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A differentially pumped gas cell was used to study the angular and energy dependence of elastic
and inelastic scattering of ' 0 from Ne. The data exhibit the characteristic features of gross and
intermediate structures observed previously for lighter systems. The slopes of the measured angular
distributions show rapid variations as a function of energy and a strong rise toward backward an-

gles. The data are discussed in terms of a-particle exchange, resonances, and statistical fluctuations.

I. INTRODUCTION

Reactions between Op-shell nuclei like ' C+' C or
'60+'60 are characterized' by strongly energy dependent
structures which can be classified according to their
width. For example, in the elastic scattering excitation
function of the system ' 0+' 0, three different types of
structures are identified ' with widths of I =100 keV
(fine structure), I'=100—500 keV (intermediate struc-
ture), and I =2—3 MeV (gross structure). In other sys-
tems this separation is not so obvious and, in particular,
the distinction between fine and intermediate structures is
often lost. While the fine structure (if it can be identified)
is generally explained in terms of statistical fluctuations,
no agreement exists up to now as to the origin of the gross
and intermediate structures. Isolated or overlapping reso-
nances, exchange effects, and strong coupling of inelastic
channels have been invoked to understand the intermedi-
ate structure, while shape resonances or angular momen-
tum matching conditions explain equally well the ob-
served gross structure. A complete suinmary of the data
can be found in Refs. 1 and 5.

Quite recently, it was observed ' that similar gross and
fine structures persist for much heavier systems such as
' 0+ Si, ' C+ Si, and even Si+ Si (Ref. 8), thereby
indicating that these energy dependent structures are a
phenomenon of much wider range than previously be-
lieved. In order to explore experimentally the region in
between the heavy and light systems, we have investigated
the energy dependence of elastic and inelastic scattering
for the system ' 0+2oNe. This system is also interesting
because the small a threshold in Ne should enhance pos-
sible effects due to the exchange of identical ' 0 cores.

In Sec. II, the experimental method is described. Sec-
tion III contains a description of the experimental data.
Implications of these data and various relevant models are
discussed in Sec. IV.

II. EXPERIMENTAL METHOD

Data were taken using ' 0 beams of the Stony Brook
FN tandem Van de Graaff accelerator. A windowless,
differentially pumped gas cell described in detail in the
following was used as a Ne target. Scattered ' 0 and

recoiling Ne ions were identified and their energies mea-
sured in three &F.'-E ionization chamber telescopes of the
Berkeley design. Typical energy spectra for both Ne and
0 ions are shown in Fig. 1. From this figure it is evident
that the obtained energy resolution of 5E & 600 keV was
sufficient to resolve completely the transitions to the
ground and first excited states in Ne. The target con-
sisted of Ne gas enriched to 99.9%.

In Fig. 2 is shown a schematic diagram of the differen-
tially pumped gas cell and the gas recycling system used
in the present experiments. The beam enters the gas cell
after passing through three sets of collimators of 1.5—2.5
mm diameter. Using a Roots blower and a turbo molecu-
lar pump, both backed by sealed mechanical pumps, a
very large pressure gradient can be maintained between
the inside of the gas cell and the scattering chamber. For
example, for a pressure of 30 Torr in the gas cell mea-
sured at point A (see Fig. 2), the pressure at the Roots
blower inlet (point 8) is -0.5 Torr and the pressure at
the turbo pump inlet (point C) is -4)& 10 3 Torr. At the
same time the pressure in the scattering chamber (point
D) can be maintained below 1.5&&10 s Torr. For the
present gas cell the Ne gas target has an areal density of
-40 pg/cm at a gas pressure of 35 Torr. The gas
pumped by the Roots blower and turbo pump was cleaned
from oil contamination in various cold traps kept at —30'
C, or at liquid nitrogen temperature and in a molecular
sieve and fed back into the gas cell via an automatic pres-
sure controller. Typical flow rates were of the order of 20
standard cm /s. The gas flow exiting through the en-
trance aperture is, under those conditions, approximately
5&& 10 standard cm3/s. In this recycling mode the pres-
sure in the cell could be kept constant to within -0.5
Torr over a period of several days. To check for purity,
the gas was periodically analyzed on line using a mass
spectrometer. To eliminate buildup of small contamina-
tions the gas was purged about every 24 h.

The beam passes through 3.5 cm of gas at the effective
gas cell pressure before entering the active area of the cell.
Scattered particles travel through -2.5 cm of gas and
exit the cell through a stretched polypropylene foil of
-75 pg/cm areal density. A thin pinhole-free Ni foil
(0.4 mg/cm ) served as the exit foil for the beam.

The excitation function data were normalized to the
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FIG. 1. Typical spectra of scattered and recoil ions from a ' 0 beam and Ne gas target.
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FIG. 2. Schematic diagram of the differentially pumped gas
cell and the gas recycling system.

Rutherford scattering of the ' 0 ions off the Ni exit foil
and by using the integrated beam current. The absolute
cross section was established by measuring the elastic ex-
citation functions down to very low energies where the
cross section follows the Rutherford law at all angles.
The relative accuracy of the excitation function data is

essentially determined by statistical errors. The accuracy
of the absolute cross section is about +20%.

For the angular distribution measurements, the depen-
dence in scattering angle of the effective target thickness
and solid angle was determined by filling the cell with
about 5 Torr of pure Xe and measuring Rutherford
scattering of ' 0 from Xe. The overall accuracy of the
relative normalization of the angular distribution data is
believed to be better than 20%, except for the angular
range 90' & 8, ~ & 130', where 5o'/cr & +35%.

III. EXPERIMENTAL RESULTS

Excitation functions were studied at backward angles
for elastic and inelastic scattering of ' 0 from Ne. The
cell pressure was varied between 15 &P & 35 Torr depend-
ing on beam energy to yield energy averaging of
EEl,b-250 keV. Hence, the step size was 200&5E),b
& 300 keV. Beam energies were corrected for energy loss
and transformed to the center of mass system. Complete
excitation functions were measured for the recoil particles
at O~,b ——17 and 27' for 9&E, &30 MeV. The excita-
tion functions for three exit channels schematically la-
beled at 0+, 2+, and 4+ for 8&,b

——17', 22', 25', 27', 32',
and 35' are shown in Figs. 3—5.

All studied excitation functions exhibit a gross oscilla-
tory pattern (I -2 MeV) modified by a structure of inter-
mediate width (I'& 500 keV). Some degree of correlation
is found between excitation functions of different chan-
nels at different angles. The high energy part of the data
presented here is generally in good agreement with in-
dependent measurements of ' 0+ Ne at high ener-
gies. ' " General overall correlation with structure ob-
served' ' in the reaction channel Ne(' 0, ' C) Mg is
also found. %'e note, however, that a pronounced struc-
ture at E, =18 MeV is observed in all four angles in
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FIG. 5. Elastic scattering excitation functions for the
'60+2 Ne system at four different angles.

ferent angles. Such correlation can be established by
studying the symmetrized correlation function, '7 defined
as

&d, (E)d,(E+.) &

I &d, (E)'& &d (E+~)'))'"
&d;(E+6)d, (E) &

[«,(E+.)'& «,(E)'&]'"

with

a;(E)d(E)=
( )

—1,

where the bracket ( ) denotes averaging over the full in-
terval and ( )a denotes averaging using a Gaussian weight
distribution with width b.. The Gaussian width (6) has
to be chosen to be smaller than the width of the "gross
structure" but larger than the width of the "intermediate
structure. " Of course, these requirements, in some cases,
are conflicting. Two fully correlated (anticorrelated)
functions will have a cross correlation coefficient of
1 ( —1). In the simple statistical model, ' two channels
( i&j) will have a zero cross correlation coefficient
(C~i=O). A more sophisticated statistical model which
takes direct background amplitudes into account' allows
two different channels to have nonvanishing cross correla-
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Q= —1.6 MeV measured at 8i,b ——27' and all scattering
channels measured at 8i,b ——17'. The overall degree of
correlation appears to be significant; five correlation coef-
ficients have values which are five standard deviations
from zero, and, for the rest, only four are within one stan-
dard deviation of zero. Some particular structures, such
as that at 24.5 MeV, are clearly observed at all angles and
in all channels, suggesting a resonance character.

B. Optical model and resonance(s)

In this scheme one explicitly adds a Breit-%igner reso-
nance term to a smooth background amplitude calculated
from a (strongly absorbing) optical model. Explicitly in-
troducing a resonance yields, for the nuclear part of the
elastic scattering S matrix for spinless particles,

S=S +Sres

l

I I I I I I t I I I I I I I I

20' 40' 60 80 100 120 140 160

ec.m.

FIG. 7. Inelastic scattering angular distributions.

tions. We performed channel-channel and angular cross
correlation studies for the three channels: elastic and in-
elastic (Q= —1.6 and —4.2 MeV) measured at 8i,b ——17'
and 27'. The dependence of C;J(0) on b, was studied and
it was found that around b,=1.2 MeV the correlation
functions are insensitive to variations in A. Linear inter-
polation between data points was done whenever neces-
sary. Artificial extension of the data below and above the
measured region was carried out. The finite range of the
data yields an error in the value of the estimated cross
correlations. The correlation coefficients are given in
Table I and the finite range of data error is given, too.

As can be seen from Table I, the excitation functions
measured at 8i,b ——17' exhibit a fairly large degree of
channel-channel cross correlation for all three measured
channels. However, poor cross correlation results are ob-
tained for 8»b ——27'. Furthermore, a significant degree of
correlation is observed between the inelastic channel of

2i(5QM+ p) ia
E EII+iI—/2 R '

where 5oM is the optical model background phase shift, D
is the partial elastic width, I is the total width, P is a res-
onance mixing phase, and Ex is the resonance energy. If
one measures an angular distribution at E&E2I, then

2i (SoM+ II+n./2+ tg '2x) a+e
( 1 +4x 2) I /2 I IR

with x = (E EJI )/I an—d a =2D/I .
For the calculations, the optical model code ATHREE

(Ref. 20) was modified to include up to two resonances.
The following procedure was used in fitting the data. At
first the data in the forward angles region were used
(8, (60') to determine the parameters of the Woods-
Saxon optical potential with the additional requirement
that the potential would not show a backward rise, as ex-
pected for a strongly absorbing potential. The parameters
obtained for each angular distribution are given in Table
II. The forward angle data seem to require slightly dif-
ferent potentials, even for the angular distributions mea-
sured at E, =24.2 and 24.7 MeV. The value of
a =2D/I was chosen to fit the value of the cross section
at large angles. Neglecting possible contributions from
elastic a particle transfer (see the following), the shape of
the angular distribution in the backward angles region
determines the I value of the resonating partial wave. The
resonance mixing phase (8=/ on resonance and

TABLE I. Channel-channel cross correlation coefficients C~~(b, @=0) [see Eq. (I)] for '60+20Ne at
two angles in three different exit channels. The averaging interval is set at 6=1.2 MeV, as discussed in
the text. The finite range of the data yields an estimated error (Ref. 4), as given in parentheses.

17'

27

2+
4+
0+
2+
4+

0+

0.38(0.09)
0.43(0.07)
0.02(0.20)
0.44(0.09)
0.02(0.07)

e) b= 17
2+

0.33(0.03)
—0.16(0.09)

0.48(0.04)
—0.10(0.03)

—0.02(0.07)
0.33(0.03)
0.32(0.02)

0+

—0.06(0.09)
0.16(0.07)

e),b ——27'
2+

—0.10(0.03 )
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TABLE II. Optical model parameters. '

E,
(MeV)

245
17.4
18.5

Vp

(Mev)

60
55
22

Rp
(fm)

1.113
1.194
1.070

a
(fm)

0.617
0.638
0.974

8'p
(MeV)

60
3-5

30

Rp
(fm)

1.005
1.230
1.230

(fm)

0.739
0.515
0.515

'From forward angle fit. Used R p
"'——1.0 fm.

For both 24.2 and 24.7 MeV angular distributions.

8=/+ tg '2x "off resonance") is adjusted to fit the angu-
lar distribution at the intermediate angles region where
background and resonance terms interfere.

The following results were obtained: The two angular
distributions at E, =24.2 and 24.7 MeV are consistent
with a resonance in partial wave I =17, as can be seen in
Fig. 8. The two angular distributions are markedly dif-
ferent only in the intermediate angles region. This implies
in that scheme a "fast" change in the phase of the reso-
nance. It is difficult to follow the change in that phase
from just two angular distributions, but an obvious in-
crease in the phase can be observed. Contributions from
the elastic transfer process could be the reason for the de-
viations observed in the backward angles region.

At E, =17.4 MeV a 12+ resonance is consistent with
the data, as can be seen from Fig. 9. In that low energy
region the optical model "background" amplitude contri-
butes significantly and other 1 values could fit the data,

I I s s I I I l

too. As shown in Fig. 9, the i=12 /=0' parameters
combination yields the best fit to the data. The resonance
parameters are given in Table III. Both resonating l
values (12 and 17) are close to the value of the grazing
partial wave (in the entrance channel), defined as the 1

value at which the optical model transmission coefficient
is equal to —,. In both cases the poorly known background
amplitude yields an uncertainty in the dominant I value,
with the error being Al =+1. Reaction data' yield domi-
nance of the 1=18 partial wave for the 24.5 MeV struc-
ture.

For the angular distributions measured at E, =18.5
MeV we note that the data are inconsistent with the as-
sumption of a single resonance superimposed on a smooth
background (see Fig. 10). The irregular angular distribu-
tion resembles an interference between more than one par-
tial wave. To further study this distribution, the presence
of two dominating l values was assumed. The first reso-
nance was taken to be in the I = 12 grazing partial wave at
17.4 MeV. In that case we were able to get a reasonable
fit only with a mixture of J = 12+ and 8+ resonances, as
can be seen in Fig. 10. With the value of the phase and

l l I l I l 1 l l & t l » I
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FIG. 8. Angular distribution predicted by the optical model

plus resonance scheme. In the inset we show fits resulting from
different mixing phase angles (for details, see the text). FIG. 9. As for Fig. 8.
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E,
(MeV)

TABLE III. Resonance parameters.

24.2
24.7
17.4
18.5

17
17
12
12'

0.22
0.22
0.22
0.20

20'
120'
0'
80' 0.17 0

'First resonance energy is fixed to 17.4 MeV.

resonance parameters fixed for the 12+ resonance at 17.4
MeV, a parameter space scan was performed for the
second resonance. Two different choices of optical model
potentials were tried, too. As can be seen in Fig. 10, only
the 12+8 combination results a reasonable fit to the data.
The data are thus consistent with an 8+ resonance at
E, = 18.5 MeV. Such an assignment is also consistent
with the absence of a structure at 8, =146', close to a
zero of Ps at O, m =144'. We note that such an oc-
currence of interference of the grazing partial wave with
J"=8+ resonances was pointed out' for a particular

I I I I I I I I I I I I I

family of resonances in many different heavy ion systems,
including the ' 0+ Ne system. We refer the reader to
Ref. 13 where the significance of such ubiquitous oc-
currences is discussed.

C. "The elastic transfer" mechanism

The nucleus Ne has a large fractional parentage '

to an a+' 0 structure, and a small threshold for a par-
ticle emission (Ez ——4.73 MeV). These two effects to-
gether imply that the amplitude of the type

Ne(' 0, Ne)' 0 describing an a particle transfer be-
tween identical cores—could possibly play an important
role in the elastic scattering of '60+ Ne. Thus we write
the scattering amplitude as
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FIG. 10. Angular distributions predicted by the optical

model plus one and two resonances. Several best fits with a sin-
gle I are shown, as well as several combinations of two interfer-
ing I values, as discussed in the text.

FIG. 11. Angular distribution calculated as a coherent sum
of elastic and DWBA a transfer amplitudes. The DWBA form
factor parameters are taken from the theoretical calculation of
Ref. 21. The microscopic form factor is shown [in part (a)] and
discussed in the text. No other adjustable parameters are used.
The elastic transfer process is important at the far backward an-
gles region but cannot explain the resonancelike structure.
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f(g) fdir(g)+f transfer( g)

where f(g) is the total scattering amplitude, .f,i' is the op-
tical model elastic amplitude, and f"'"'"(ri.—g) is the sin-
gle step direct DWBA a particle transfer amplitude to
center of mass angle m. —g. The second amplitude is an
exchange amplitude that arises from the antisymmetriza-
tion. It is calculated in the D%BA approximation with
recoil effects being treated exactly and with a potential
of a finite range.

The bound state form factor used in the DWBA calcu-
lations was calculated by solving the Schrodinger equation
(for Ez ——4.729 MeV) with a Woods-Saxon potential. The
radius of the potential was chosen to be R =1.4&(A'~
(A =16), in order to reproduce the exponential decay of
the microscopic wave function of Tomoda-Arima ' for
large radii, and the diffusivity of the well was fixed at
a =0.65 fm. The number of nodes was taken to be four.
The depth of the potential was varied until a solution was
obtained at Vo ——110e6 MeV. The resultant bound state
wave function is shown in Fig. 11. In the same figure we
show the microscopic wave function calculated in Ref. 21.
At large radii the two wave functions are nearly identical
and have the same normalization.

In the cluster model the differential cross section fac-
torizes according to

(d /dn)'"~'=S;„S, „,(d /dn)

where S;„=S,„, is the a particle spectroscopic factor for
20Ne

The calculations of the scattering amplitude were per-
formed using the computer code LOLA (Ref. 23). The
code was modified to yield a coherent sum of the elastic

and DWBA amplitudes calculated at m. —8 and multiplied
by the spectroscopic factor. The spectroscopic factor was
chosen to be S=0.32 in order to yield the alpha spectro-
scopic amplitude (given by v Saws) of the theoretical
wave function, as seen in Fig. 11. This value is close to
the one predicted by theory, S=0.21 (Ref. 21).

The calculations were done for all measured angular
distributions. In Fig. 11 we show the calculations at
E, =24.2 MeV. The results of these calculations were
confirmed with equivalent calculations using the code
PTOLEMY (Ref. 24). Aside from the above theoretical in-

put, no adjustable parameters exist in these calculations.
The absolute value of the cross section at backward angles
is not fitted by these calculations and neither is the oscil-
latory pattern. However, they indicate a large contribu-
tion at the very far backward angles region of the elastic
transfer amplitude, in accordance with the conclusions of
Ref. 15.

V. CONCLUSION

We have studied the energy and angular dependence of
the scattering of ' 0 from Ne. Structures typical of
light heavy ion scattering were found. The data presented
here do not require the existence of resonances, but are
consistent with a resonance interpretation. The impor-
tance of the elastic transfer, in the far backward angle re-
gion, was demonstrated.
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