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Resonant heavy-ion elastic scattering from s-d shell nuclei
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Angular distributions at angles 130' & 0, & 180' have been measured for "C + "Si, "S, ' Ca as well as
Be, "C+ Si in the energy rage 20 MeV & E, & 35 MeV. Cross sections rising towards 180' are

observed for all reactions. Excitation functions for the back angle enhancement show distinct structures,
most pronounced for ' C + "Si. Angular distributions for "C, especially those corresponding to peaks in the
excitation function show oscillations of the type pJ'{cos8). The ' C back angle enhancement decreases with

target mass. Backscattering of the non-a nuclei 'Be and "C is reduced by about two orders of magnitude in

comparison with "C. Standard theoretical approaches fail to explain all the obser;ed effects.

NUg LEAR, REACT(ONS 12C + 28' 12C + 32S 12C + 40Ca 9pe + 28S» i3g + 28S»

measured o- (8, E) elastic scattering, 130'« ~ &180', 20 MeV&E &35 MeV,
dednced 4' of resonances.

INTRODUCTION

The forward angle scattering of heavy ions is
well described by strong absorbing potentials
over a wide range of energies. ' As such poten-
tials predict vanishing back-angle cross sections,
until recently no experimental efforts were un-
dertaken to explore the back-angle region. The
first such study was reported for "0+' Si.3,

Suprisingly a strong rise of the elastic scattering
cross section towards 180 was observed with an
angular distribution of the form Pz(cosg), where
J equaled the angular momentum of the grazing
partial wave. The effect could be well described
by several different theoretical approaches. 4 All
these theories failed, however, to describe sub-
sequent back-angle data, of C ~~O from Si. '

There. if was shown that the observations from
Ref. 3 do nof generally hold. Specifically exci-
tation functions of the back-angle cross sections
show resonant behavior. Pz(cos8) type angular
distributions are only observed for certain ener-
gies and in these cases J does not always agree
with the angular momentum of the grazing partial
wave.

Some indications for these phenomena can be
found in earlier publications: Oscillations ob-
served at mid-angles (60'—120') cannot be des-
cribed by simple optical potentials. ' In the
case of ' 0+ 4Mg' resonating excitation func-
tions have been reported for mid-angle cross
sections. Back angle enhancements have also
been observed for elastic scattering of ' 0 from
2 Ne. '9 Here n-transfer reactions may cause
backward- angle oscillations. Calculations on the
basis of this assumption, however, do not give
satisfying fits to the data. Extensive studies

have been done for the system "C+ "0." The ob-
served strong resonant behavior- of the elastic
scattering at back angles in this system is often
explained by a set of molecular resonances.
This explanation is further supported by the ob-
servation of the same resonances in other reac-
tion channels' and in microscopic predictions. '
Resonant behavior is well known to occur for
scattering of light identical ions "C and "O. For
a recent review on this subject, see Ref. 13.

Strong enhancements of the elastic back-angle
scattering cross section are also well known for
the interaction of n particles with n nuclei (this
term is used here for nuclei between ' C and 4 Ca
consisting totally of 2n-2p pairs). '4 Although
this effect was discovered 20 years ago, there is
still no satisfying theoretical description for all
its aspects and it has been labeled "anomalous. "
Excitation functions for anomalous back- angle
cy scattering can also show strong resonant be-
havior for many targets (2 Ne, Ref. 15; ' Mg,
88i, Ref. 16).
There exists a multitude of theoretical publica-

tions in connection with the anomalous back-angle
a scattering, many of which are based on limited
experimental results and have not described sub-
sequent measurements. A similar situation arose
soon after publication of the first heavy. -ion back-
angle scattering results. ' This clearly shows the
need for more extensive data. It is difficult to
take systematic data for n-particle scattering
over a wide range of energies as most accelera-
tors only cover a small part of the region of in-
terest. For heavy iona the situation is more
favorable. We present here back-angle elastic
scattering angular distributions taken at many
energies between the Coulomb barrier and the
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upper limit of the accelerator for several heavy-
ion projectile and target systems.
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FIG. 1. The 9-slit collimator and resultant angular
spectrum.

EXPERIMENTAL METHOD

For all heavy-ion systems studied in this paper,
we measured the kinematically reversed reaction
(i.e. , the heavier of the ions was used as projec-
tile). ' Si (beam currents = 1 pA), ' S- and 40Ca-

(-100 nA) beams of the University of Rochester
MP tandem accelerator were used to bombard
carbon and beryllium targets of an approximate
thickness of 100 pg/cm' thus averaging over about
+200 keP in the center of mass. The elastically
scattered carbon and beryllium ions were detected
at forward angles corresponding to c.m. angles
between 130' and 180'. (We define the heavier
particle as target in the c.m. system. ) The Enge
split-pole, Rochester heavy-ion detector system"
was used to provide complete mass and charge
separation of the detected reaction products. In
addition, the system allowed the calculation of the
angle of incidence -for each incoming particle us-
ing the signals from two position wires. This
makes it possible to take data for several angles
simultaneously. Most of the angular distributions
presented here were measured with a 9-slit coll-
imator at the entrance of the spectrograph. An

example of the use of this slit is shown in Fig. 1.
Counting efficiencies for the different slits were
determined by Rutherford scattering of C from
Au. The mean angle of each slit was calculated
from the chamber geometry and from the finite
rectangular geometry of the slit. The latter was
important for the two smallest angles only. The
difference between slits corresponds to a differ-
ence in the laboratory scattering angle of 1.17'
and the width of one slit to 0.3' (a solid angle of
0.3 msr). Some of the "C+ BSi data were taken
with only 5 slits of twice-the-above distance and

width. An aluminum foil of thickness 25-37 p,m
was used to prevent elastic scattered beam part-
icles from entering the detector.

A thin layer of Au (-0.5 pg jcm') was evaporated
on the targets for normalization purposes. The
ratio of C (Be) to Au atoms on the target was de-
termined by Rutherford scattering of a low-energy
heavy-ioh beam. During the experiment beam
particles elastically scattered from Au were de-
tected at 30' in a monitor counter.

A system of three consecutive slits at the en-
trance of the scattering chamber kept the beam
spot (-lxl mm) on the target in a stable position.
Several runs performed at the beginning and the
end of the experiment gave no indication of sig-
nificant carbon build-up on the target.

To check the accuracy of the absolute normali-
zation, we took data with an "0beam on the same
' C target used with the ~ Si beam. Cross sections
for back scattered '~C agree with those reported
in Ref. 10. For E, = 20.1 MeV with ' C+ 288i,

we measured an angular distribution for the
whole angular range 90'-180'. Forward angle
data taken' at the same energy between 0' and
90' show a satisfying connection with our data.

RESULTS

Angular dj,strjbutj. ons for C on Si are shown
in Fig. 2. In all cases, cross sections rising
towards 180' are observed. The magnitude of the
backward- angle cross section exceeds the system-
atic potential2 predictions by about 100 at low
incident energies and by 10, 000 at the higher
energies. Most distributions show regular os-
cillatory behavior and can be well fitted by PJ
(cos8) with higher Z values observed at higher
energies. There is no smooth variation of J-
values with energy, however. A changeover takes
place rather abruptly [as between 24.3 MeV (P„)
and 24.8 (P2«)] or is accompanied by irregular
non-P~z type angular distributions [as between
30.8 MeV (P28) and 33.2 MeV (P2»)].

%e calculated the average cross section in the
angular range 155'—175' as a measure of the back-
angle enhancement. These values are plotted
against energy in Fig. 3. A strongly structured
excitation curve is observed with distinct maxi-
ma at energies 23.3, 26.0, 30.2, and 33.6 MeV.
Comparison with the angular distributions shows
that the most regular P2z(cos8) type distributions
are observed near peaks of the excitation curve,
whereas irregular distributions are always to be
found at valleys. Note, however, that for the
higher energy resonances the envelope of the ang-
ular distribution falls off faster than P (cos~28).

Therefore, it is likely that more than one process
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FIG. 2. Sample of elastic angular distributions for
f2C+ 288l.

TABLE I. Jvalues from best P & (cos 8) fits to the
data (Figs. 2, 5) at peaks of the excitation function
(E~~~). Fits using a Legendre polymonial of one unit
different can be seen in Ref. 5. Values are in brackets
if peaks in excitation function are not well defined. The
value for /~, the angular momentum of the grazing
partial wave was calculated as discussed in the text.

~obs Reaction

21.5
23.2
26.0
30.2
33.6
25.8
28.1
29.6
32.6

(13)
15
18
18

(19)
(12)
(16)
18
18

15
17
19
21
23
18
20
21
23

"c+"si

i2C+ 328

is contributing. Furthermore, the fits with P~
(cose) are sometimes ambiguous. For example,
the angular distribution at F., = 33.6 MeV is
fit about equally well with J=19 or 20. There-
fore, while most of the J assignments are clear,
some assignments can only be made to +1 unit,
depending on the quality of the fit.
J values observed at peaks of the excitation func-

tion are listed in Table I together with values for
the angular momentum of the grazing partial
wave / . The values for / were calculated us-
ing the potential &12—from Ref. 2. However,

l~ values calculated with other potentials never
differed by more than one unit from those listed
in Table I.

The excitation curve is rising towards lower
energies. Here we approach the Coulomb barrier
where "normal" optical potential scattering is ex-
tending into the backward region and interferes

0 I-

0 I-

Si(2 )

g.S.

268

26. 1

I2C 28$, do
doR
(arbitr.
units)
IO

O.OI-

20 25 50 55 EcMtMeV] 25.8

IO

FIG. 3. Excitation functions for back-angle - C+ Si
elastic and inelastic scattering. The average back-
angle cross sections are calculated over the angular

e 155o 175o (g S ) 157o 175o (28Si 2+), 159'-]75'
(28Sj 4+ f2C 2+)

QH
140' 160

CM

FIG. 4. Elastic angular distributions for C+ Si
measured with a thin target.
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with possible resonant behavior.
The excitation curves for inelastic scattering

(Fig. 2) to the "Si 2' state at 1.I6 MeV, the "Si
4' state at 4.6 MeV and the ' C 2' state at 4.43
MeV (the latter two are not resolved experiment-.
ally) agree in shape well with the g. s. curve, al-
though the structure is somewhat less pronounced.

Most of the inelastic angular distributions show
a near logarithmic rise toward 180'. For the

Si 2' distributions at E, =30.2 and 33.6 MeV,
some structure is visible which allows one to
deduce spin values 17 or 18 for E, =30.2 MeV
and 18 or 19 for E, =33.6 MeV'~ in agreement
with J values found for g. s. elastic scattering at
these energies.

In Ref. 6, a fine structure was observed for the
~ C + Si excitation functipn at 180 in additipn tp
the gross structure in Fig. 3. This additional
structure can not be seen in our experiment as
cross sections are averaged over AE, = 0.4
MeV due to the energy loss of the Si beam in the
carbon target. We performed an additional ex-
periment with a thin carbon target (-10 pg/cm )
where we measured angular distributions (Fig. 4)
at two peaks and one valley for one of the gross
structure peaks. Figure 4 shows the same var-
iation in cross section with energy as was ob-
served at 180 . ~ Notice that at all three ener, —

gies the same P»(cos8) angular distribution is
obtained. However, oscillations are more pro-
nounced than those in Fig. 2. Small deviations
from perfect P',8(cos8) distributions are observed,
varying for the three energies,

Angular distributions for "C+ S are shown in
Fig. 5. The cross sections are reduced in com-
parison with ~ C+ 28» by about pne order pf mag-
nitude. P2~(cos8) behavior is still observed, with
features as discussed for ' Si. However, the os-
cillations are in general less regular and show a
steeper rise towards 180 . The excitation func-
tion shows structure, however, much less pro-
nounced than for the ' Si case. There is also less
agreement between elastic and inelastic scatter-
ing. Observed J values at peaks of the excitation
curve are listed in Table I. The discrepancy be-
tween J and l i.s similar to Si. ' C+ S leads
to the same compound nucleus (44Ti) as "O+ 28Si.

It may therefore be possible to observe the same
resonances in both cases. A comparison of our
excitation curve (Fig. 6) with the one for '80+ '8Si
(Ref. 6) however shows no similarity at all. In
addition, different J values (by about 4 units) are
observed at comparable energies for the two re-
actions.

Two angular distributions have been taken for
"C+ 4 Ca. Not enough counts were recorded to
deduce J values. The overall backward-angle
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FIG. 5. Elastic angular distributions for C+ 3 S.
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FIG. 6. Excitation functions for back-angle ~ C+ 3 S
elastic and inelastic scattering. The average back-
angle cross sections are calculated over the angular
range a55'-&75' (g. s. ) and X57'-&75' P2S 2+).

cross sections are further reduced and agree with
values taken in recent "C+4OCa experiments
at Brookhaven and Chalk River.

A comparison for backscattering of "C from
different o. nuclei is shown in Fig. 7. A drastic
reduction of the cross section with target mass is
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observed.
To check whether enhanced back-angle scatter-

ing cross sections are restricted to interactions
between o nuclei, we also took data, for Be (E,
= 24.1 MeV) and '3C on '8Si. In both cases, cross
sections are nearly two orders of magnitude low-
er than for ' C+ BSi. The angular distributions
(Fig. 8) show a rather featureless rise towards
180'. Cross sections for inelastic scattering and
the ('3C, "C) reactions were also measured.
Ground state elastic scattering shows some struc-
ture in the excitation curve (Fig. 9) less pro-
nounced however than in the case ' C+ Si. The
peak at E, =26.0 MeV coincides with a peak of
Fig. 3, however at higher energies the excitation
curve disagrees with the one for "C+"Si. A
strong reduction of the back angle enhancement has
recently also been observed for ' 0+ ' Si compared

FIG. 9. Excitation functions for back-angle ~3C+ Si
elastic and inelastic scattering and the Si P3C, '2C)
~~Si reaction. The average back-angle cross sections
are averaged over the angular range 155'-175' (g. s. )
and 157o 175o I28Sj. 2+ and p3C, ~2C)].

with ' Q+ Si ' In contrast to ' C data, the ' C
back-angle scattering data can be fitted by oddly

slightly modifying optical model potentials that
fit forward data of similar systems. '~

DISCUSSION AND SUMMARY
'

There are two basic theoretical approaches to
data: (1) We may try to incorporate the process
in direct reaction models (optical model and
DWBA) that have successfully been used to des-
cribe forward- angle data. ' Clearly, modifica-
cations of these models are necessary (2) .We
may consider the process as an isolated pheno-
menon.

The observed resonant structure suggests the
involvement of a set of high spin states ('molecu-
lar resonances) in the corresponding compound
nuclei.

The first approach amounts to finding a poten-
tial description for the data since the transfer of
a massive number of nucleons seems to be ruled
out. " This has recently been achieved success-
fully for 60+ 28Si. Surface transparent, weakly
absorbing potentials have been used" to describe
the complete angular distribution of Ref. 3. A
weak absorption in the surface makes it possible
for partial waves near l to be scattered in the
background hemisphere producing regular
&~+(cose) angular distributions with Z= f . Such
a description does not explain the strongly struc-
tured excitation curve. It has been shown, how-
ever, that multiplication by a parity dependent
factor24 [which adds 5 free parameters including
an exponential energy dependence in the imagin-
ary potential], introduces a regular up and down
movement of the back-angle enhancement with
energy. As the excitation curve for '60+'BSi'
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shows a regular peak to peak distance of =2. 2

MeV a good fit to the data is achieved.
There are two basic differences for "C elastic

back- angle scattering: (1) The grazing partial
wave is not observed at back angles. (2) Peaks
of the excitation function are not regularly spaced
(bF.= 1.7, 2.8, 4.2, 3.4 MeV). At back angles en-
hancement of the cross section is easily achieved
for "C by use of a potential similar to the one in
Ref. 23. For some of our data on Si forward
data' are available for comparison. Good fits
to the forward region yield the wrong Pz(cos8)
oscill@tions at back angles. We were unable to
find an acceptable fit to both forward and back-
ward regions of the angular distributions. The
situation is still worse if we try to fit the energy
dependence of the process. It is clear from the
data that a highly energy dependent potential
would be required to fit the excitation function.
We have applied the parity dependent potential

Dehnhard eg al. 4 to the ' C+ ' Si system with
the result that evenly spaced peaks and valleys
are predicted in disagreement with our data. It
is possible that further patches on the optical
model could fit our data, however, we have no
such description at this time. Thus, we have to
consider the back-angle scattering of "C as an
isolated phenomenon (i.e, , separate from direct
reaction theory}.

The observed structure in the excitation curves
is too pronounced and peaks are too wide for an
explanation by statistical fluctuations. (The add-
itional fine structure reported in Ref. 6 has re-
cently been explained in this way ' which is con-
sistent with Fig. 4. We then consider the pos-
sibility that we are dealing with a set of resonant
states with excitation energies and widths as ob-
served in the excitation curves and that the back-
ground elastic scattering is described by a "nor-
mal" optical potential like H12 from Ref. 2.
Multiplying the elastic scattering 8 matrix with a
set of Breit-Wigner terms for resonances of the
observed width and energy gives a good descrip-
tion of the angular distributions measured at peaks
of the excitation curves. In valleys, however,
the method fails to describe the data. Here an
improved optical model description of the elastic
scattering background and the inclusion of addi-
tional hidden resonances may be necessary.

Level densities at corresponding excitation en-

ergies in the compound nucleus differ by more
than one order of magnitude for n nuclei and non-
a nuclei. This may explain the observed differ-
ences between ' C and "C back-angle scattering.
For ' C, few levels are available for l values
close to l which may be the cause of the reson-
ances observed for "C+' Si. For ' C+ Si, on
the other hand, the compound nucleus level den-
sity is much higher which may explain the weak-
ness of resonant structure in the excitation func-
tion.

There are, however, aspects of the data that
do not agree with a picture of resonant molecular
statqs. We would expect such states to fall on a
rotational band. This is in contrast to the un-
usual spin sequences observed (Table I),

The best known example for molecular reso-
nances is the system "C+"C, where the same
excitation structure has also been observed for
various reactions (including fusion) leading to
4Mg. ' For ' C+ Si, 3 S correlated structure

is only observed for elastic and inelastic scatter-
ing (with poor correlation for 32S). No structure
is observed for fusion. ' As mentioned earlier,
the systems "C+ 'S and ' 0+ Si, which form
the same compound nucleus, do not show any
correlation in their back-angle elastic scattering.
Similar observations have been made comparing
the systems "0+"0 and "C+' Ne '

Excitation functions for the a-transfer reaction
4Mg(' 0, ' C}288i have been measured recently. 2~

For this case some back-angle elastic data are
available in both entrance and exit channel. We
would expect the excitation curve of the n transfer
to show the structure of either entrance or exit
channel or a mixture of both. No clear correla-
tions are observed, however.

To summarize the present situation: For inter-
actions between o. nuclei, oscillating enhanced
back-angle elastic scattering cross sections are
observed. The back- angle enhancement shows
strongly structured excitation curves. Neither
standard direct or compound theories nor molec;
ular resonances so far give a general description
of the observed effects.
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