imaginary part of
the transition form factor, but the deformation lengths still agree well with the experimen-
tal B(EL) values for the L = 2, 3, and 5 transitions studied.

NUCLEAR REACTIONS Be + K, ' Ca, E = 40 MeV; elastic
and inelastic, Ca(2+, 3.90 MeV, 3, 3.74 MeV, and 5, 4.49 MeV)
and Ca(2+, 1.16 MeV). Measured tr(8) up to 8, m = 120' and at

8, m = 173.8'. Double-folding model analysis, DWBA, deduced nu-

clear deformation lengths.

I. INTRODUCTION

The scattering of Be projectiles has received con-
siderable attention recently. ' The absorption in
Be elastic scattering was found to be appreciably

stronger than the absorption of other projectiles of a
similar mass, ' while inelastic Be scattering was
found to be dominated by the imaginary part of the
transition form factor. In the context of the
double-folding model, Be elastic scattering appears
to be anomalous, ' as the M 3Y effective nucleon-
nucleon interaction has to be substantially reduced
(by a factor of 2 —3) to reproduce Be elastic
scattering data. The very weak binding energy of
the Be nucleus suggests itself as a natural explana-
tion of the strong absorption in Be elastic scatter-

ing, and also of the Be anomaly in the double-

folding model. However, a recent study of quadru-

pole effects in Li and Be scattering demonstrated
that the large static quadrupole moments of these
nuclei play an important role in the scattering pro-
cess. When the strong quadrupole effects in

Be+ Ca elastic scattering at E~,b ——40 MeV were
treated explicitly in coupled channels calculations,
no renormalization of the real double-folded poten-

tial, obtained with the M 3Y effective interaction,
was needed to reproduce the data.

In the present work, we report a measurement of
extensive angular distributions for Be + K and
Be + Ca elastic scattering at E~,b ——40 MeV,

which complete the 40 MeV data for Be+ Ca al-

ready reported in Ref. 8. These measurements were
undertaken to determine the mass dependence of the
effective nucleon-nucleon interaction and to search
for the existence of anomalous large angle scattering
as observed in Li + K, Ca scattering. Together
with the elastic cross sections, angular distributions
for inelastic scattering of Be leading to the first 2+,
3, and 5 states in Ca, and to the first 2+ state
in Ca are also presented. Both the elastic and ine-

lastic scattering data were analyzed in terms of the
double-folding model. The importance of higher-
order effects, in particular the effect of the quadru-
pole moment of Be, was investigated in coupled
channels calculations.

II. EXPERIMENTAL PROCEDURE AND RESULTS

The Be beam was produced in the form of
BeH by flowing ammonia onto a Be cone in an
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inverted sputter source, " and accelerated by the
Florida State University super FN tandem Van de
Graaff accelerator. Beam currents of up to 300 nA
of Be + on target were obtained. The targets were
prepared by vacuum evaporation of the target ma-
terial onto carbon foils ( -34 pg/cm, thick), and
were transferred to the scattering chamber without
breaking the vacuum. Natural KF (-100pg/cm ),
natural metallic Ca (-100pg/cm ), and enriched
~Ca (98.6%, -300 pg/cm ) were used. An array
of six Si surface barrier detectors mounted 10 apart
in a 46 cm diam scattering chamber detected the
scattered ions. Single detectors with an angular ac-
ceptance of 0.3' were employed in the four
forward-angle positions, while hE Etelesc-opes (0.7'

angular acceptance) were used in the last two posi-
tions to eliminate light reaction products at back-
ward angles. A monitor detector at a small forward
angle was used for normalization between runs.

Absolute normalization of the cross sections was
established by measuring the elastic scattering of 2S
MeV ' C + ions from each of the targets, and as-

suming the scattering to be Rutherford. The abso-
lute certainty in the normalization is estimated to be
+ 6%%uo.

The measured elastic angular distributions are
shown in Fig. 1, and the inelastic cross sections are
shown in Fig. 2. The error bars shown are due to
counting statistics and uncertainties in peak fitting,
and do not include the absolute error. The angular
distributions for Be+ Ca and Be+ K elastic
scattering extend to a ratio-to-Rutherford of
oloii —10 (8, 120'). The elastic cross sec-
tions have little structure and fall off exponentially
in the whole angular range measured. There are
some gaps in the inelastic angular distributions,
which are due to difhculties in separating the yields
from carbon or oxygen contaminant peaks.

A counter telescope was placed at a laboratory
angle of 173 to determine the elastic cross section
at this angle on each of the targets. To calibrate the
detector, a Be beam was scattered from an Au tar-
get. The Be beam energy was chosen so that the
scattered particles had the same energy as that ex-
pected from the K and Ca targets of interest.

III. ELASTIC SCATTERING ANALYSIS

The elastic scattering data were analyzed in terms
of the double-folding model. The real double-
folded potential was obtained by evaluating

U(R) = Xfdr~ fdr, p&(r~)p, (r, )
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FIG. 1. Angular distributions for elastic scattering of
Be+ K, Be+ Ca, and Be+ Ca at E~,b ——40

MeV, compared with the double-folding model fits. The
dashed lines are calculations without quadrupole effects
when N was allowed to vary, and the solid lines are
results of the coupled channel calculations with N fixed
at 1.0.

where the 5-function term approximates SNKE in

using momentum-space techniques. ' Here

pz, (rz, ) is the point nucleon density of the projec-
tile or target nucleus measured with respect to its
center of mass, and R is the separation of the two
colliding nuclei. The effective nucleon-nucleon in-
teraction V was the M 3F interaction of Bertsch
et al. , which is based on a realistic 6 matrix, modi-
fied to account for single-nucleon knockout ex-
change (SNKE)." Only the S = T = 0 term was
used, of the explicit form (energies in MeV and
lengths in fm)

e
—4r —2.5r

V(r) = 7999 —2134 —3915(r),
4r 2.5r

(2)
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this energy range. The factor N in Eq. (l) is a re-

normalization of the real double-folded potential,
which was varied to obtain the best fit to the data.
If the model is correct, then N 1.0. The ima-

ginary part of the optical potential had the conven-

tional %'oods-Saxon form, whose radius parameter
was kept fixed at rr ——1.22 fm while the depth and

FIG. 2. Angular distributions for inelastic scattering
of Be+ Ca and Be+ Ca at E],b ——40 MeV, leading

to the first 2+, 3, and 5 states in Ca, and the first
2+ state in Ca. The solid lines are DWBA fits to the
data.

p(r) = pp(r) + p2(r) l'2p(r) .

Here the body fixed coordinate system is used, pp(r)
is the spherical density of Be given by Table I, and

p2(r) is the quadrupole density. For simplicity, the

quadrupole density was given a derivative form

dpp(r)
p2(r) = &2

dr

where 52 is the quadrupole deformation length. The

(4)

diffuseness were adjusted.
The proton parts of the densities of the Be pro-

jectile and the targets were taken from electron elas-
tic scattering work. ' The neutron part of the Be
density was derived from the proton part by adjust-
ing the harmonic oscillator parameter so that the
difference between the neutron and proton rms ra-
dii, after a deconvolution of the proton size, was
0.38 fm (method B of Ref. 6). The neutron parts of
the target densities were obtained by assuming a
neutron skin predicted by the droplet model. ' The
parameters of the densities used are given in Table I.
The proton size was deconvoluted from these densi-
ties during the momentum-space evaluation of the
integral in Eq. (l).

The best fits to the elastic cross section data ob-
tained with this procedure are shown in Fig. 1

(dashed curves), and the corresponding potential
parameters are given in Table II. A renormaliza-
tion of the real double-folded potential by a factor
N = 0.6 was needed to fit the Be elastic scattering
data for all three targets. This renormalization is
substantial, but not as drastic as the factor N 0.3
reported recently for Be+ Ca at 45 and 60
MeV.

The Be nucleus has a large static quadrupole
moment, Q2 ——4.9+ 0.3 e fm, ' which is neglected
when only a spherical density is used. We studied
the effects of the quadrupole moment by adding a
quadrupole term to the spherical density of Be:

TABLE I. Parameters of the projectile and target densities. The Be density has the form
p(r) = (A + 8C'r') exp( —C'r') + (D + EF r') exp( —F r ), and the target densities are
p(r) = 3 /t 1 + exp[(r —B)/C]] + D/[ I + exp[(r —E)/F] J. The densities are given in
units of fm

Nucleus

'Be
39K

Ca
"Ca '

0.0651
0.083 74
0.0849
0.0802

0.0398
3.521
3.572
3.651

0.5580
0.550
0.550
0.550

0.0544
0.086 76
0.0858
0.0888

0.0332
3.5425
3.558
3.763

0.4878
0.550
0.550
0.550
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TABLE II. Optical potential parameters. The potential has a double-folded real part, renormalized by the factor N,
and a Woods-Saxon imaginary part. The projectile quadrupole deformation length 52 was used in the coupled channel
calculations, in which N was fixed at 1.0.

System 8'
(Mev)

&I ~2 L 1/2(~) + 1/2 U j,/2 ~1/2
(fm) (fm) (fm) (MeV) (MeV)

Be+ Ca

0.75e+ 1.0
0.66
1.0
0.56Be+ Ca 1.0

Rl ——1.22(Ap' + A, ' '); 8, = 1.3A, ' fm;

23.4
32.0
22.9
35.0
16.4
24.0

D, = 1.66(A ' +A, ' ')

0.74 0
0.71 2.5
071 0
0.71 2.5
0.84 0
0.70 2.5

23.9
25.1

24.0
25.1

25.5
25.4

9.1 0.73
9.1 0.98
9.1 0.68
9.1 1.03
9.3 0.53
9.3 0.95

0.88
1.05
0.79
1.21
0.88
0.71

16m.

5

00

p2(r)r dr = Q20.Ze

This seemed to be the simplest procedure, in view of
the absence of a model-independent knowledge of
the deformation of the neutron distribution. The ro-
tational model was assumed with E = I = —, for
the ground state of Be, and thus the intrinsic mo-
ment Qzo is given by Q2O

——5Qi ——25 e fm with
the experimental value' of the static moment Q2.
This procedure resulted in a value 52 ——2.5 fm for
the quadrupole deformation length. The use of the
deformed density (3) in the folding integral (1) gen-
erated a quadrupole term in the real double-folded
potential, in addition to the monopole term. As the
quadrupole density p2(r) is derived from a spherical
density which is not corrected for the finite proton
size, the proton size was unfolded from p2(r) during
the evaluation of the double-folded quadrupole
term. An imaginary quadrupole term of a deriva-
tive Woods-Saxon form, with the same deformation
length as for the real part, was also included in the
optical potential.

Coupled channels calculations were carried out
for the Be elastic scattering from Ca, Ca, and

K, using the quadrupole term in the optical poten-
tial to couple the ground state of Be to itself
(reorientation coupling). A modified version of the
coupled channels code CHUCK' was employed in
these calculations. The renormalization factor was
fixed at X = 1.0, but the depth 8' of the imaginary
Woods-Saxon potential was varied to adjust for the
coupling effects. The results of the coupled channel
calculations are shown in Fig. 1 (solid curves). It

parameter 52 was fixed by normalizing the quadru-
pole density to the intrinsic electric quadrupole mo-
ment Qio of Be:

1/2

can be seen that the data are fitted at least as well as
in the calculations without quadrupole effects, and
thus the need to renormalize the real double-folded
potential is removed (N was fixed at 1.0). This
result indicates that the E —0.6 renormalization,
needed when only a spherical double-folded poten-
tial was used, simulates the strong quadrupole ef-

fects in Be elastic scattering. The potential parame-
ters used in the coupled channel calculations are
summarized in Table II.

The coupling effect due to the excitation of the
(2A3 MeV) state in Be is difficult to assess, as

it is not possible to observe the Be projectile excita-
tion in the detection setup we used, and for this
reason it was not included in the calculations. An
explicit treatment of the effects due to the excitation
of the target states together with the projectile quad-
rupole effects was not attempted due to the compu-
tational complexity of the problem. In any case,
coupled channels calculations which did not include
the projectile quadrupole effects showed that the ex-
cited states of the Ca and Ca targets, which are
of a vibrational character, played a minor role in in-

fluencing the elastic cross sections.

IV. INELASTIC SCATTERING ANALYSIS

The double-folding model was also employed to
analyze the measured inelastic cross sections for the
excitation of the first 2+, 3, and 5 in Ca and
the first 2+ state in Ca. A 2 -pole deformation of
the density of the nucleus excited leads to a real
double-folded form factor for inelastic excitation of
rnultipolarity L; this is a natural extension of the
folding model to inelastic scattering to collective
states. ' As in the investigation of the projectile
quadrupole effects, a derivative form was assumed
for the 2 -pole transition densities pr (r):



24 FOLDING-MODEL DESCRIPTION OF ELASTIC AND. . . 1499

dpo
pl(r) = 5L,

dr
(6)

where po(r) is the spherical density of the target,
and 5L is the 2 -pole nuclear deformation length for
the inelastic transition. When the equivalence of the
charge and nuclear transition density pL (r) is related
to the reduced electric transition probability
B(EL;O~L) as

f pL(r)r + dr = [(3(EL)j'~ (7)

With the form (6) for the transition densities, Eq.
(7) simply sets the charge and nuclear deformation
lengths equal, when the proton and neutron spheri-
cal densities have the same shape. The experimental
B(EL) values' ' for the transitions considered
here, and the deformation lengths 5L derived using
Eqs. (6) and (7) and the spherical target densities of
Table I, are given in Table III.

The inelastic cross sections were calculated in the
distorted-wave Born approximation (DWBA). The
distorted waves were generated with the double-
folded real and Woods-Saxon imaginary potentials
which fitted the elastic data in the calculations
without projectile quadrupole effects (see Sec. III).
These effects were simulated by the renormalization
of the real double-folded potential. The real
double-folded form factors were renormalized in the
same way as the rea1 potentials. The imaginary part
of the transition form factor had the conventional,
Woods-Saxon derivative form with the same defor-
mation length as used in the real part.

Coulomb excitation was included using the
B(EL) values of Table III, but was found to be im-

portant only for the quadrupole excitations, where

400 partial waves were included using the method
of Samuel and Smilansky for the high partial
waves. The nuclear deformation lengths 5L were
adjusted to the magnitude of the inelastic cross sec-
tions, and are compared with the deformation
lengths derived from the 8 (EL) values in Table III.
The DWBA fits are shown in Fig. 2 (solid lines).
As can be seen, the inelastic angular distributions are
reproduced quite well.

The real part of the transition form factor contri-
butes relatively very little to the inelastic cross sec-
tions, as setting the imaginary part to zero reduced
the cross sections by almost a factor of 10; this
makes inelastic Be scattering quite insensitive to the
details of the real transition form factor. The inelas-

tic cross sections are thus dominated by the
phenomenological imaginary form factor; and it is,
therefore, rather surprising that the deformation
lengths found by fitting the data agree so well with
the B(EL) values (see Table III). In fact, the 5L

values for the I. = 2 and 3 transitions in Ca are in-
excellent agreement (equal within errors) with the
results of a recent double-folding model analysis ' of
"8+ Ca inelastic scattering at 51.5 MeV, where
the real part of the transition form factor was dom-
inant. Here, as in the case of "8+ Ca, higher or-
der effects were not needed to describe the inelastic
scattering, in contrast to ' 0 + Ca at 60 MeV,
where the 5 transition could only be fitted with

coupled channels calculations.

V. LARGE ANGLE CROSS SECTIONS

One motivation of this study was to determine
whether Be scattering had enhanced large angle
cross sections like those observed for I.i + K,

TABLE III. Deformation lengths for inelastic transitions in the 'Be + Ca and Be + Ca
systems.

Transition
(MeV)

B(EI.)
(e 2 fm2L)

5L'
(fm)

51
(fm)

5L'
(fm)

0+ 2+( Ca)
O+ 3 ( Ca)
o+ ~ s-(~ca)
0+ 2+( Ca)

—3.90
—3.74
—4.49
—1.16

90
1.5 )& 10
3)& 10 '

47O'

0.46
1.30
0.7S
1.02

0.44
1.15
1.00

0.44
1.15
0.81
1.02

'Derived from the B(EL) values using Eq. (7).
Reference 21.

'Found by fitting the present data.
Reference 17.

'Reference 18.
'Reference 19.
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Ca. For Li + K at a bombarding energy of 34
MeV, the value of o/cr~ ——1.3 + 0.13 )& 10 at
0, = 173.3'. In the present work, for a bombard-

ing energy of 40 MeV at 0, = 173.9',
crhr~ ——1.0+0.3 X 10 for Be+ K, and
1.9+ 0.3 g 10 for Be+ Ca. These results,
taken with the results of Ref. 23, seem to indicate
that both Li and Be do not have enhanced large
angle cross sections, implying that the phenomenon
is not related to the small binding energy of the Li,
Li, and Be projectiles. However, this tentative con-

clusion should be treated with caution, because of
the possible oscillatory nature of the angular distri-
butions at large angles. The data are a factor of 10
larger than the calculated cross sections at this an-

gle.

VI. CONCLUSIONS

Elastic scattering of Be by Ca, Ca, and K
was studied at E~,b ——40 MeV, together with Be
inelastic scattering leading to the lowest 2+, 3, and
5 states in Ca and the lowest 2+ state in " Ca.
The measured elastic angular distributions, which
cover an extensive angular range (up to 8,

120'), are characteristic of strong absorption, with
no backward-angle enhancement.

Both the elastic and inelastic data were analyzed
in terms of the double-folding model with a realistic
effective nucleon-nucleon interaction. The need to
renormalize the effective nucleon-nucleon interac-
tion by a factor of about 0.6 was shown to be relat-
ed to the large static quadrupole moment of Be, as
the elastic cross sections could be fitted without re-
normalization (N = 1.0) when the strong quadru-

pole effects were treated explicitly in coupled chan-
nels calculations.

Quadrupole effects undoubtedly play an impor-
tant role in the recently studied elastic scattering of
Be by Si at 121 and 201.6 MeV (Ref. 2), where,

however, coupling effects due to the strongly-excited
states in Si could complicate the picture. Unfor-
tunately, coupled channels calcultions, in which
both the projectile and target higher-order effects are
included, still impose an excessive demand on the
computing time, especially when a large number of
partial waves is required.

The inelastic scattering of Be + Ca and

Be+ Ca was described well by DWBA calcula-
tions, using real double-folding potentials and transi-
tion form factors, renormalized to simulate the pro-
jectile quadrupole effects. The imaginary part of the
transition form factor dominates the inelastic cross
section, so the analysis was not sensitive to the real
double-folded form factors. The deformation lengths

61 found by fitting the inelastic data thus reflect
chiefly the deformation of the imaginary Woods-
Saxon potential. For this reason, the very good
agreement for all multipolarities (L = 2, 3, and 5)
between the deformation lengths derived from the
8 (EL) values and the values of 51. which fitted the'

data is quite surprising.
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