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Velocity and angular distributions of evaporation residues from S-induced reactions
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Velocity distributions of mass-resolved evaporation residues from reactions of ' S with ' C,
Mg, 'Al, Si, and Ca have been measured at bombarding energies of 194, 239, and 278 MeV

using time-of-flight techniques. In all cases, the observed shifts in the velocity centroids relative to
the values expected for complete fusion are consistent with a previously reported parametrization
of a threshold for onset of incomplete fusion. Angular distributions were measured and total cross
sections extracted for the ' S+ Mg system at all three energies. A comparison with existing re-
sults for ' S+ Mg at lower energies, and with other systems leading to the '"Ni compound nu-

cleus, suggests two different types of compound-nuclear limitations to complete fusion at higher
energies.

I. INTRODUCTION II. EXPERIMENTAL METHOD AND DATA ANALYSIS

Recent investigations of incomplete fusion processes in
heavy ion induced reactions suggest a dependence on the
degree of mass asymmetry in the entrance channel. '

In particular, velocity measurements of evaporation
residues (ER) from ' 0+ Ca at energies above 8.5
MeV/nucleon reveal shifts in the centroids of the veloci-
ty distributions toward lower values than would be ex-
pected for complete fusion, indicating the presence of
contributions from incomplete fusion to the evaporation
residue yields. Similar measurements on the Si+ Si
system at comparable compound-nucleus excitation ener-
gies, however, show no clear evidence of incomplete
fusion. In addition, measured cross sections for
2sSi+2sSi at the higher bombarding energies (E&,b &9
MeV/nucleon) are found to be significantly smaller than
observed for ' 0+ Ca at comparable energies. '

The present experiment was performed to explore fur-
ther the dependence of the incomplete fusion process on
the entrance channel by investigating reactions of S
beams on several targets. Among the systems studied
was S+ Mg, which leads to the same compound nu-
cleus ( Ni) as the reactions discussed above. Compar-
ison of the S+ Mg ER cross sections with those mea-
sured previously for ' O+ Ca and Si+ Si should
provide useful information regarding the mass-
asymmetry dependence of the limitations to fusion ob-
served at higher energies.

The experiment was performed at the Tandem-Linac
accelerator facility at Ar gonne National Laboratory.
Beams of S ions at energies of 194, 239, and 278 MeV
were incident on targets near the entrance to a 165-cm
diameter scattering chamber, and reaction products were
detected in a time-of-flight arm consisting of two micro-
channel plate detectors, separated by about 1 m, fol-
lowed by a 200 pm thick silicon surface barrier detector.
A second silicon detector, 5 mm thick, was used to mea-
sure the energy of fast, light ions that were not stopped
in the 200 pm detector. The target materials and
thicknesses are listed in Table I. The placement of the
target near the entrance to the chamber maximized the
flight path of the detected reaction products. The sepa-
ration between the channel plate detector foils varied
from 109.72 cm at a detection angle of 2' to 102.04 cm
at 20'. Two time measurements were made for each
event. Start signals were provided by the back channel-
plate detector and the 200 pm silicon detector, and the
stop signal for both measurements was provided by a de-
layed signal from the front channel-plate detector. Mass
identification was obtained by using the energy deposited
in the Si detector stack and the time of flight from the
channel plate —silicon detector (CP-Si) measurement. A
typical mass versus velocity plot is shown in Fig. 1(a).
The resolution of the CP-Si time measurement was ap-
proximately 150 psec FWHM, and the energy resolution
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TABLE I. Target materials and thicknesses.

Target
material

12C

Mg
Mg' Al

28S'

"Ca

Isotopic
purity

natural
99.9%
99.9%%uo

natural
99.4%%uo

99.9%

Thickness
(pg/cm')

41
245
720
430
125
315

60

50

40

r

rJ
A~% ~

of the silicon detector was approximately 1.5% at
evaporation-residue energies. This provided mass sepa-
ration for product masses up to about 3 =50, as illus-
trated in Fig. 1(b).

Elastic scattering and evaporation-residue angular dis-
tributions were measured for the S+ Mg system over
the angular range 2' to 20', in steps ranging from 0.5' at

forward angles to 4 at the largest angles. The beam
direction was established to within 0.03 from left-right
measurements of the elastic scattering at forward angles.
Two silicon surface-barrier detectors were used to moni-
tor the ' S+ Mg elastic scattering yield during the ex-
periment. Both the monitors and the integrated beam
current were used to obtain the relative normalization of
the measured differential cross sections. The absolute
normalization was obtained by establishing the Ruther-
ford cross section behavior in the elastic scattering at
forward angles. The optical-model fits to the measured
elastic scattering angular distributions were obtained us-
ing pToLEMY, as shown in Fig. 2. The fit parameters
obtained are given in Table II.

For all reactions, measurements of the ER velocity
distributions were made at a single angle (6' at E~,b ——194
and 239 MeV and 5 at E~,b ——278 MeV). The velocity
spectra of the reaction products were obtained from the
channel plate —channel plate (CP-CP) time measurement.
The CP-Si timing was not used for the velocity measure-
ment, even though it provided slightly better resolution
than the CP-CP timing, because of plasma delay effects.
A detailed calibration of the time-to-amplitude converter
(TAC) used for the CP-CP time measurement revealed
evidence of nonlinearities of the order of 0.5%, for
which corrections were made on an event-by-event basis
before the calculation of the velocity. The identified
masses were used in energy loss calculations to estimate
the amount of energy lost by each detected product in
the target and the first channel plate detector, in order
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FIG. 1. (a) Two-dimensional plot of mass vs velocity for re-

action products from "S+' Mg at El,b ——194 MeV, detected in
the time-of-flight arm at 10 . (b) Projection of (a) onto the
mass ax1s.

FIG. 2. Elastic scattering angular distributions for
'S+ Mg, used for absolute normalization of the evaporation

residue cross sections. The curves are optical model Ats ob-
tained with pTQLEMY using the parameters of Table II.
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TABLE II. Elastic scattering optical model fit parameters. Only the well depths, V& and VI, were
allowed to vary during the fit.

Ei'b (MeV)

194
239
278

V, (MeV)

50.0
58.8
46.3

Vx (MeV)

38.8
67.9
63.0

roR (fm

1.22
1.22
1.22

ror (fm)

1.19
1.19
1.19

a, (fm)

0.55
0.55
0.55

ai (fm)

0.55
0.55
0.55

to determine its velocity at formation, which was as-
sumed to occur at the target center.

As pointed out previously in the literature, the as-
sumptions of complete fusion and isotropic center-of-
mass angular distributions for evaporated light particles
imply that the quantity V~,bd o. /dQ~, bdV&, „(where V&,b

is the laboratory velocity of the evaporation residue)
should have the form of a Gaussian distribution centered
at the velocity V, coso„b (where V, is the center-of-
mass velocity of the projectile-target system and 0&,„ is
the laboratory detection angle). This prediction is in
agreement with the results of more detailed Monte Carlo
simulations using LILITA. ' A shift in the centroid of a
measured velocity distribution away from this predicted
value was taken as evidence that some fraction of the
evaporation-residue yield arises from incomplete fusion.

For systems such as those investigated here, in which
the compound nucleus mass is not too much different
from the projectile mass, there can be some overlap in
mass between evaporation residues and products of
deep-inelastic (DI) binary reactions. This overlap can
lead to some ambiguity in the identification of the eva-
poration residues. In the case of the S+ Ca experi-
ment, the ER's were well separated from other reaction

50 I g ~ ) I g I $ l $ I

products and no ambiguities arose. For the systems
S+ Mg, Al, and Si, however, a mass-by-mass com-

parison of the measured velocity spectra with the predic-
tions of LILITA revealed a dramatic change in the char-
acter of the measured distributions over a span of only
one or two masses. This behavior, shown in Figs. 3 and
4 for E~,, b

——194 MeV, is observed at all three bombard-
ing energies. Residues with masses greater than those at
which this change occurs have been included in compos-
ite velocity spectra for each target-energy combination,
under the assumption that the data for these residues are
not significantly contaminated by contributions due to
DI reaction products. Centroids were extracted from
these composite spectra by fitting them to Gaussian
shapes. As a check on the possible errors inherent in es-
tablishing which masses to consider as evaporation resi-
dues, the mass cuts were changed by two units in either
direction. The resulting changes in the extracted cen-
troids were well within the experimental uncertainties in
all cases.

In the case of the S+' C system there is a more
significant overlap in mass, with evaporation residues ex-
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FICs. 3. Comparison of measured (a) widths (FWHM) and
(b) centroids of velocity spectra of individual product masses
from ' S+ Mg at El,. b

——194 MeV with the values expected in
the case of complete fusion.

FIG. 4. Velocity spectra of 2 =42 and 2 =41 reaction
products from ' S+ Mg at El,b

——194 MeV, showing the
dramatic change from a predominance of evaporation residues
at 3 =42 to significant low- and high-velocity contributions
from binary processes at 2 =41. The histogram is the velocity
distribution predicted by LILITA.
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tending to masses below that of the projectile. However,
there is a rather clear separation in the velocity spectra
of individual masses between ER's and products of
direct reactions, allowing the extraction of reliable
values for the ER velocity centroids. A typical example
is shown in Fig. 5. The exclusion of various combina-
tions of masses from the composite spectra produces
only very small changes in the centroids, well within the
experimental uncertainties at all energies.

The ambiguity in the identification of evaporation resi-
dues constitutes the largest uncertainty in the determina-
tion of cross sections in the intermediate mass range,
especially at larger angles. At angles less than about 10
it is still possible to make a separation based on mass
alone, and a reasonable estimate of the ER cross section
can be obtained by extrapolating the angular distribution
exponentially from that point outward. A more accu-
rate determination can be made, however, from an ex-
amination of the velocity spectra of individual reaction
products in the overlap region. For each angle in the
measured angular distributions, the measured velocity
spectra of all product masses, from the highest detected
down to those which show no significant contribution
from fusionlike processes (typically 15—20 masses per
angle), have been compared with the predictions of
LILITA. The heaviest products, which are expected to
result entirely from fusion-evaporation, have velocity
distributions which are generally in very good agreement
with those predicted by uLITA (Fig. 6). On the basis of
this agreement, upper and lower limits for evaporation
residue yields of product masses of ambiguous origin
were estimated by comparing the measured velocity dis-
tributions with the corresponding LILITA predictions.
An example of such a comparison is shown in Fig. 4.
For the upper limit, allowance was made for the possi-
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FIG. 6. Velocity spectra of individual mass groups from

'-'S+' Mg reactions, showing good agreement with LILITA cal-
culations (histograms) at the higher residue masses.
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FIG. 5. Velocity spectrum of 2 =35 reaction products from

278 MeV "S+' C, detected at O~,b
——5', showing the separation

between evaporation residues (ER) and binary, deep-inelastic
(DI) reaction products. The histogram represents the ER dis-
tribution predicted by LILITA.

lab
FIG. 7. Measured angular distributions of evaporation resi-

dues from ' S+ Mg (the error bars reflect uncertainties due to
statistics, relative normalizations, and the separation of ER's
from other reaction products). The data points shown were
obtained from a mass-by-mass comparison with the predictions
of LILITA (see text). The solid line is a least-squares fit to these
data. The dashed curve was obtained by applying a simple
mass cut to the raw data, with an exponential extrapolation to
angles beyond O~, b ——10 .
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bility that the ER velocity distribution might be
broadened and slightly shifted by contributions from in-
complete fusion processes. Some evidence of a slight
broadening and shift was, in fact, observed. However,
the effect was small, and as will be discussed later, it is
not possible to conclude that evidence for incomplete
fusion was observed for the S+ Mg reaction.

The uncertainty introduced into the ER yield by the
procedure outlined above was treated as a systematic er-
ror. This accounted for the largest contribution to the
overall uncertainty in the measured cross sections (3.5%
at 194 MeV and up to 7% at 278 MeV). Other contri-
butions to the uncertainties were due to counting statis-
tics (1—2 %), extrapolation to large angles (1.5 —3 %), rel-
ative normalizations (1 —2%), and absolute normalization
(5 —8%). Figure 7 compares the angular distributions
obtained by this procedure with those obtained using a
simple mass cut and exponential extrapolation.

III. RESULTS AND DISCUSSION

The results of the velocity centroid measurements are
plotted in Fig. 8(a) against V„,&, the relative velocity of
the projectile and target at the Coulomb barrier. Mor-
genstern et al. ' have pointed out that the velocity of the
lighter partner in the center of mass frame, VI, may be
related to the onset of incomplete fusion. In Fig. 8(b)
the ratio of the measured centroid, ( VER ), to that ex-
pected in the case of complete fusion is plotted as a
function of VL, which is given by

V VL ~ + ~ rel

where

V„i ——+2(E, —Vc,„t)/p .

Here AH and AL represent the masses of the heavier
and lighter reaction partners, respectively, Vc,„~ and
E, are the Coulomb and center-of-mass kinetic ener-
gies, and p is the reduced mass of the projectile-target
system. With the possible exception of the S+ Ca
system, all the data in Fig. 8 are consistent with a
threshold of VL =0.06c for the onset of incomplete
fusion, in agreement with Ref. 1. It should be noted,
however, that except for the S+ ' C system the values
of VI barely exceed the threshold even at the highest
beam energy measured. If the important variable is VI
rather than V„~, then the requirement of higher center-
of-mass energies is inherent in searches for velocity shifts
in nearly symmetric systems. Even for the highly asym-
metric S+' C system, for which VL approaches 0.09c,
the centroid shift is very small in comparison with previ-
ously measured shifts for systems of comparable asym-
metry. For example, ' 0+ Ca at VL ——0.084c exhibits
a centroid shift of 6%, and ' N+ Ca at VL

——0.089c a
shift of 8%, compared with a shift of only 2% for

S+ ' C at VL ——0.087c. This reflects the fact that
velocity-measurement experiments using the heavier re-
action partner as projectile are made in the rest frame of
the lighter partner, in which the center-of-mass velocity
(and hence the typical ER velocity, which is approxi-
mately equal to V, cos8&») is higher than if the roles
were reversed. Therefore, while the absolute ER velocity
shift associated with an incomplete fusion event is in-
dependent of whether the projectile is heavier or lighter
than the target, the relative velocity shift, i.e., the ratio
( VER)/V, m cos(9~», is smaller by the factor AL/AH
when the projectile is heavier than the target.

Stephans et al. have proposed a model, based on the
coupling of the velocities of the colliding nuclei with the
intrinsic Fermi motion of the component nucleons,
which accounts for some aspects of the onset of incom-
plete fusion in asymmetric systems. In particular, the
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observed dependence on Vi rather than V„i, and the ex-
istence of a threshold value of VL for the onset of ob-
servable velocity shifts, are successfully reproduced. In
this model the velocity of each reaction partner relative
to the center of mass is added to its distribution of in-
trinsic nucleon velocities, which is taken to be that of a
Fermi gas. The portion of the resultant spherical distri-
bution of velocities which lies outside the corresponding
sphere for the fused compound nucleus is then taken as
a measure of the average number of nucleons emitted
prior to fusion. This quantity can be related to the mea-
sured velocity of the fused system by conservation of
momentum, under the assumption that the emitted mass
acts as a spectator, via the expression

~PIP (~P+~T MP™T)~RCN+ P~P+MTI T

1.02
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r
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Of the five systems for which velocity shifts have been
measured in the present experiment, only the S+' C
system reaches values of Vi that are high enough to al-
low a meaningful comparison with the predictions of this
model. Such a comparison is made in Fig. 9, where the
short-dashed lines represent the results of model calcula-
tions assuming mass loss from the target only {curving
upward) or the projectile only (curving downward) and
the long-dashed line includes the effects of mass loss
from both the projectile and the target. Values for the
Fermi velocities, listed in Table III, were obtained from
electron scattering data. " The calculation presented in
Fig. 9(a) was performed using a compound nucleus Fer-
mi velocity obtained in the same way, while a larger
value (Table III) was used for the calculation of Fig.
9(b). It is interesting to note that, while the compound
nucleus Fermi velocity has a sizeable effect on the calcu-
lations allowing mass loss from only one reaction
partner, it has very little effect when mass loss from both

TABLE III. Fermi velocities VF used in the mass-loss calcu-
lations. The values were taken from Ref. 11, either directly
(' C} or by interpolation ( S and Ti).

Nucleus

12C

32S

44Ti

VF ic

0.2373
0.2619

0.2700, 0.2800

where Ap and AT are the masses of the projectile and
target, Mp and MT are the masses of the fragments
emitted by the projectile and target prior to fusion, Vp is
the beam velocity, and VzcN is the recoil velocity of the
"reduced" compound nucleus. The velocity, Vp or VT,
of each nonfusing fragment is taken to be the velocity of
the reaction partner from which it is emitted, measured
at the point of contact:

0.00 0.05 0.10 0.15

partners is allowed. In particular, the threshold for ob-
servable velocity shifts is essentially independent of small
variations in the CN Fermi velocity when mass loss from
both nuclei is allowed.

Another aspect of these calculations worth noting is
the fact that, depending on the value chosen for the CN
Fermi velocity, the predicted average mass loss from the
heavier partner is comparable to or even greater than
that from the lighter partner even for the asymmetric

S+' C system. For example, with the smaller CN Fer-
mi velocity used in the calculation of Fig. 9(a) the pre-
dicted mass loss from S at El,b( S) =280 MeV is 1.5 u,
compared to only 1.3 u from ' C. This illustrates the
fact that the observed trends toward lower velocities
when the projectile is lighter than the target, and toward
higher velocities when it is heavier, do not necessarily
imply preferential breakup of the lighter reaction
partner. They could simply be a reflection of the fact
that a given mass emitted from the lighter reaction
partner prior to fusion would tend to take with it a
larger fraction of the momentum (in the center-of-mass
reference frame) than the same mass emitted from the
heavier partner. In light of this observation, and the
prediction of comparable mass losses from the projectile
and the target, it would be interesting to look for fast,
forwardgoing light particles in coincidence with evapora-
tion residues from reactions induced by heavier projec-
tiles on lighter targets. The S+' C system might in
fact be a good candidate, since such an experiment has
already been performed on the system ' 0+""Ti, which
is very similar in its degree of mass asymmetry, using
the!ighter nucleus as the projectile. '

rel
FIG. 9. Comparison of measured velocity centroid shifts

with the results of calculations based on the model of Ref. 2.
The short-dashed lines correspond to mass loss from the target
only (curving upward) or the projectile only (curving down-
ward). The long-dashed line results from allowing mass loss
from both. The compound-nucleus Fermi velocities used were
0.2700c for (a) and 0.2800c for (b).
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TABLE IV. ' S+ Mg evaporation residue cross sections. 1600

E(ab (MeV) E, (Me V) O. ER (mb) oER (mb)
Vigdor et al.

Nagashima et al.
194
239
278

83
102
119

1005+65
900+70
845+95

1005+65
855+70
790+90

Ii &&

~ll it lgqll

e ~ qp

"O+ ~Ca

The S+ Mg evaporation residue cross section mea-
surements are presented in Table IV and plotted along
with previous measurements' ' in Fig. 10. For pur-
poses of comparison, existing data for Si+ Si (Refs. 5,
15, and 16) and ' 0+ Ca (Refs. 6 and 16) are plotted in
Fig. 11. The behavior of the S+ Mg cross section at
the higher energies clearly resembles the behavior of the

Si+ Si system more closely than that of ' 0+ Ca.
This result, the very slight shifts noted above in the

S+ "Mg residue velocity centroids when compared
with the much larger shifts measured previously for
' 0+ Ca, and the negligible broadening of the velocity
distributions are consistent with an interpretation of the
excess ' 0+ Ca evaporation residue yield as resulting
from a larger contribution from incomplete fusion.

The similarity in the behavior of the Si+ Si and
S+ Mg cross sections is even more evident in Fig. 12,

where the excitation energy of the fused compound sys-
tem (assuming complete fusion) is plotted against the
critical angular momentum extracted from the measured
cross sections by means of the sharp cutoft' approxima-
tion. In this approximation, all partial waves with angu-
lar momenta below a critical value, l„are assumed to
lead to fusion with unit probability, and those with
larger angular momenta are assumed not to contribute
at all to the fusion yield. In this case the fusion cross
section can be written as

800-
CC
CQ

Si + Si

DiCenzo et a

Nagashima e
W

Rosner et al.

0
0.00 0.02 0.04

o.r„,.——rrA, g (21+1),
1=0

(5)

where A, is the reduced wavelength of the system. Evalu-
ation of this sum gives

cr&„,——tran, (l, -+1) (distinguishable particles),

o &„,——rrA, (I, + 1)(l, -+2) (identical bosons) .
(6)

200 I

B~ =BMeV Bf =0

FIG. 11. The total evaporation residue cross sections for
' 0+ Ca (Refs. 6 and 16) and "Si+ Si (Refs. 5, 15, and 16).
The curves are to guide the eye.
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FIG. 10. The total evaporation residue cross sections for
S+ Mg from the present work, along with the existing data

from Refs. 13 and 14.

FIG. 12. Compound-nucleus excitation energy vs the prod-
uct of the critical angular momenta extracted from the ER
cross sections in Figs. 10 and 11. The dashed line corresponds
to a statistical yrast line (Ref. 17) with parameters b,g =15
MeV and ro ——1.20 fm. The solid lines indicate the predicted
angular momenta for fission barriers of Bf ——0 and 8 MeV us-

ing the model of Sierk (Ref. 20).
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Implicit in the application of this description to evapora-
tion residue cross sections is the assumption that the
evaporation residues derive only from complete fusion.
This may not be a valid assumption at high energies.
Nevertheless, if this limitation is kept in mind such plots
can be useful in comparing the behavior of different en-
trance channels leading to the same compound nucleus.

For all three projectile-target systems, division of the
E* versus l, (l, +1) plots into three regions with
different slopes is suggested, as illustrated schematically
in Fig. 13(a). The corresponding divisions in a cr ER
versus 1/E, plot are shown in Fig. 13(b). These three
regions can be associated with three different types of
limitations to the fusion cross sections. In region I,
where the measured fusion cross section follows very
closely the total reaction cross section, numerous studies
of light heavy-ion systems have established that the
fusion cross section is essentially determined by the abili-
ty of the projectile to penetrate the combined Coulomb
+ centrifugal barrier. In region II the similarity in the

E" versus l, (l, +1) plots for all three systems and the
linearity of the relationship between E" and 1,(l,.+ 1) are
suggestive of a limitation related to properties of the

Ni compound nucleus. Discussions of the mechanism
of such a limitation fall into two categories: (1) an en-
trance channel limitation on fusion imposed by the prop-
erties of the compound nucleus, ' ' or (2) a limitation on

the ER cross section imposed by competition in the
compound nucleus decay. '

In the case of an entrance channel limitation, Lee
et al. ' have attempted to reproduce the observed cross
section behavior for a number of systems using a "sta-
tistical" yrast line. The basic assumption underlying this
description is that a minimum density of compound-
nuclear states is necessary in order for fusion to occur,
so that the fusion cross section is limited not by the true
yrast line (where the level density is too low for the sys-
tem to fuse) but by a statistical yrast line which lies at a
somewhat higher energy where the level density is
higher. The relationship between the excitation energies,
E~, and angular momenta, l, along this line can be
written, under the assumption that it runs parallel to the
true yrast line, as

Equating the statistical yrast angular momentum, l~, to
the measured critical angular momentum for fusion, I„
amounts to a parametrization of the fusion limitation in
terms of a moment of inertia, J, and energy shift, EQ,
characteristic of the compound nucleus. This parame-
trization can be further generalized by the simplifying
assumption that the compound nucleus moment of iner-
tia is that of a rigid sphere of radius R =roA ', so that

2= —', Mr() A (8)

(b)

III
'

II

1/E, „
FIG. 13. (a) Schematic diagram illustrating the division of

the E* vs I, (1, +1) plot into three regions of diA'erent fusion-
limiting mechanisms. (b) The corresponding divisions on a
plot of E'ER vs 1/E,

where M represents the nucleon mass. If fusion is in
fact limited by such a mechanism in region II, the be-
havior of all three systems should be reasonably well de-
scribed by a single pair of parameters, ro and b, g. The
dashed line in Fig. 12 corresponds to a statistical yrast
line calculated with ro ——l. 20 fm and b, g = 15 MeV.
The behaviors of all three systems in region II are repro-
duced rather well by this line.

The similar behavior in region II for the three systems
forming Ni may also reAect the onset of fission process-
es which compete with and limit the ER processes. At
present our experimental understanding regarding
fusion-fission reactions for lighter systems is still unclear.
There is evidence from Sanders et al. ' that reaction
products consistent with a fusion-fission process are ob-
served beginning at bombarding energies corresponding
to region II for ' 0+ Ca and S+ Mg reactions. The
solid lines in Fig. 12 correspond to the angular momenta
at which the calculated fission barrier of Ni vanishes
(B&——0 MeV) and at which it is approximately equal to
the nucleon separation energy (B~——8 MeV), where one
expects fission to begin to become competitive. These
calculations use the code of Sierk, which includes the
effects of the finite range of the nuclear force and the
diffuseness of the nuclear surface. As can be seen in
Fig. 12, region II corresponds rather well with the ener-
gy range where the fission channel is expected to become
increasingly more important. Measurements of the
fusion-fission cross sections in this energy range are
needed to establish whether the ER behavior is due to
competition from the fission channel, an entrance chan-
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nel limitation, or a combination of these.
At energies corresponding to regions I and II it is

reasonable to assume that the evaporation residue cross
section is similar in magnitude to the complete fusion
cross section. However, this is not necessarily a valid as-
sumption at region III energies, especially for asym-
metric systems. In particular, the two highest-energy
' 0+ Ca data points in Fig. 12 correspond to energies
at which there is clear evidence of contributions to the
evaporation residue cross section from incomplete
fusion. Therefore these data points have no precise
meaning on the plot shown, since the calculations of
both a critical angular momentum and a Ni excitation
energy are predicated on the assumption that the mea-
sured cross section corresponds to complete fusion.

The same comments may apply also to the two
highest energy S+ Mg data points, since our ER ve-
locity measurements (see above) do not rule out contri-
butions from incomplete fusion in these cases as well.
However, for these two points an estimate can be made
of the complete fusion cross section. For each residue
mass and at each angle the contribution from complete
fusion has been estimated by fitting the velocity spec-
trum to a multiple-Gaussian distribution, with the cen-
troid and width of one peak fixed by the predictions of
the statistical code LILITA. The area of this fixed peak
was then taken as an estimate of the complete fusion
yield for that mass-angle combination. This is just the
procedure referred to in Sec. II for determining the
lower limits for the ER yields of individual masses. The
resulting complete fusion angular distributions are

160
Br =8MeV

I I

Br =0

120

180+40C ~

32 S+R4Mg

"si+"si

0 1000

u. (~.

I

2000

1)
3000

FIG. 15. As in Fig. 12, except that the critical angular mo-
menta are extracted from the estimated complete fusion cross
sections.

presented in Fig. 14. The estimated cross sections for
complete fusion obtained in this procedure are 855 and
790 mb, at bombarding energies of 239 and 278 MeV, re-
spectively, compared to the cross sections of 900 and 845
mb for ER's (Table IV). A modified version of Fig. 12,
with data points extracted only from complete fusion
cross sections, is shown in Fig. 15. The uncertainties in
the complete fusion differential cross section estimates
were taken to be the same as those for the evaporation
residue measurements.

The mechanism of fusion limitation in region III is
less well understood than in the case of regions I and II,
although the striking similarity (Fig. 15) between the be-
haviors of the S+ "Mg and Si+ Si systems in this
region is again strongly suggestive of a limitation based
on properties of the compound nucleus rather than the
entrance channel. One possibility is that the value of l,
is approaching the limit imposed by the vanishing of the

Ni fission barrier. A comparison of the data with the
Sierk calculations (Fig. 15) shows that the ER cross sec-
tion behavior is consistent with such an interpretation.
Complete fusion estimates for ' 0+ Ca in region III
would be of great interest, since they might determine
whether the limitation here is truly independent of the
entrance channel. Higher energy measurements for all
three systems would also be of interest since it seems
likely that an absolute limit to l, may be reached at exci-
tation energies not much higher than those reported
here. Fusion-fission measurements throughout regions II
and III would help to untangle the mechanisms involved
in the observed limitation to fusion.

lab
FIG. 14. Complete fusion (data points and solid line) and

evaporation residue (dashed line) angular distributions for
' S+ Mg at the two highest energies.

IV. SUMMARY

Measurements of the velocity spectra of evaporation
residuelike fragments produced in reactions induced by
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S on targets of ' C, Mg, Al, Si, and Ca were per-
formed at three bombarding energies over the energy
range 6&E~,b( S) &8.7 MeV/nucleon. Clear evidence
for incomplete fusion processes was observed in the ve-
locity spectra of the S+ ' C system. For the other sys-
tems, there was no conclusive evidence from the cen-
troids of the velocity spectra alone for incomplete fusion
contributions

In the case of S+ Mg, where full angular distribu-
tions were also measured, the comparison of the predic-
tions of statistical model calculations to the observed ve-
locity spectra for individual masses suggested small pos-
sible incomplete fusion contributions at the higher ener-
gies. Based on these comparisons, an estimate of the
complete fusion cross section was extracted and found to
range between 89%%uo and 100% of the ER cross section at
E~,b ——239 MeV and between 85%%uo and 100% of the ER
cross section at E&,b ——278 MeV. Comparison of these
complete fusion cross sections with those measured pre-
viously for the Si+ Si system at comparable energies
indicates a common limitation at compound nucleus ex-
citation energies above about 100 MeV. Coincidence
measurements which identify the products of fusion-
fission processes are necessary to establish whether the
ER cross section behavior is due to the competition of
the fission channel, or whether it reflects the complete
fusion cross section behavior.

The question of whether the onset of incomplete
fusion is diff'erent in asymmetric and symmetric entrance
channels was not answered in the present study. In-
clusive velocity measurements give only limited informa-
tion, since incomplete fusion contributions broaden rath-
er than shift the velocity distributions of evaporation
residues produced in symmetric or nearly symmetric en-
trance channel reactions. Our comparisons with statisti-

cal model calculations were consistent with little or no
incomplete fusion contributions in the velocity spectra of
evaporation residues produced in the S+ Mg reaction
up to E~,b

—8. 7 MeV/nucleon, but the possibility of
somewhat larger contributions cannot be ruled out. In-
clusive measurements at higher bombarding energies to
search for an anomalously large broadening, and coin-
cidence measurements of ER fragments with light parti-
cles, would provide important information which would
shed light on the magnitude of incomplete fusion pro-
cesses in these systems. For the asymmetric system
' 0+ Ca there is clear evidence of incomplete fusion
processes at comparable energies from the shifts ob-
served in the velocity spectra. However, ambiguities ex-
ist in the identification of evaporation residues and
binary reaction products and in the identification of
complete and incomplete fusion yields. Coincidence ex-
periments are necessary to resolve these ambiguities.
The apparent strong entrance channel dependence of the
distribution of reaction strength and of the onset of in-
complete fusion processes observed in the symmetric and
asymmetric entrance channels forming Ni is a very in-
teresting behavior, with implications regarding the
fission process in light systems and the mechanism of in-
complete fusion processes. Further experiments, most
probably coincidence measurements, need to be per-
formed to verify this behavior and to disentangle the
various mechanisms.
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