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All reaction products with Z & 5 emitted from the bombardment of "C by Ne beams
with incident energies between 54 and 80 MeV have been measured over a wide range of
exit energies and angles. The quasielastic, strongly damped, and complete fusion processes
were studied. At forward angles both the elastic and inelastic data show the effect of
strong volume absorption. At larger angles the paucity in open direct channels manifests
itself by a resonantlike behavior of the excitation functions for all outgoing channels remi-

niscent to that observed for ' 0+ ' O. The energy dependence of the cross section for com-
plete fusion also shows structure, but the average magnitude of the Ne+ '~C fusion cross
section is 1100 mb compared to 900 mb for '60+ '60. At backward angles the ~

Ne+ '2C

quasielastic angular distribution and excitation functions show the same characteristics
seen in heavier systems (e.g., Si+ ' C). However, a much larger yield exists for transitions
to high excitation energies (large negative Q values). This strongly damped process has a
large cross section and shows all the characteristics of a long lived orbiting '

Ne+
' C dinu-

clear system.

' NUCLEAR REACTIONS 2 Ne+'2C, E~,b=54 —81 MeV: measured
forward and backward angle elastic and inelastic scattering, measured
reaction products for Z & 5 at forward angles; measured o(8); strong ab-

sorption D%BA and Monte Carlo statistical model calculations.

INTRODUCTION

The ' C+ Ne system, with a conjugate target
and projectile, is likely to show a characteristic
behavior similar to that observed in other light a-
conjugate systems. ' A comparison of this system
with ' 0+' 0 is of particular interest. The excita-
tion functions measured for many outgoing chan-
nels of the ' 0+' 0 induced reaction show marked
broad structure characteristic of single particle
states of the nucleus-nucleus potential system as
well as structure of intermediate width, which is
several times the average level width expected for
the compound nucleus formed in the collision.
Both the C+20Ne and 160+160 reactions popu-
late similar regions of excitation energy and angular
momentum in the same compound nucleus; there-
fore, any aspects of ' 0+' 0 behavior dictated by
level density or structure of the compound nucleus
should manifest themselves in ' C+ Ne reaction
channels. Several studies of ' C+ Ne w'hich ad-
dress this question have already been reported
but the results so far are not conclusive. Studies of
elastic scattering in Ref. 5, for example, show a
inarked difference between ' 0+ ' 0 and
' C+ Ne. In a similar study (Ref. 7), however, the
' C+ Ne elastic scattering excitation function

measured at 90' c.m. , where only even partial waves
contribute to scattering in both systems, is very
similar in character to that of ' 0+' 0 (see Fig. 2
of Ref. 7}. An additional reason for our interest in
'2C+ Ne is the considerable target-projectile mass
asymmetry. This system forms a link between the
thoroughly investigated resonances in systems like
' C+' C and ' C+' 0 (Ref. 1) and the newly ob-
served backward angle resonances in collisions be-
tween ' C (or ' 0) and various s-d shell nuclei. ' '3

In our study of ' C+ Ne we scanned a large
portion of the total reaction yield. All emerging
particles heavier than Z =4 were identified (Z iden-
tification) and the measurements were done over a
large range of angles and energies of the outgoing
products. Because of the coarse energy resolution
in our experiment (-0.3 MeV c.m. ) only structures
broader than a few hundred keV (c.m.} could be
studied. However, as a direct result of our ap-
proach, which consisted of inclusive measurements
of many channels, we were able to differentiate be-
tween structure that appears only in a select few
channels and the structure that appears correlated
in a large number of channels. We have also mea-
sured excitation functions for elastic and inelastic
scattering at backward angles. The elastic and low
lying excited states show the same behavior as seen
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for ' C+ Si or ' C+ Mg (Ref. 14) reactions, but
our study of the full excitation energy range reveals
that these low lying states are a small part of a
mechanism with a large yield which we attribute to
a general orbiting process. ' Our measurements of
' C+ Ne evaporation residues yield an energy
dependence which differs both in magnitude and
character from that of Ref. 11; we shall comment
on this result later on.

EXPERIMENTAL PROCEDURE

Energy analyzed beams of Ne + from the Oak
Ridge Isochronous Cyclotron were used to bombard
a natural carbon foil, of areal thickness 100
pg/cm, at 20 bombarding energies covering the
range 54 MeV &EN, &81 MeV. The experimental
arrangement is shown in Fig. 1. The monitor
shown is elevated 15' out of the reaction plane. Re-
action products with Z & 5 were detected and iden-
tified with a position sensitive AE-E telescope. '

Figure 2 shows a full hE-E map recorded at one of
the nine angles subtended by this detector system.
On the opposite side of the beam a position sensi-
tive solid state detector preceded by a hydrogen gas
absorber was used to study the recoiling carbon nu-
clei at five angles simultaneously. The gas pressure
was adjusted at each bombarding energy so that the
Ne beam and heavier particles were stopped in the
foil and gas combination but the recoiling carbon
ions were transmitted. The two groups that corre-
spond to scattering to the ground and first excited
states of ' C+ Ne are clearly visible in the two di-
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FIG. 2. A two-dimensional spectrum recorded at one
of the nine angles subtended by the position sensitive
hE-E counter used to measure the direct reaction prod-
ucts and evaporation residues.

mensional energy versus position spectrum shown
in Fig. 3. By comparing such data to measurements
done with the AE-E telescope at overlapping angles
we were able to verify our identification of these
groups. During most of the measurements the two
detector systems were kept at fixed angles. The
hE -E telescope covered the angle range
13'& 8 & 22' and the five-slit position sensitive
detector plus absorber system covered the range
from 2' —10'. At a few selected energies, however,
the detectors were moved and data were taken at
several angle settings scanning a larger angular
range (5'—30' for the hE-E system).
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FIG. 1. A schematic of the experimental setup.

FIG. 3. An energy versus position spectrum recorded
in the detector plus absorber system used to observe the
recoil carbon ions. Groups corresponding to scattering
to the ground and first excited states of I~C+ ~ Ne are
indicated.
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Scattering of the Ne beam from a thin

( & 1 pg/cm ) gold layer deposited on the target was
used to obtain an absolute normalization of the
data. The ratio of gold to carbon nuclei in the tar-
get was determined by the scattering of low energy
' N ions from the target. The target thickness was
also determined by measuring the energy loss of 5.8
MeV a particles traversing the target. Both mea-
surements were done after the experiment was
completed and were repeated several times; each
time a different location across the whole target
area was scanned. The target nonuniformities mea-

sured in this way were found to be less than 10%.
This observed nonuniformity is also the upper limit
we place on carbon buildup on the target during the
experiment. Some parts of the data were also
remeasured with the same target at a later date us-

ing the integral charge of the beam collected in a
Faraday cup to normalize the cross section.

The large amount of data collected will be
presented in three parts. First we shall present the
results of our backward angle measurements (i.e.,
targetlike products detected at forward angles).
This will be followed by the evaporation residue,
elastic, inelastic, and total reaction cross section
data, and finally data on some other channels mea-
sured will be presented.

SCATTERING AT BACKWARD ANGLES
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FIG. 4. Excitation functions for the elastic scattering
and two inelastic transitions due to '2C + 2 Ne collisions.
The data are integrated over the angular range
159'(8, & 175', subtended by the detector system.
Vertical lines indicate the energies at which correlated
structures were observed in various exit channels.

Figure 4 shows a "partially-integrated" cross sec-
tion for the elastic and two inelastic transitions
plotted as a function of bombarding energy. The
integration is performed over five data points cover-

ing the angular interval 159'(0, (175'. The
summation procedure used was

da-
b,o =g (8;) sin8; b,8; .

i=1

While not all the structure seen in the individual
excitation functions lines up, there is a clear simi-

larity of these excitation functions, indicating that a
large degree of cross correlation does exist.

More extensive angular distributions were mea-
sured at three energies; namely, 72.6, 74.0, and 75.2
MeV. The angular distributions measured for the
ground state transition are displayed in Fig. 5.
Drawn in this same figure are values of the squares
of Legendre polynomials that were found to provide
the closest description of the data (chosen only from
a subset of Legendre polynomials of different or-
der). One should note that two Legendre polynomi-
als of order L —1 and L +1 could combine to ap-

proximate a polynomial of order L. Therefore the
L = 14 or 16 difference is not very significant, espe-
cially since a single Legendre polynomial does not
provide a complete description of the data. The
sudden transition to L =19 at 75.2 MeV, however,
is meaningful and is also strongly favored by the fit
to the data [Fig. 5(a)]. These results raise a few
questions: (a) Inasmuch as these angular distribu-

tions reflect the dominance of a particular partial
wave in the transition, we see that the variation
with energy is neither smooth nor monotonic as one
would expect if only grazing partial waves were in-
volved. (b) The value of the maximum (critical) an-
gular momentum for which compound nucleus for-
mation is allowed, at this energy, is approximately
J„=19.This value was determined from our mea-
sured evaporation residue data using a sharp cutoff
approximation. ' The dominance of partial waves
as low as L =14 or 16 in the elastic scattering then
suggests that the yield shown is due to a compound
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elastic process. Attempts to account for the mea-

sured back-angle cross section with a Hauser-
Feshbach calculation (statistical compound nucleus)
have failed to account for the large magnitude of
the &2C+20Ne elastic cross section. ' One should
note here that the energy at which an L =14 angu-
lar distribution is observed (E =74 MeV) corre-
sponds to a peak correlated among many outgoing
channels, including the evaporation residues. We
have also ascertained that the structure seen in the
data of Fig. 4 has not been introduced by our sam-

pling technique [five angles at 4' (c.m. ) intervals].
Figure 6 shows the outcome of a similar sampling
of artificial angular distributions dominated by sin-

gle partial waves (L). Clearly the variation of the
dominant L from 14 to 20 cannot introduce signifi-
cant structure in our measured sample. The fact
still remains then that a study of angular distribu-
tions and excitation functions measured for indivi-
dual low lying transitions at backward angles did
not clarify the causes underlying the behavior of the
cross section at backward angles in this system.

Such irregular "spin sequences" have also been
observed in other back angle data' where a similar
experimental approach has been taken. In the
present attempt to understand these phenomena we
have tried to acquire a larger data base at backward
angles —but instead of acquiring more detailed data
on the elastic scattering we have opted to study the
whole spectrum of outgoing targetlike products at
forward angles. Our results have shown that the
backward angle cross section rise occurs for all the
inelastic data. This larger body of data on back-
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FIG. 5. The angular distributions for elastic scatter-

ing. The curves are fits to the data with Legendre poly-

nomials of the indicated orders.

FIG. 6. A sampling of a sum of Legendre polynomi-
als over the angular range where the excitation functions
were measured. The smooth variation of the sum with
L indicates that the angular range used does not artifi-
cially introduce structure into the measurements.
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ward angle inelastic scattering provides information
on the mechanism responsible for the increase in
cross sections observed for inelastic and elastic
scattering at backward angles. The mechanism
which we propose, to account for the observed
behavior, is orbiting —not of a single partial
wave —but a more generalized phenomenon involv-

ing a wide band of partial waves (mostly, but not
exclusively, from partial waves ranging between
those corresponding to the strong absorption and
the grazing angular momentum limits). Such a
mechanism has been proposed' to explain the
phenomenon of deep inelastic scattering (negative
angle scattering) observed in heavier systems. We
have already discussed this model in an earlier pub-
lication, ' so we shall describe here briefly the evi-
dence supporting it.

An examination of Figs. 2 and 3 shows, at a
glance, that there is a yield of highly excited C+Ne
inelastic products which greatly exceeds the already
large cross section leading to low lying states. A
full spectrum of recoiling carbon ions (obtained
with the bE-E detector system) is presented in Fig.
7. Most of the C yield seen in that spectrum is ex-
pected to be due to the ' C+ Ne channel (thresh-
olds for other processes are indicated in the figure}.

Assuming that the observed yield originates in a
' C+ Ne two body process, then a definite reac-

tion Q value can be associated with the outgoing C
energy. The centroid of the energy distribution (a
broad bump} then corresponds to the most probable

Q value for that process (Q). Similar spectra are
observed at different angles in the backward hemi-
sphere (120'&8, &180'), and Fig. 8 shows the
most probable Q value derived from C spectra mea-
sured at several scattering angles for a single bom-
barding energy. Q clearly stays constant over the
angular range studied here, since the small devia-
tions seen may be a consequence of angular depen-
dencies of individual transitions, and consequently
it appears that the data are consistent with one sin-

gle two-body and strongly damped process. Treat-
ing the total C yield as a single process we are able
to study its angle and energy dependence. Figure 9
shows the center of mass angular distribution for
the total carbon yield. This I/sin8, m shape of the
angular distribution is characteristic of the total C
yield over the whole bombarding energy range mea-
sured. Using this angular distribution the bombard-
ing energy dependence of the integrated cross sec-
tion for the total carbon yield shown in Fig. 10 is
derived. %e shall comment on the structure in this
excitation function later but wish to note here the
large magnitude of this cross section which reaches
about 5%%uo of the total reaction cross section at the
highest bombarding energy measured and is still in-
creasing.

Figure 11 shows the bombarding energy depen-
dence of the most probable Q value. This linear re-
lation can be expressed as

Q (MeV) =(13+0.7)—(0.91+0.03)E,
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FIG. 7. Energy spectrum for outgoing carbon parti-
cles. The three arrows shown indicate the thresholds for
the following processes:
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FIG. 8. The most probable Q value (g) obtained
from carbon spectra measured at different angles at a
bombarding energy of 74 MeV.
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or in terms of the final kinetic energy as
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FIG. 10. The excitation function for the angle-

integrated (0'—180') yield which is illustrated in Figs. 7

and 9. Random errors are less than 8%. There is a
systematic uncertainty of +10% in absolute normaliza-

tion. The solid line shows the magnitude and energy

dependence predicted by the statistical evaporation
model.

To summarize the experimental results, then, we
see a large inelastic yield for large negative Q values
at backward angles. The angular distribution for
the total yield has a I/sin8, dependence and the
final kinetic energy of the outgoing (C+ Ne) prod-
ucts is given by the linear relation (2b).

FIG. 11. The dependence of the most probable Q
value on bombarding energy along with a linear fit to
the data.

This behavior can be accounted for, qualitatively,
with a deep-inelasticlike orbiting mechanism. The
' C and Ne form a dinuclear system that stays to-
gether and rotates long enough for a complete
damping of the kinetic energy to occur. The projec-
tile swings past 90' from its initial direction and the
probability for it to separate from the target is now
isotropic ( I/sin8, angular distribution). The
dinuclear system need survive only long enough to
undergo an approximately 180' turn. This is a rath-
er short average lifetime and one does not expect
therefore any pronounced intermediate width struc-
ture to appear in the excitation function (Fig. 10).
The centroid of the distribution of the kinetic ener-

gy of the products is at an energy higher than the
Coulomb barrier. There clearly are contributions
from the rotational energy present and these contri-
butions are also reflected in the linear dependence
of the most probable final kinetic energy on the
bombarding energy (Fig. 11).

An orbiting mechanism could also account for
the pronounced structure seen in the excitation
functions for individual transitions. For a particu-
lar bombarding energy, favorable matching of one
partial wave in the entrance channel to one in the
exit channel can occur, producing an enhancement
in the cross section. As the bombarding energy
varies these matching conditions could change ac-
cording to details of the interaction at the nuclear
surface, thus producing the observed resonancelike
structure. Such a critical dependence on matching
conditions is especially pronounced in a situation
where there is only a small number of competing
open exit channels. The two dimensional hE-E
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spectrum in Fig. 2 shows that for Z (10 only even
Z products appear —the cross sections leading to
Z =5, 7, and 9 are negligible. Because of their un-

favorable Q values these channels are virtually
closed, so that essentially the only channels open for
most noncompound processes are those leading to
final nuclei that are a conjugate.

The importance of rotational energy contribu-
tions to the final kinetic energy of deep inelastic re-
action products has been discussed by several au-
thors' for several light heavy ion collisions

(AcN & 80). When a quantitative analysis of the en-

ergy dependence of Fig. 11 [Eq. (2b)] is attempted
in the spirit suggested by the authors of these refer-
ences (Refs. 19—22), some questions arise.

In that analysis the kinetic energy of the products
is equated to the total barrier that the two final
state nuclei experience during scission,

ENE

TABLE I. Angular momenta cutoff values.

JsA

54.2
60.7
68.1
75.2
80.2

15
16
18
19
19—20

15
16—17
18
19—20
20—21

15
17
19
21
22

and

'Critical angular momentum limit for fusion as obtained
from evaporation residue data and the sharp cutoff ap-
proximation.
"Orbital angular momentum at the strong absorption ra-
dius [Eq. (5)].
'Grazing angular momentum is defined as the angular
momentum for which the optical model transmission
coefficient has the value gI ——0.5. The optical potential
parameters used are from Refs. 5 and 6.

Ef'"= Vf(R)+ V„,(R),

Vf(R) = VGm)(R)+ V„„,i(R) .
(3) f2

c.m.
[li(1;+1)]= 1.43+0.48 .

If we neglect the nuclear potential (Ref. 19) we have

E"'"=144 +20 9f
ZiZi 1;(1;+1)

(4a)

Ef'" 1.44 +——(1—f ) V„„,i(R„)kin

R,
+f'Ec.m. (4b)

where the scission radius is R„which is the critical
distance for fusion, and V„«&(R«) is the critical po-
tential at R„. Equating (4a) and (2b), we obtain by
setting lf ——0 as Ef +Vgpgf,

R =6.65+0.35 (ro ——1.33+0.6 fm)

where Fl; =1F, 1; is the initial angular momentum,
and lf is the angular momentum in relative motion
of the final state. If the nuclear interaction poten-
tial is included, according to the prescription given
in Ref. 21, we get for

12C+20N~12C + +20Ne

Taking l; along the critical angular momentum tra-
jectory obtained from our fusion data (see Table I),
we get

f=0.28+0.16,

i.e., on the average only 30% of the orbital angular
momentum in the entrance channel is present in the
damped exit channel. This reduction is in excess of
expectations based on the classical sticking limit.
What is more troublesome is the fact that such a
reduction in orbital angular momentum mandates
that the outgoing fragments carry 70% of the in-
coming angular momentum in the spins of their ex-
cited states. If we take, for example, the data at
E, =28 MeV (75.2 MeV Ne) and use the value of
the critical angular momentum for fusion in the en-
trance channel (see the next section and Table II)
J« ——19, then we conclude that ' C*+ Ne* must
carry a combined spin of 12 or 13. At an average
excitation energy of 12 MeV (Fig. 11) no states of
such high spin are available in either nuclei. The

TABLE II. Total reaction cross sections.

E

22.1

28.1

1100+100
1250+110

0 DR

400+60
360+60

1500+160
1610+160

1370
1540

0 g (OM)

1490
1800

'Parameters from Refs. 5 and 6. Real part: V& ——17, ro ——1.35, and aq ——0.57. Imaginary
part: VI=1+0 54E . . ro=135 and ar=057-
Parameters from Ref. 7. Real part: Vz ——17, ro ——1.35, and aq ——0.49. Imaginary part:

VI ——0.8+0.2E, , ro ——1.27, and aI ——0.15. Surface imaginary: Vls ———0.31+0.003E,
ro =1.45, and als=0.805
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reason for this inconsistency is not clear. Trying to
work with the Coulomb plus nuclear interaction
(Ref. 21) leads to a smaller radius but similar f
values. The problem, then, may lie with our as-
sumption about the incoming angular momentum
trajectory. The low angular momenta that dom-
inate the elastic scattering at backward angles (see
Fig. 5) suggest that angular momenta below / =1„
may participate significantly in this backward angle
process. It has already been suggested by several
authors that partial waves lower than the critical
(maximum) angular momentum leading to fusion
may contribute to observed deep inelastic process-
es ' as do recent light particle-heavy ion corre-
lation data measured for S+ Al deep inelastic
processes.

The problem could also be due to our application
of Eqs. 4(a) or (b) and the assumption made that the
only source for the dependence of final kinetic ener-

gy on the bombarding energy is the centrifugal bar-
rier. An increase in deformation of the fragments
at scission could account for some of the energy
dependence. During their extended time of contact
the colliding nuclei could repeatedly exchange one
or more a particles forming a substantial neck of
nuclear matter and consequently a much lower bar-
rier when they separate.
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FIG. 12. An energy spectrum for all reaction prod-
ucts with Z & 10.

45 65

when "integrating" the partial angular distribution
measured at other energies in order to obtain the to-
tal evaporation residue cross sections. The resulting
excitation function is shown in Fig. 13 (full circles).
Also shown in the same figure are the data from

EVAPORATION RESIDUES

The position sensitive h I- -E detector system was
used to identify all the outgoing reaction products
with Z & 4. The atomic numbers of different reac-
tion products are indicated in Fig. 2. Figure 12
shows the energy spectrum of all those products
with Z & 10. The peak of the broad energy distribu-
tion is located at the energy corresponding to eva-
poration residues with the average velocity of the
compound nucleus. There is also an enhanced yield
at lower energies. This "shoulder" in the energy
spectrum is contributed mostly by events from the
Z =12 group as can be seen from the two dimen-
sional map of Fig. 2. We shall further discuss this
structure later on, however at present we only note
that this yield has been included in the summed
evaporation residue yields. The evaporation residue
yield has been measured at all the bombarding ener-
gies over the angular range 13'&H~,b &22' subtend-
ed by one setting of the detector. At three bom-
barding energies, however, full angular distributions
were measured (5'& Oi,b & 30'). The shapes of these
angular distributions measured at bombarding ener-
gies of 60.7, 74, and 75.2 MeV served as a guide

~ ~ ~ ~ &yL&~ "
& I?aiio~ —

I I yl I Il I

E

b

02
20

I

25 30

C + Ne Evaporation Residue Cross Sections

FIG. 13. The excitation function for the evaporation
residues as integrated over the angular range
(13 (8&,b&22') subtended by one setting of the hE-E
detector system. The error bars indicate only estimates
of relative errors from counting statistics and extrapola-
tion. The open circles and triangles and X's indicate re-

peat measurements made to verify the magnitude and
structure of the observed data. The vertical bars are the
measurements of Tserruya et al. (Ref. 11).
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Ref. 11 (shown as vertical bars) which differ quali-
tatively from ours. The structure that we measured
around E, =27 MeV may be somewhat exag-
gerated because of the limited angular interval over
which the data were taken. We measured full angu-
lar distributions at two of the energies in the region
of this structure. They are shown in Fig. 1~ also
indicated in this figure is the angular range over
which most of the data were taken. The integrals of
the angular distributions seen in Fig. 14 are indicat-
ed in Fig. 13 by open circles and although the struc-
ture does appear to be less pronounced, it is clearly
present. In a separate experiment we have remea-
sured the evaporation residues with the same target
over a small energy range around this structure us-

ing a different normalization procedure (integrating
the beam current rather than using the scattering
from a gold layer). The results are displayed in Fig.
13 by )&'s and the structure is again reproduced. It
is not obvious why our results differ from those of
Ref. 11. However, there are real differences be-

~04

= ~0'
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b
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10 t5 20
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25 30

FIG. 14. The full angular distributions measured for
the evaporation residues at energies just on and off the
resonantlike bump seen in the excitation function of Fig.
13. The integrated cross sections from these data are
shown in Fig. 13 by the open circles. The brackets indi-
cate the range of angles subtended by the 4E-E detector
system with which the excitation function data of Fig.
13 shown as closed circles were measured.

tween the two measurements —in Ref. 11 all
charges with Z&6 could be included in the eva-
poration residue yield since the incident beam was
' C, whereas in the present measurements only
Z & 10 could be included. Also the target in Ref. 11
was natural Ne gas (i.e., &8% Ne) while in our
experiment a Ne beam was incident on a target
which was 99% ' C (i.e., natural carbon).

In the study of fusion of hght heavy iona some
difficulty is encountered in separating products of
fusion evaporation processes from those resulting
from other reaction mechanisms, and the present
system is no exception. To facilitate comparison
with other data sets and to be specific as to what we
define as fusion evaporation products, the pro-
cedure of our data analysis at one energy will be
described in detail. The actual data are compared
with the results of a complete kinematic simulation
of the evaporation of light particles from a com-
pound nucleus populated with the same assumed
angular momentum distribution and the same exci-
tation energy. ' ' The measured and calculated en-

ergy spectra, angular distributions, and relative
yields of different evaporation residues can be com-
pared. Figure 15 compares measured evaporation
residue angular distributions for products of four
different atomic numbers with calculated distribu-
tions. The identification of the evaporation residues
was simple except in the case of the Z =12 spectra.
Magnesium spectra measured at two angles are
shown in Fig. 16. The expected location of the cen-
troid for the energy distribution of evaporation resi-
dues is indicated in the figure. There is a peak in
the energy distribution at this energy, but additional
groups are also present in these spectra. The loca-
tion of the two peaks (labeled I and II) as a function
of scattering angle can be kinematically accounted
for by assuming sBe emission from the compound
system leading to moderate excitation in the exit
channel. Such Be emission would have a surpris-
ingly large yield. At this point, however, this must
be considered merely a possibility because charge
but not mass was identified in the experiment. Fi-
nally a comparison of measured and calculated rela-
tive yields is shown in Fig. 17. Again a discrepancy
is apparent for Z=12. Standard parameters are
used in these calculations and their values appear in
the Appendix.

The kinematic Monte Carlo calculation that was
used to calculate the energy spectra for a, p, and n
evaporation from the compound nucleus was modi-
fied to include sBe emission. Artificially forcing a
large first chance Be emission from the compound
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FIG. 15. Measured angular distributions for evapora-
tion residues with different values of Z as compared
with the results of Monte Carlo statistical model calcu-
lations (Ref. 27).

OTHER REACTION CHANNELS

system results in a spectral shape shown by the dot-
ted line in Fig. 16. The a/Be first chance emission
ratio needed to reproduce this spectral shape is 1.70
but it should be stressed here, however, that the as-
sumed compound nuclear origin of the sBe yield is
not necessitated by the data. The Be yield may ori-
ginate in other reaction processes, as only the
kinematic features of Be emission are used in this
comparison.

60
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C+ Ne(74 MeV } = E.R.

DATA

4o Q HAusEs FEsssacs
Cl

4J

30
LLI
O

20—

FIG. 16. Magnesium spectra measured at two angles
compared with histograms calculated with the LILITA
Monte Carlo code. The arrow marked ER indicates the
expected location of the centroid of the energy distribu-
tion of the evaporation residues. The two peaks labeled
I and II may be due to emission of Be from the com-
pound nucleus. Artificially including a large Be yield
from the compound nucleus in the calculations results in
the spectral shape shown by the dotted lines in the fig-
ure.

The detection system used made it possible to
measure many other reaction products. Figure 18
shows elastic scattering and direct reaction angular
distributions measured at a bombarding energy of
75.2 MeV. The direct reaction cross section shown
here is derived from the sum of the inelastic yield
for Z=10 products and all the products with
Z & 10. Extrapolating the angular distribution
shown in Fig. 18 and integrating it yields the direct
reaction cross section shown in Table II. The total

IQ

h2 l3
ATOMIC NUMBER

FIG. 17. The evaporation residue yields as a percen-
tage of the total fusion cross section at a bombarding
energy of 74 MeV. The solid and open bars represent
the data and Monte Carlo calculations, respectively.
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FIG. 18. The angular distribution measured at 75
MeV for the direct reaction cross section defined as the
sum of the inelastic yield for Z =10 and all reaction
products with Z &10. The angular distributions for the
elastic scattering and evaporation residues are shown for
comparison.

reaction cross section shown in Table II is the sum
of the evaparation residue and the direct reaction
cross sections. The elastic scattering data measured

at 75 MeV and 60.7 MeV (laboratory) shown in Fig.
19 are described fairly well by qualitatively dif-
ferent sets of optical potential parameters taken
from Refs. 6 and 7 (see Table II). Both potentials
provide an adequate description of the rapid falloff
from the Rutherford cross section, but at large an-
gles they diverge. The potential (6) of Ref. 7 with
an energy dependent surface absorption term pro-
vides a better qualitative description of the large an-
gle data. This is done, however, at the expense of
overpredicting the total reaction crass section (ab-
sorption at very large radii). The potential used in
Refs. 5 and 6 on the other hand accounts correctly

)0 20 30 40
e (deg )

50
I

60 70

FIG. 19. The elastic scattering measured at bombard-
ing energies of 60.7 and 75 MeV. The dashed and solid
lines are optical model calculations using the parameters
of Refs. 6 and 7, respectively {see Table II).

for the measured total reaction cross section. What
this analysis suggests then is that the initial rapid
falloff is due to removal of flux into a regian of
strong absorption (probably compound nucleus for-
mation) with very little flux returning to the elastic
channel —such absorption can be easily described
using an entrance channel optical model with ab-
sorption. The variation of the elastic cross section
at larger angles, past the rapid falloff region, is
probably strongly affected by the coupling to other
direct channels, and attempts to describe its
behavior with an optical potential lead to distor-
tions. A similar situation prevails with the inelastic
data. Although coupling to other channels should
be important, the inelastic data measured over the
same limited angular range where the elastic data
show the dominance of simple strong absorption
also show the effect of a sharp-strong absorption ra-
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FIG. 20. Measured angular distributions for inelastic scattering to the first 2+ state (1.63 MeV) of 2 Ne as a function

of the incident energy.

[I,m] ) FL r (8,0)
(

(m, l+m even)
(Sa)

dius. The angular distributions for the 0+ (g.s.) to
2+ (1.63 MeV) transition measured over the angular
range 12'&8~,„&23' between 54&EN, &80 MeV
are shown in Fig. 20. The data show oscillatory
structure superposed on a general decreasing trend
as 8L increases. Visual inspection of these oscilla-
tions shows an increase in frequency and a shift to-
ward smaller angles with increasing bombarding en-

ergy. Assuming channel coupling is minimal the
data can be described using the DWBA formalism
in the strong absorption limit. In this limit the
differential cross section is approximated by:

[1,m]=i '„' 1+m even
.I [(1—m)!(1+m)!]'

=—0 I +m odd, (Sb)

where 1 is the multipolarity of the transition (I =2)
and Lo is the orbital angular momentum at the
strong absorption radius (-kRsz). We have used
the above formula to describe the oscillations in the
data, and Fig. 21 shows the quality of the data and
fits at two energies. Figure 21(b) shows the effect
when the oscillatory pattern is added to a damping
exponentially decreasing background. Table I
shows the orbital angular momenta (Js~) deduced
at several energies, along with the critical angular
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being removed to the compound nucleus with little
chance of feeding back. Clearly as one moves to
larger angles and smaller cross sections the yield
will be strongly affected by the effects of coupling
to other channels —our analysis, therefore, only con-
centrates on that forward part of the inelastic angu-
lar distribution.

A marked feature of the two dimensional spec-
trum shown in Fig. 2 is the dominance of even Z
products, especially below Z=10. This suggests
that most of the measured Z =6 and 8 yield is pro-
duced by

' C and ' 0. The carbon yield has been
already discussed. On the basis of the mechanism
postulated for the C production (deep inelastic
scattering} one might expect other products with Z
close to that of the target to exhibit similar
behavior. Unfortunately Z =5 and 7 yields are al-
most nonexistent and the Z =8 yield has a strongly
forward peaked component produced by the strip-
ping of an a particle from the Ne projectile. A typ-
ical oxygen spectrum is shown in Fig. 22 which
shows a pronounced enhancement of the yield at
high excitation energies as do the C spectra, but the
spectrum is dominated (particularly at forward an-

gles} by large yields from transitions to low lying
states. Figure 23 shows the angular distributions of
Z=8 products at excitation energies below and
above 8 MeV. All show a strong forward peaking
in the center of mass system and large yields. Fig-
ure 24 shows excitation functions measured for dif-
ferent ' C( Ne, ' 0)' 0 transitions (integrated over
the angular interval 13'(6),»(22'). There is pro-
nounced structure in the excitation function, espe-
cially for the ground state transition. None of this
structure shows a clear correlation with that ob-
served in other excitation functions. However, the
total transition strength (summed over all excitation
energies) may reveal underlying structure that

FIG. 21. Angular distributions for scattering to the
1.63 MeV state of 2 Ne compared with calculations us-

ing the strong absorption model. The hatched curve
shows the effect of damping by adding an exponentially
decreasing background to the oscillatory strong absorp-
tion curve.
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momenta derived from our fusion data and the
grazing angular momenta obtained with the optical
model potential of Refs. 5 and 6. Note that the
strongly absorbed angular momenta I (LsA are the
same as those for which fusion occurs 1&L„. Ap-
parently not only the elastic but also the inelastic
data in this angular region are most sensitive to flux
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FIG. 22. The oxygen spectrum observed at an in-
cident energy of 75.2 MeV and a laboratory angle of 14'.
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might signal the presence of a resonance in the
composite system.

Figure 25 presents a summary of many outgoing
channels —much of the structure seen for individual
transitions is washed out but some structure does
remain. The most significant enhancement is
present around the bombarding energy of 74 MeV
(E, -27.8 MeV). The limited energy resolution
of -0.3 MeV and large energy steps of —1.4 MeV
with which the data were measured limit the deter-
mination of the total width of this structure to an
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FIG. 23. Angular distributions for the oxygen yields

corresponding to low and high regions of excitation en-

ergy. The summed carbon yield is shown for compar-
ison.
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FIG. 24. Excitation functions for different energy in-
tervals of the oxygen yield (integrated over the angular
range 13'&O~,b &22'). The upper curve is for the main
bump seen in spectra such as that of Fig. 22.

FIG. 25. A comparison of excitation functions mea-
sured for different exit channels of the '~C+i Ne sys-
tem. The prominent peak observed near 74 MeV ap-
pears to be correlated among many of the channels.
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estimate of about 1 MeV in the center of mass sys-
tem. The only two processes for which we have an
integrated cross section are the evaporation residues
and the total C+ Ne orbiting process yield (in the
backward hemisphere). In both cases partial widths
would not lead to reduced width (or structure infor-
mation) because many transitions are involved.
Determining the background is also very difficult.
The data needed for such an analysis are full angu-
lar distributions for many individual transitions
measured at several energies with fine resolution
and these we do not possess. The data shown in
Fig. 25 only serve to indicate the possible location
of resonant phenomena in ' C + Ne induced reac-
tions but are not sufficient to make any nuclear
structure studies.

SUMMARY

Many final products from ' C+ Ne induced re-
actions have been studied. That system was found
to have a marked paucity of open noncompound
channels (only even Z products). A study of the ex-
citation functions for individual transitions reveals
characteristics (structure) similar to those of the
' 0+ ' 0 system, in particular for the elastic, in-
elastic, and a transfer channels measured here.
Since only a few channels are open for direct reac-
tions the change of partial waves inside the grazing
limit can drastically affect the cross section for any
particular transition, and the observed structure de-
pends on the particular matching of the reaction
channel to the entrance channel at this bombarding
energy. Since only even partial waves participate in
the ' 0+ ' 0 reactions, the best and most relevant
comparison to Ne+ ' C data can be done at 90'
c.m. where only even partial waves contribute to the
observed transitions in both systems.

The ' C+ Ne fusion cross section shows struc-
ture in the excitation function that is qualitatively
similar to the ' 0+ ' 0 fusion data. Most interest-
ing is a peak in the evaporation residue cross section
at E, =27.8. The ' 0+ ' 0 evaporation residue
data also peak at an energy of 30 MeV which cor-
responds to the same excitation energy in S. The
structure in the ' 0+ ' 0 data at this particular en-

ergy is, however, broader than that seen for
' C+ Ne. Examination of many outgoing chan-
nels has shown that the structure around 27.8 MeV
center of mass energy appears in most outgoing
channels.

Analysis of the elastic scattering data with the
measured total reaction cross section indicates that

the angular region where the ratio of the elastic
cross section to the Rutherford cross section begins
to drop rapidly is not sensitive to coupling to other
direct channels. Therefore, the most significant
source of flux removal is the formation of the coin-
pound nucleus. A similar effect is seen in the in-
elastic data measured over the same angular range.
We believe that searches for global optical model
parameter sets for heavy ion scattering benefit from
the approach outlined in this work. ' The forward
angle region, in which the cross section shows a
rapid falloff from Rutherford scattering, is used to
obtain a set of optical parameters and the measured
total reaction cross section is then used to remove
some of the ambiguities.

An orbiting mechanism is proposed to account
for the resonant structure observed in the excitation
functions for transitions to individual final states as
well as the large damped (deep inelastic) yields ob-
served in the energy spectra of the recoiling carbon
nuclei. An analysis of the energy dependence of
this damped component raises questions about the
angular momentum of the separating fragments or
their deformation at scission. Light ion-heavy ion
correlation and heavy ion-heavy ion coincidence
data are needed to determine the angular momen-
tum distributions of the entry states and of the final
fragments in order to further study this problem.
The suggested interpretation of the ' C+ Ne data
in terms of a general orbiting mechanism could be
further probed by measurements on a system with a
large target-projectile asymmetry, such as, e.g.,

Si+ C, where more outgoing channels can be
studied at backward angles. Such measurements are
now underway.

0ak Ridge National Laboratory is operated by
Union Carbide Corporation under Contract W-
7405-eng-26 with the U. S. Department of Energy.

APPENDIX: STATISTICAL MODEL
CALCULATIONS

The statistical model calculations given in Figs.
15—17 were done with the Monte Carlo Hauser-
Feshbach code LII.ITA. This code uses the sharp
cutoff approximation for the transmission coeffi-
cients at regions of high excitation energies (-20
MeV), and the transmission coefficients are calcu-
lated using the optical model parameters given by
Percy and Percy. The compound nucleus is al-
lowed to deexcite only by the emission of neutrons
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TABLE III. Level density parameter a used in the LILITA calculations for the fusion of
20Ne+ 12C

z
16
15
14
13
12
11
10

32
31
30
29
27
25
23

4.1

4.1

3.81
3.86
3.60
3.65
3.50

3.85
3.60
3.86
3.73
3.75
3.65
3.40

3.30
3.30
3.95
3.65
3.55
3.65

3.60
3.80
3.50
3.45
3.50

3.46
3.45
3.30
2.90
2.80

'Each row gives the value of a for each nucleus included in the calculations for the indicated
value of Z and for A, A —1, A —2, A —3, and A —4.
Nuclei excluded from the competition.

(n), protons (p), and a particles. The Fermi gas
model level density is used with the equations given
in Ref. 33 and with values of the pairing energy, 5,
also given in Ref. 33. The values of the level densi-

ty parameter, a, are given in Table III for all the
relevant channels in the Ne+' C fusion. The spin
cutoff parameter, 2tr, is given by

2a =(~,lfi )t,
where t is the nuclear temperature. The rigid body
moment of inertia, W„, is calculated with the for-
mula given by Davis and Nix that takes into ac-
count the diffuseness corrections which are neces-

sary for light systems. The radius parameter used

with this formula was ro ——1.3 fm. The values of
the level density parameter a were obtained by fit-

ting the Fermi gas formula to the known levels for
A & 32 taken from the compilation of Endt and Van

der Leun.
Figures 15 and 17 show the results of LILITA cal-

culations using the above parameters and allowing

for n, p, and a emission. Figure 16 shows the re-

sults for the Mg spectrum at O~,b=5.4' and 13'.
The solid histograms are the results of the Monte

Carlo calculations for the uncorrelated emission of
n's, p's, and a particles and they do not reproduce
the high energy group at e~,b ——5.4' and the peaks
labeled I and II at 8&,b ——13'. Within the context of
the statistical model there is also some probability
for emission of complex fragments such as I.i or Be,
and therefore a calculation for the Be channel (the
relevant one for the production of Mg) was done.
All excited states of Be up to 11 MeV were allowed

to compete with n, p, and u emission, and the
values for the Coulomb and centrifugal barriers
(needed in the sharp cutoff approximation) for the
Be+ Mg channels were scaled simply by Z and

A '~ dependence from the ones of the a+ sSi chan-

nel. The level of Be emission allowed for by the
statistical model for compound nucleus decay, with

these parameters, was too low to have any appreci-
able effect on the shape of the predicted energy
spectra. In order to illustrate the kinematic features
of such emission, the Be yield has been arbitrarily
increased by a factor of 5 with respect to that
predicted by our statistical model calculations, and
the results for the Mg spectra are shown by the
dashed histograms in Fig. 16.
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