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Backward-Angle Elastic Scattering of 0 on Ca and Ca~
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Angular distributions at 40 MeV and backward-angle excitation functions in the energy range
25—45 MeV have been measured for 60 elastic scattering on Ca and Ca. The 0+ Ca ex-
citation function measured in this experiment shows no indication of the marked structure
observed in earlier experiments and predicted by angular-momentum-dependent optical-mod-
el calculations. The experimental data are discussed by means of both the standard and the
L. -dependent optical models.

INTRODUCTION

Interest in the elastic scattering of "P has re-
cently been stimulated in connection with an ex-
tension of the standard optical model to include
an angular-momentum-dependent absorption. ' '
This modification of the optical potential is ex-
pected to become important when orbital angular
momenta carried into the nuclear region are larg-
er than the maximum orbital momentum that can
be carried away in any nonelastic channel. This
results in increased transparency for the high-
order partial waves. Introduction of an energy-
dependent angular momentum cutoff for the ab-
sorptive potential has made possible an improved
description of the experimental' "0+"0elastic

scattering excitation functions' and of the "0+"Ca
elastic scattering angular distributions' and has
led to a better understanding of the pronounced
differences between the "P+"P and "P+"0 scat-
tering. ' The most striking result of this model
has been the prediction' of strong resonance-like
structures in the "Ca+ "0 elastic scattering ex-
citation function at 0, = 180'. Preliminary ex-
perimental results indeed seemed to show such
resonances. ' However, these results have now
become questionable. ' '

We have therefore repeated the measurements
on the elastic scattering of oxygen by "Ca and
have extended them to "|a. Excitation functions
obtained at -177' c.m. are presented and discussed
in this paper. Angluar distributions have been
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measured for "' "Ca("0,"0) at 40 MeV. The
results are compared with optical-model calcula-
tions.

EXPERIMENTAL PROCEDURE

AND RESULTS
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FIG. 1. Spectra obtained at 8»b =177' for the two in-
dicated target positions. The broad peak labeled ~60

corresponds to O+4 Ca elastic scattering. The C~;
peaks are due to the C( 0, a&) 4Mg reaction leading to
the ith excited state of 24Mg.

The excitation functions were measured in a
4-in. scattering chamber at the Argonne FN tan-
dem Van de Graaff. Thin targets (30 pg/cm' Ca
on carbon backing) were bombarded with "0 ions
with energies from 25 to 45 MeV. The beam was
aligned by observing the beam spot on a quartz
viewer at the end of the beam line and was colli-
mated by movable slits and apertures. The an-
nular solid-state detector used was sufficiently
thin to keep the proton groups out of the pulse-
height region of interest. The detector subtended
the angular range 176.7-178.0' c.m. In order to
minimize the background due to backscattering,
the beam stopper was placed far (3.5 m) from the
detector.

The spectra included several n groups arising
from the "C('~0, a) reaction on the carbon backing
in addition to the "0 ions elastically scattered
from Ca. The latter could easily be identified,
however, by inspecting the movement of the vari-
ous particle groups as a function of the bombard-
ing energy. In addition, the oxygen group could
be distinguished in the spectra from the a-particle
groups by its larger energy spread (full width at
half maximum). At energies at which the oxygen
peak overlapped an n peak, the target was turned
180' so that the carbon layer faced the beam and
the detector. Because of the large energy loss

of the scattered oxygen ions in the carbon foil,
the 0 peak was shifted to lower energies, while
the o. groups originating from the carbon foil
shifted slightly to higher energies, as is demon-
strated in Fig. 1. It was therefore possible to
determine reliable backward-angle cross sections
over the whole range of bombarding energies.
Figure 2 shows the measured excitation function
for "Ca. The cross sections were obtained by
normalizing to the charge collected in the beam
stopper, with proper correction for the energy
dependence of the average charge of the oxygen
ions that had passed through the target. " Ab-
solute cross sections were determined by com-
parison with the Rutherford cross section at low

energies. For energies E ~ 37 MeV the points
indicate an upper limit of 0.3 mb/sr, although
these are the energies at which strong resonance
structure were expected. ' ' A curve similar to
Fig. 2 is obtained for "0+"Ca.

Excitation functions for ~Ca and "Ca are pre-
sented in Fig. 3. The curves represent the stan-
dard optical-model fits discussed below.

In addition to the excitation functions, angular
distributions for Ca+ ' 0 and Ca+ '60 elastic
scattering have been measured at 40 MeV in the
angular range 0, = 15-110'. The experimental
results together with a standard optical-model
calculation are shown in Fig. 4.

DISCUSSION
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FIG. 2. Excitation function for eo+ Ca elastic scat-
tering at 8)eb =177'.

As Fig. 2 shows, there is no sign of the struc-
tures found earlier (Ref. 4) in the excitation func-
tion of the elastically scattered "0 ions on "Ca
for energies E& 37 MeV. The structures reported
in Ref. 4 most likely result from an n group aris-
ing from the "C("0,a) reaction. The yield of the
n group which overlaps with the "0peak in the
energy region of interest shows strong fluctua-
tions parallel to the structures presented in Ref. 4.
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We avoid this overlap by the technique indicated
in Fig. 1. We have attempted to describe excita-
tion functions, as well as angular distributions,
with the help of the standard optical model.

The optical-model fits shown in Figs. 3 and 4
were obtained with the search code ABACUS. " In
this search we used the four-parameter Woods-
Saxon potential

U(r)=-(V+iW)(1+e" ") '+Vc(Rc, r),

where V~ is the Coulomb potential resulting from
a uniform charge distribution inside a sphere of
radius R~. The parameter search was started
with the angular distribution for 'Ca+ "O. The
initial parameters (V=100 MeV, W=40 MeV, R
=Rc =7.3 fm, and a =0.45 fm) were similar to
those used by Voos, von Oertzen, and Bock,"and
an optimum fit (shown as the dashed curve in Fig.
4) was obtained for W = 24.41 MeV, R = 7.43 fm,
and a =0.50 fm. Since V is strongly correlated
with R, it was kept fixed at V= 100 MeV. With
these parameters the excitation function drawn
in Fig. 3 (dashed line) was calculated. The curves
through the "Ca+ "0data (solid lines in Figs. 3
and 4) were obtained by merely changing the radi-
us R to 7.25 fm. The radius thus appears to have
the usual% dependence and is given by R(Ca) =1.22
x[18 ~ ++(Ca)~~~]

The calculated cross sections were insensitive
to changes in the Coulomb radius R~; a variation
of Rc from 7.0 to 7.7 fm produced no sizable ef-
fect on the calculated curves. This might seem
surprising in view of the clear effect of small
changes in the radius R of the nuclear potential.
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The reason for this insensitivity to R~ certainly
is that the relevant part of the potential, the Cou-
lomb barrier, is outside the assumed charge
sphere. Both the Coulomb potentials VC and the
sum of V~ and the real nuclear potential V for
0+ Ca and for ceO+4sCa are plotted in Fig. 5.

The energy shift between the ~Ca and the "Ca
excitation function (Fig. 3) reflects the difference
between the heights (Vc+ V) of the two potential
barriers.

Our data do not determine the optical parame-
ters unambiguously. A change of +0.1 fm in R
could, for example, be compensated by a change
of +0.02 fm in the diffuseness a without affecting
the calculated results. It is beyond the purpose of
this paper to investigate such ambiguities in detail,
but the reader is referred to the papers of Robert-
son et al."and of Orloff and Daehnick. " The elas-
tic scattering of ' 0 on '~' Ca in the neighbor-
hood of the Coulomb barrier has been discussed
in more detail by Bertin et al. ,"who pointed out
that only two parameters are determined inde-
pendently by such an analysis. The most appro-
priate pair of choices consists of the "Rutherford
radius" R&, i.e., the position of the maximum in
the total potential V(R)+ Vc(R), and the function f
defined by f=1-Rs[V(Ra)+ Vc(R„)]/Z, Z,e' Table.
I lists the optical-model parameters and also the
values of R~ and f obtained here, together with
those obtained in Ref. 15 for comparison.

Our data are well described by the standard
optical model, and the excitation function shows
no sign of the strong resonant structure predicted'
by the angular-momentum-dependent optical po-
tential. In the latter model, the imaginary part is
assumed' ' to be of the form W(r)g(J), where

g(g) (1 ~ e(J'-z~)/6 t)-1 (2)
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FIG. 3. Excitation functions for 0 elastic scattering
on 4 Ca and Ca, normalized to the Rutherford-scatter-
ing cross section. The curves are standard optical-mod-
el fits with the parameters listed in Table I.

FIG. 4. Angular distributions for ~~O elastic scatter-
ing on Ca and Ca at E»b( 0) =40 MeV. The curves
are standard optical-model 6ts with the parameters of
Table I.
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TABLE I. Optical-model parameters. For the definitions of Rz and f, see the text.

Target
V

(Me V) (Me V)

R
(fm) (fm)

R~
(fm) 102I Source

4oCa

48Ca

100

100

24.41

24.41

7.25

7.43

0.50

0.50

9.35
9.250

9.55
9.662

5.29
5.65

5.16
4.87

Present analysis
Ref. 15

Present analysis
Ref. 15

with J=L for "0+"Ca. This form factor takes
account of the fact that the absorption of incident
partial waves with L larger than a critical value

L, may be restricted because of a lack in exit
channels with correspondingly high angular mo-
mentum. Clearly, this restriction becomes in-
effective if the maximum orbital momentum L
carried into the nuclear region (grazing orbital
momentum) is smaller than L, . Our data, which
do not show the expected resonance structure,
probably indicate that the orbital momentum cutoff
chosen for the calculation of Refs. 1, 3, and 4 [L,
= 11-13 for E»("0)=38-42 MeV] is too small.

To check how changes in L, influence the calcu-
lated excitation function, we have calculated the
backward scattering for "0+"Ca by use of the
optical potential" whose form factor for the imag-
inary part W(r) is as given in Eq. (2). The as-
sumed energy dependence of L, was the same as
in Ref. 3, namely,

(3)

where E is the c.m. energy, p. is the reduced
mass, and R and Q are parameters representing
average values of channel radius and effective
threshold energy for nonelastic channels. The pa-
rameters of Table I were used for the real part
of the potential as well as for W(r), and R was set
equal to B. The diffuseness parameter was taken
to be n. L =0.5 (as in Refs. 1, 3, and 4), and Q was
varied to change the range of L, . (Though the pa-
rameters —especially 8, Q, and S'- are functions
of energy, it is sufficient for this qualitative dis-
cussion to use constant values as has been done
in Refs. 3 and 4.) The results are displayed in
Fig. 6. For L, = 7-15 (thin solid curve) in the in-
vestigated energy region, the excitation function
is similar to that obtained in Refs. 3 and 4. (Ob-
served differences are partly due to the signifi-
cantly larger depth of the real potential used here.
The additional structure in our results arises
from the smaller energy step. ) The marked struc-
ture is considerably reduced when L, is increased
to 11-17 (dashed curve). The disappearance of
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FIG. 5. Coulomb potentials V~ and the Coulomb-plus-
real nuclear potentials used in the optical-model calcu-
lations which yield the fits shown in Figs. 3 and 4 (opti-
cal-model parameters given in Table I).

FIG. 6. Excitation functions for 60+ Ca elaptic scat-
tering at 0, ~ =178', calculated by use of an L-dependent
absorptive potential. The thin solid line corresponds to
an orbital momentum cutoff parameter in the range L,
= 7-15, the dashed curve to L, =11—17, and the heavy
full curve to L, =14-19.
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FIG. 7. Maximum orbital momenta L m,„(the L value
for which the transmission coefficient is 0.5) for ~~0
+ Ca elastic scattering and for several connected exit
channels (ground-state transitions) plotted as a function
of the 80 bombarding energy.

the structure when L, = 14-19 (heavy curve) indi-
cates that L, is now larger than L

In Fig. 7, L for the "O+"Ca elastic scatter-
ing channel, as well as for nonelastic channels,
is plotted as a function of the oxygen bombarding
energy. Here L is the I value for which the
transmission coefficient TI. has fallen to 0.5. The
transmission coefficients for all channels shown
in Fig. 7 were calculated by use of the optical pa-
rameters of Table 1, with R = 1.22 (A, ' ~+Am' ~).
Since the transmission coefficients are rather
insensitive to details of the optical potentials, the
present purposes do not require the use of special
measured potentials for the different channels. (A

check with more realistic potential depths —e.g. ,
with V = 50 and 150 MeV for the P and ~ channels,
respectively, and 8' =8 MeV for both —yielded the
same transmission coefficients as were obtained
with the potentials of Table I.}

As shown in Fig. 7, there are indeed several
nonelastic channels that may carry out the maxi-
mum orbital momentum brought into the nuclear
region by the ieO+~OCa channel Nonzero final
spins will further increase the number of channels
matching the angular momentum carried in. Fig-
ure 7 of course says nothing about the strength of
the absorption into the open channels. As far as
the direct mechanism is concerned, the "o."-trans-
fer channel" "C+"Ti and perhaps the 'Be+ "Cr
and n+ "Fe channels are of importance and possi-
bly contribute significantly to the absorption of
the incoming surface waves. In order to take this
into account, the cutoff L, in the L-dependent
form factor would have to be taken larger than
L,„of the entrance channel. This implies that
the elastic scattering is not affected by this form
factor.

The situation for "Ca+ "0 is similar to that for
"Ca+ "0 (the number of open channels is even
larger for "Ca+ "0 than for ~Ca+ "0}.Hence no
effect of L dependence is expected in this case
either. This is supported by the experimental
findings.

The above discussion, for the same reason as
given by the authors of Ref. 5, disregards possi-
ble absorption into exit channel which result from
compound nucleus formation.

The main results of this paper can be summar-
ized as follows. Our data are well described by
standard optical-model calculations. The strong
resonant behavior predicted by an optical model
with an angular-momentum-dependent absorptive
part and which had been believed to be observed
at 0, =178' is not verified by this experiment.
The cross section for "0+"'"Ca elastic scatter-
ing is smaller than 0.3 mb/sr in the energy range
37-45 MeV. Our data indicate that the form fac-
tor used in Refs. 1, 3, and 4 underestimated the
absorption of high-order partial waves.
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Excitation functions for the 96Mo(p, xn)97 Tc reactions have been measured for proton bom-
barding energies from 10-80 MeV. These experimental results have been compared to exci-
tation functions calculated using the most recent version of intranuclear cascade model, that
known as VPOT, as well as the older STEP. The two models are compared, particularly
with reference to improvements in the newer, more sophisticated VPOT. This model pro-
vides substantially better agreement with experiment than STEP, although it is also found to
introduce new problems.

INTRODUCTION

In recent years, much attention has been given
to attempts to calculate the detailed mechanism
of nuclear reactions induced by high-energy pro-
tons. Such a calculation requires two steps: first,
production of an excited nucleus, and then, its de-
cay. The second step, relaxation of the excited
nucleus by evaporation of nucleons, may be calcu-
lated by means of the Dostrovsky, Fraenkel, and
Friedlander' formalism. This is a purely statisti-
cal calculation which has been used to reproduce
experimental data in a wide variety of nuclear re-
actions. '

Calculations of the initial interaction of bom-
barding proton and nucleus have provided qualita-
tive, but not, in general, quantitative agreement
with experimental excitation functions. Succeed-
ing generations of Monte Carlo intranuclear-cas-
cade calculations' ' have become increasingly
sophisticated but have not always led to the expect-
ed improvement in agreement with experiment.
A case in point is the-most widely used of such
calculations, that known as Vegas. ' The Vegas
calculation, in its simplest form called STEPNO,
was found' to substantially improve agreement
with experiment over previous calculations. '
The chief advance of this calculation was inclusion


