
PHYSICAL REVIEW C VOLUME 39, NUMBER 6

Fusion of ' O + Ca at E&,b(' O) = 13.4 Mev/nucleon

JUNE 1989

C. Beck,* D. G. Kovar, S. J. Sanders, B. D. Wilkins, D. J. Henderson, R. V. F. Janssens,
W. C. Ma, M. F. Vineyard, and T. F. Wang

Physics Diuision, Argonne National Laboratory, Argonne, Illinois 60439

C. F. Maguire
Vanderbilt Uniuersity, Nashuille, Tennessee 37235

F. W. Prosser
University ofKansas, Lawrence, Kansas 66045

G. Rosner~
Technische Universita tliinc'hen, Garching, Federal Republic of Germany
(Received 23 May 1988; revised manuscript received 25 November 1988)

Mass and velocity distributions have been measured for the evaporation residue and fusion-fission
products from the ' 0+ Ca reaction at 214 MeV. Comparisons of Monte Carlo statistical eva-
poration simulations to the observed angle and mass dependences of the evaporation-residue veloci-
ty distributions were used to set limits on the maximum complete-fusion cross section and to extract
information about the magnitude and character of incomplete-fusion processes. The extracted
value of the complete fusion evaporation-residue cross section is discussed in the framework of pre-
vious results and existing models.

I. INTRODUCTION

For heavy-ion induced reactions at bombarding ener-
gies E&,b) 10 MeV/nucleon there is experimental evi-
dence that incomplete-fusion reactions occur. ' These
processes are understood to take place when a nucleon
(or nucleons) is (are) emitted from the projectile or target
prior to the fusing of the remaining nucleons. Whether
these reactions are governed by the entrance-channel dy-
namics, by the competition with preequilibrium process-
es, or by the properties of the composite system is not
clearly established. The resulting compound nucleus" is
lighter than the projectile plus target composite system
and moves with a different velocity because of the linear
momentum removed by the emitted nucleon(s). The
clearest evidence for such processes comes from (i) mea-
surements of the velocity distributions of evaporation
residues' and (ii) from folding angle measurements of
fission fragments. ' These data show that with increasing
bombarding energies there is a decreasing probability
that the fusion products originate from a composite sys-
tem which has received the full linear momentum of the
projectile. In fact, at E„b)35 MeV/nucleon there is
essentially no cross section consistent with complete
fusion. ' Between 10 and 35 MeV/nucleon only limits
of the maximum cross section consistent with complete
fusion have been extracted.

Unfortunately, the mass and velocity (or folding angle)
distributions for evaporation residues (or fission frag-
ments) arising from complete fusion and from
incomplete-fusion overlap in mass and velocity (or fold-
ing angle) and one is forced to use decomposition pro-
cedures to extract cross sections. Although exclusive

measurements will be necessary to provide the con-
straints to identify the reaction processes, at present there
is a need for guidance as to what features in the data
should be focussed upon.

In the present study of the ' 0+ Ca reaction at
E&,b =214 MeV inclusive measurements of the velocity
distributions of the mass-resolved reaction products were
performed. The yields associated with evaporation resi-
dues and binary processes were identified. The measure-
ments provided information on the angle and mass
dependence of the evaporation-residue velocity spectra.
The analysis focuses on a detailed comparison between
observed behaviors and those predicted by Monte Carlo
simulations of complete fusion. It identifies where
discrepancies occur and, within this framework, estab-
lishes cross section limits.

The results of this analysis indicate that the
evaporation-residue velocity spectra as a function of an-
gle and mass contain information about the relative con-
tributions of single-nucleon, two-nucleon, and multi-
nucleon preequilibrium processes. Furthermore, it was
found that some aspects of the evaporation-residue data
which deviate from the simulations may result from
heavy-particle evaporation rather than from incomplete
fusion processes. Our decomposition of the velocity spec-
tra and extraction of an upper limit for the complete-
fusion cross section resolves some of the discrepancies re-
ported in the literature between the evaporation-residue
cross sections for the mass-asymmetric entrance-channel
reaction ' 0+ Ca (Ref. 7) and the more symmetric
entrance-channel reactions Si+ Si, and S+ Mg
(Ref. 9) which form the same compound nucleus Ni. It
leaves unresolved questions regarding the existence of an
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entrance channel mass-asymmetry dependence of
incomplete-fusion processes which has been suggested
from systematics.

The details of the experimental method are presented
in Sec. II. In Sec. III, the experimental results for the
elastic scattering, the evaporation residues, and the
fission-like fragments are presented. The analysis of the
evaporation-residue yields and the separation of these
into complete- and incomplete-fusion components are
presented in Sec. IV. The main features of the
incomplete««and complete-fusion yields are discussed in
the context of previously reported results and recent
fusion models in Sec. V. The summary and conclusion of
this study are presented in Sec. VI.

II. KXPKRIMKNTAL PROCEDURE

The measurements were performed using a 214-MeV
' 0 beam from the Argonne National Laboratory AT-
LAS facility. The target was a self-supporting (685
p,g/cm ), isotopically enriched (99.9%), Ca foil mount-

ed in the ATLAS 36-inch scattering chamber. The reac-
tion products were detected in an array of four AE-E Si
telescopes and one E Si detector mounted in the angular
range 2' —52'. The most forward two detectors were
mounted at 87 and 73 cm, respectively, from the target.
The three larger angle detectors were positioned at dis-
tances ranging from 35 to 40 cm. Mass identification was
obtained by the time-of-Aight technique using the RF
beam timing of ATLAS. Examples of the mass
identifications achieved are shown in Figs. 1 and 2. The
time resolution of the ' 0 beam pulses was better than
150 ps (FWHM) with a period of 247.4 ns between pulses.

A monitor detector located out of plane (8=4.5,
/=4. 4') was used to establish the relative normalization.
This normalization was found to be in excellent agree-
ment with that obtained using a Faraday cup beam in-
tegrator. The absolute normalization of the di6'erential
cross sections was determined using an optical-model fit
to the measured ' 0+ Ca elastic scattering distribution
at E~,b =214 MeV (to be discussed in Sec. III A).

The detector angles and solid angles, established from
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the geometry, were checked using the elastic scattering of
' 0 and S from a ' Au target. At E~,b =214 MeV,
small angle (2' —5 )

' 0 elastic scattering measurements
on either side of the beam axis established an angular
shift from the optical alignment geometry of 0. 10 +0.02'.
At lower bombarding energies, using ' 0 (59.5 MeV) and

S (121 MeV) beams, the relative angles between the
detectors and the relative solid angles were checked by
measuring elastic scattering yields of known cross sec-
tions.

The energy and time calibrations of the detectors were
determined using the elastic scattering of ' 0 (59.5 and
214 MeV) and S (121 and 142 MeV) ions from an ' Au
target, and using the 5.486 MeV alpha group from an

'Am source. Each measured fragment energy was
corrected event by event for energy losses in the target
and the gold dead-layer of the Si detector, and for the
pulse-height defect' ' in the silicon detectors. The
pulse-height correction of Kaufman, et al. ,

' was used,
where the scaling factor was established for each Si detec-
tor using the pulse heights induced by the fission frag-
ments of Cf. The prescription of Ogihara, et al. "was
found to give similar corrections to the experimental
data; on the other hand, the parametrization of Moulton
et al. ' seems to be inappropriate for the evaporation-
residue fragments produced in the present reaction.
Plasma-delay corrections' ' were applied to the timing
measurement of each detector following the set of empiri-
cal formulae established by Bohne, et al. '

The velocities of the reaction products were extracted
event by event using two complementary methods: (1) by
direct time-of-Aight measurement corrected for plasma
delay, and (2) using the measured energies corrected for
pulse-height defect together with the mass identification.
These methods gave equivalent results to within 0.5%.
The velocity spectra presented in this paper have been
obtained from the energy measurements. Based on the
uncertainties associated with the energy corrections and
of the energy calibration of the low-energy beams (known
to an accuracy of about 0.3%), the evaporation-residue
velocities are believed to be determined to +0.015 cm/ns.

III. EXPERIMENTAL RESULTS

A. Elastic scattering

The elastic scattering of ' 0+ Ca at E],b =214 MeV
was measured using the three most forward angle time-
of-Aight detectors. The extracted angular distribution
shown in Fig. 3 is in excellent agreement with that re-
ported by Vigdor, et a/. The solid line represents the re-
sults of an optical-model calculation performed with the
code PTOLEMY'5 using parameter set 2a of Vigdor, et al.
Based on the optical-model analysis of the elastic-
scattering angular distribution, the total reaction cross
section for ' 0+ Ca scattering is 2110+100mb.
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FIG. 3. Elastic scattering angular distribution measured for
' 0+ Ca at E~,b=214 MeV. The solid curve is a pToLEMY
optical-model calculation obtained using potential 2a of Ref. 7.

B. Evaporation residues

The detected evaporation-residue fragments extend
over large mass (32 ( A ( 52) and energy (10

FICz. 4. Inclusive velocity spectra for 2 =39 and 45. The
solid curves and dashed lines are, respectively, the gaussian fits
using the high-velocity shoulder and the velocity cuts used to
obtain angular distributions for the evaporation-residue yields.
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spectra observed for A =45 can be seen to remain Gauss-
ian as a function of angle, typical of what is observed for
the heavier evaporation-residue masses, while the veloci-
ty spectra for A =39 show evidence of an additional
lower velocity component which becomes more pro-
nounced at larger angles.

To extract cross sections, the Galilean-invariant cross
sections [(1/U )d cr/dOdv] for the evaporation residues
were assumed to have a Gaussian shaped distribution,
with a possible shift of the centroid with respect to that
expected for complete fusion. For masses A &39 this
procedure clearly identifies the evaporation-residue com-
ponent. For lighter masses ( A & 39) at larger angles un-
certainties are associated with this procedure. For
OI,b) 28', because of the statistics and the additional reac-
tion components, it becomes increasingly difficult to iden-
tify a Gaussian component in the spectra and, even when
a Gaussian component is apparent, it is difficult to esti-
mate the "background" contributions. In these cases, the
extracted yields are upper limits on the evaporation-
residue yields. Because of the relatively small contribu-
tions to the total cross section, the uncertainties in these
channels do not significantly influence the summed
evaporation-residue angular distributions and extracted
cross sections.

The angle dependence of the extracted evaporation-
residue velocity centroids, expressed in terms of
R, =v„„„„d/(U, cos0~,b) (where v, is the center-of-
mass velocity for the system and O„b is the laboratory an-
gle at which the centroid is observed), is shown in Fig. 5
for representative masses. The velocity v, cosO&,b is the
average velocity expected for evaporation residues pro-
duced in a complete-fusion reaction, where the evaporat-
ed light particles are emitted isotropically in the frame of
the compound nucleus with Maxwellian velocity distribu-
tions. ' The shift in the evaporation-residue centroids
from that expected for complete fusion (R, = 1) is
greatest for the lower masses: an average shift of 16% is
observed for A =39 as compared 9%%uo for A =48. In Fig.
6 the centroid behavior is plotted as a function of mass
for various representative angles. Although the average
centroids (indicated by the dashed lines) fall generally
within the uncertainties associated with the individual
centroids extracted, a shift to lower velocities with de-
creasing evaporation-residue mass is apparent, starting in
the mass region 40& A &45. The average centroid, ob-
tained by averaging over 40& A &50 and 2 &6„„&28,
gives a value (R, ) =0.885+0.020, in agreement with the
measurement of Chan et al. " for ' 0+ Ca at 13.6
MeV ((R, ) =0.89+0.06) and consistent with the Viola
systematics ' derived from fission studies of heavier sys-
tems. The behavior as a function of angle is similar to
that reported for the ' 0+ Al reaction at 150 MeV. '

From the widths of the evaporation-residue invariant
cross section velocity distributions the experimental stan-
dard deviations sER were extracted. In Fig. 7 the extract-
ed sER at 6 and 11' are shown plotted as a function of the
number of evaporated nucleons. The observed increment
in sER of about 0.016 cm/ns/A is in agreement with that
reported by Chan et ah. ' for systems of similar mass
studied with ' N, ' F, and Ne projectiles at bombarding
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FIG. 5. Observed velocity-deficit fraction R, plotted against
laboratory angle for representative evaporation-residue masses.
The solid curve is the velocity-deficit behavior predicted by the
two-source simulation (

' 0+ Ca and ' C + Ca), and the
dashed line for the three-source simulations (' 0+ Ca, ' C
+ Ca, and "N+ Ca) discussed in the text.

energies lower than 15 MeV/nucleon. The solid line is
the result of I.ILITA calculations which will be discussed
in more detail in Sec. IV. The widths predicted by LILITA
are significantly smaller than those observed for the
lighter evaporation-residue masses.

The extracted evaporation-residue angular distribu-
tions for the individual mass groups, 32~ A ~49, are
shown in Fig. 8. The solid lines indicate the predicted
shapes of the angular distributions from LILITA simula-
tions and the dashed lines the fits to the experimental dis-
tributions used for integration of the cross sections. The
mass-summed angular distribution (32& A &49) com-
pared with the LILITA prediction is shown in Fig. 9.
Also shown in the figure is the angular distribution ex-
tracted in this study for the total yield (also 32 & 3 & 52),
and the total evaporation-residue angular distribution re-
ported by Vigdor et al. [which agrees well with the
shape of our total yields at smaller angles ( &35')]. The
predicted angular distributions shown in Figs. 8 and 9 are
significantly narrower than those observed. The angle in-
tegrated mass distribution for the evaporation residues,
o.Ea( A), (Table I) is compared in Fig. 10 with that mea-
sured for the total yields (A ) 6; excluding the elastic
scattering yield), crToT( A). The extracted total yield
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Q = —115.0 MeV for A =20. These values are con-
sistent with a fusion-fission mechanism (

—116(Q(—110 MeV) where the total fragment kinetic energy is
taken as the sum of the Coulomb and rotation energy of
the two fragments at the scission point. The observed
A =28 Q value corresponds to an average total kinetic
energy (TKE) for symmetric mass splitting of
(TKE) =29.4+3.0 MeV. Since no attempt was made to
correct the experimental data for secondary light-particle
emission from the primary fragments, it is not surprising
that this (TKE) value is smaller than that observed at
lower incident beam energies ( (TKE ) =36 Me V with

E, =60 MeV) by Sanders et al .The empirical ex-
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FIG. 10. Angle-integrated mass distribution of a11 fragments.
The narrow, sohd histograms represent the total yield cross sec-
tions; the open histograms are the evaporation-residue identified
cross sections.

A=28

cross section of 2268 200 mb is similar in magnitude to
the total reaction cross section deduced from the optical-
model analysis of the elastic scattering data.

The total evaporation-residue cross section extracted
from integration of the angular distributions is 762+100
mb. The uncertainty in the absolute cross section
( —15%) arises from counting statistics, overall normali-
zation uncertainties (+4%), extrapolations out of the
measured angular range (+2%), and uncertainties in the
decomposition procedure used to extract the yields. The
evaporation-residue cross section can be compared to the
total yield cross section of 965+100 mb observed in the
same mass range (i.e., 32 ~ A ~ 52). Our total yield cross
section, although consistent with the value found by Vig-
dor et al. (1127+100 mb), is approximately 150 mb
smaller. The discrepancy results in part from a 5%
difference in our absolute normalization and in part from
the larger back-angle yields reported by Vigdor. The
identification in the present analysis of 20% of the cross
section with nonevaporation processes is similar to what
was found by Rosner et al. ' in an analysis of 216-MeV
' F+" Ca reaction data, where velocity spectra and
heavy-ion heavy-ion coincidence data were used to show
that 16% of the yield had a nonevaporation origin.

C. Fusion-fission yields

For lighter masses (A (32) the average velocities are
observed to be substantially greater than that of the com-
pound nucleus, suggesting more binary reaction process-
es. The Q-value spectra display a bell-shaped structure
characteristic of a fully damped process. Representative
spectra observed at 0&,b=18' are shown in Fig. 11. For
A =20 another component is seen at more positive Q
values which probably arises from a combination of qua-
sielastic and deep-inelastic processes. The broadened
structure of the 2 =28 energy spectrum can be explained
by the two allowed kinematical solutions while the rapid
falloff of the yields near Q = —160 MeV results from the
experimental low-energy threshold. The most probable Q
values range from Q = —123.5 MeV for A =28, to

A=26

IO-
Iil I

Il
1 t

A=24
V)1- 20-

8 IO—

0 I ) I [

A=22-

IO-
I I

0-~~!~ IilIJ di, Lil
t '

I

A=20
20—

IO
)

.'ll & "ll)ue'a,
l

'
I

-l50 -IOO -50 0
REACTION Q-VALUE

(Mev~
FICx. 11. Q-value spectra of the binary fragments observed at

Ol, b= 18' for the indicated masses.



C BECK e«~ 39

IO— I l
~

l I

0.50= I I I I

A=28 .

0.05)-
A=27

O. lo=—
0.05- &'""&

O.IO= A= 26=
o.o5=-

~t$t~ ttt)I(
(& t-1-tl&iyl~- —'

O.IO= A= 25=.
„oo5-)~y(g&&)1-)ttt-„---'.

O.IO = A=24 —:
0.06.=t~'&t &( g "t~t&o-yy---.

E
0.10= A=25=
0.05:—

a
O.IO= A=22~
0.05=

V&r1

0.10=gjt))Ii, l 1
A= 20—

0 20 40 60 80 100 l20

C.fTl.

FICs. 12. Angular distributions of the binary fragments in the
center-of-mass system for the masses in dicated. The horizontal
dashed lines have been used to obta'nin the fusion-fission cross
sections.

t 24 ((TIE)=0 1189Z /Apressions of Qio a e«zs
E ~ =0.124Z /+7 3 M,V) a„d Toke et aI." (&TKE&= .

), based primarily on fission data from much heavier
systems, predict (TKE) of 31.7 MeV and 25.4 MeV, re-
spectively.

The center-of-mass angular distributions of the binary
12. For 3 )23, constantfragments are shown in Fig. 12. Fo

cross sections o of d /dO can be observed, corresponding
to do /dO cc 1/sinO. This is consistent with the behavior
expecte or e ed for the decay of a long-lived, composite, di-
nuclear system (or compound nucleus) with a lifetime
comparable to or longer than the rotation period. or

& 2 ~23 the 1/sinO behavior (do. /dO=constant) is
still observed at larger angles, but at smaller angles m
peripheral collisions with more positive Q values lead to
faster rising angular distributions.

These observations are consistent with the presence of
a fission component as has been previously reported in
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IV. INTERPRETATION OF THE EVAPORATION
RESIDUES

The behavior of the extracted evaporation-resi ue-like

~d o /d Qd v] for the heavier evaporation-
'd sses (whose identification is su jec oresi ue masse

sha e (ii) forambi uit ) are consistent with a Gaussian s ape,
lighter evaporation-residue masses t is isis also a roxi-
mately true, a t oug conl h h tributions from other reaction

hprocerocesses become more evident, iii) for all masses, t e

s„,. „=98+10mb) obtained m our measurement atment at 214
=152.9 MeV) is shown in Fig. 13 with the

31data of Sanders et a . and I and results obtained at 148.6
E =106. 1 MeV). A rapid increase of the crossM V (E, = . e . s

t above the s-wave fission barrier atsec ion a
ex ected for aMeV) is observed, followed by a plateau as expec e

compoun -nuc eus ed- l decay process. A similar overa ener-

gy dependence has been reported recent y or e
' C+ Ca reaction with, however, substantially smaller
cross sections. The cross sections plotted in Fig. 13 are

+ A ~ 28), and hencefor a limited mass range (i.e, , an
represent some rac ion of t of the total fusion-fission cross
section. Since a folding angle measurement was not per-
formed, t e presen resun t suits do not provide information
regar ing ed th fraction of the cross section binary brea up
which is consistent with complete fusion.
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centroids and widths of the velocity spectra are in
disagreement with the values predicted by Monte Carlo
evaporation codes (i.e., the observed centroids are at a
lower velocity than expected and the observed widths are
larger than predicted), and (iv) the extracted angular dis-
tributions for the evaporation-residue yields (identified by
their Gaussian shapes) are found to be significantly
broader than predicted.

In this section the detailed mass and angle dependence
of the evaporation-residue velocity spectra will be investi-
gated. The analysis given here compares the behaviors
observed and predicted for complete fusion in order to
highlight apparent discrepancies and to establish, within
this framework, cross section limits. In order to have an
indication of the uncertainties in the calculations, the be-
haviors predicted for complete fusion by two Monte Car-
lo codes were studied and compared.

A. Expected behavior for complete fusion

Xexp ~— (uER —u, cosO„„) +(u, sin&„b)
2

2SER

(1)
where v, and v ER are the velocities of the compound
nucleus (velocity of the center of mass) and the evapora-
tion residue, respectively. N is an overall normalization
constant, and sER is the standard deviation of the recoil
velocity of the distribution refIecting the details of the
deexcitation process. The Galilean-invariant cross sec-
tion in the laboratory system [(1/u )d o/dudQ] is a
Gaussian shaped distribution centered at v, cos8],b
with a magnitude varying as exp( —sin Oi,b) with angle.

The simplifying assumptions made in deriving Eq. (1)
are not expected to be fully valid in the reaction being
studied. Calculations were performed using the Monte
Carlo statistical evaporation codes LILITA2 and PACE

for the velocity spectra and angular distributions of eva-
poration residues resulting from complete fusion with
subsequent light-particle emissions (n,p, and a) for the
' 0+ Ca reactions at Ei,b(' O)=214 MeV [with
cTER=700 mb; corresponding to E*( Ni)=166. 5 MeV
and J,„=42 A']. Calculations were performed first re-

quiring isotropic emission and then allowing anisotropic
emission (i.e., where angular-momentum effects are in-
cluded in the PAcE and LILITA simulations). Shown in
Fig. 14 are PACE predictions for the evaporation-residue

An expression for the differential cross section for eva-
poration residues in the laboratory system can be derived
in the framework of the simplest picture of the fusion-
evaporation process. Assuming (i) that the target and
projectile nuclei fuse to form a compound nucleus, (ii)
that the light evaporated particles have Maxwellian ve-
locity distributions, and (iii) that the evaporation parti-
cles are emitted isotropically in the compound-nucleus
moving frame, the following expression can be derived

d 0
dV ERd Q)ab

=NVER2

(32 ~ A ~ 52) angular distributions in the center of mass
for the two cases considered (i.e., forced isotropy and an-
gular momentum induced anisotropy), as well as the be-
havior of their associated Galilean-invariant cross section
centroids as a function of the laboratory angle. For both
isotropic and anisotropic light-particle .emission the
Galilean-invariant cross sections were found to be con-
sistent with a Gaussian shape, but for anisotropic emis-
sion the centroids are found to deviate from a
u, ~ cosOi» behavior at large angles (Oi») 10'). The
magnitude of the departure from v, cos8~,b is predicted
to increase with the number of nucleons evaporated.
This is illustrated in Fig. 15, where the predictions of LIL-
ITA are shown. (PACE gives similar results. ) For A =48
little evidence is seen for a departure from a v, cosO&,b

dependence, but for 3 =36 a discrepancy of 7—8% is in-
dicated at 0»b=30'. The departures from v, m cosL9~» for
the evaporation-residue masses shown in Fig. 15 were fit
assuming the functional form:

v
centroid

Vc m COS01ab
=a +b Sin 0),b .
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FIG. 14. (a) Center-of-mass angular distributions of the eva-
poration residues 32 ( A & 52 predicted by PAcE for the case of
isotropic emission (open squares) and anisotropic emission (solid
circles) of light particles. The solid line is a fit of the anisotropy
using a Legendre Polynominal of second order (i.e.,
der/dA= A+BPz[cos(0, )], with B/A =0.342). (h) The
laboratory angle dependences of the velocity-deficit ratio R, for
these residues. The anisotropic emission results in deviations of
the centroid velocities from a U, cosOl,. b behavior at larger an-
gles.

The result of these fits are indicated by the solid curves in
Fig. 15. The predicted mass dependence of the velocity
deviation can be well reproduced assuming a smooth
mass dependence of the coefficient b of Eq. (2). The dot-

~ ~

l
~ I I ~

I
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ted curves in Fig. 15 are generated with this parametriza-
tion using a quadratic mass dependence for the b
coefficient.

The effect of anisotropic light-particle emission on the
evaporation-residue velocity distribution has been previ-
ously addressed in the literature. In a study of the
2oNe+ Al reaction, Morgenstern, et al. established a
semiempirical basis for spectrum decomposition where an
assumed 1/sin8, m angular distribution in the center-of-
mass frame reproduced the observed velocity-distribution
behaviors. This results in an expression for the
evaporation-residue velocity distributions which deviates
from a Gaussian and shifts the centroid from a
U, cos6II,b dependence. In our calculations the
evaporation-residue angular distributions in the
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FIG. 15. Predicted angle dependence of the velocity-deficit
R, for representative evaporation-residue masses. The dashed
curve is sin O~,b fit for each mass (see text). The dotted curve is a
fit using a smooth quadratic mass dependence for the coe%cient
b in Eq. (2) (see text).

compound-nucleus frame were found to be well
represented by a Legendre polynomial of second order
superimposed on an isotropic background [as in Fig.
14(a)j. A pure 1/sin8, distribution does not provide a
good description of the Monte Carlo simulations.

The widths of the velocity spectra, the shapes of the
evaporation-residue angular distributions, and the overa11
mass distributions predicted by the two codes were also
compared. The widths predicted by PACE and LILITA
showed the same basic trend. They agreed to better than
20% with PACE predicting, in most cases, about 10%%uo

smaller widths than LILITA. The calculated angular dis-
tributions mere also in basic agreement, with PACE pre-
dicting somewhat narrower distributions. The overall
mass distributions predicted by the two codes differed ap-
preciably, however, with LILITA predicting the evapora-
tion of approximately 1.5 more nucleons on the average
(I.e., &IILILITA ~ =15.7 nucleons and (npAcE) =14.2 nu-
cleons), and significantly di6'erent cross sections for
specific masses than those predicted by PACE.

From these comparisons it was concluded that: (1) The
anisotropic emission of evaporated particles produces
evaporation residues whose Galilean-invariant cross sec-
tions are Gaussian in shape, but with centroids which de-
viate from the U, cos8I,b behavior of Eq. (1). (2) The ki-
nematic properties of the evaporation residues (i.e., the
centroids and widths of the velocity spectra, and the an-
gular distributions) calculated by the two codes are in
basic agreement, although with somewhat different mass
distributions. The discussion will now focus on the use of
these kinematic properties to identify the extract yields
consistent with a complete fusion reaction.

B. Decomposition of evaporation-residue yields

1. Single-source decomposition

The relative cross sections at each angle for incomplete
and complete fusion were first deduced by comparing the
evaporation-residue velocity spectra with LILITA and
PACE predictions. The Galilean-invariant cross sections
were fit with the maximum complete-fusion component
consistent with the data by assuming a Gaussian shaped
distribution with the width and peak position fixed at the
values predicted by LILITA (PACE), allowing only the
height to be a free parameter (as illustrated in Fig. 16).
Subtraction of the calculated velocity distribution from
the experimental one results in a component centered at
lower velocity which for the heavier masses (A ~39)
might be identified as the incomplete-fusion yield, but for
the lighter masses also includes yields from binary pro-
cesses. No evidence of a higher velocity component, cor-
responding to preequilibrium emission from Ca, was ap-
parent in the data. Only about two thirds of the observed
residue yields are found to be consistent with complete
fusion. The sensitivity of the shapes of the predicted ve-
locity spectra to the cross section assumed in the calcula-
tions (taking crER =475 mb and 750 mb) was investigated
and found to be small: the ratios of incomplete to com-
plete fusion deduced were essentially the same. The ratio
of the complete-fusion cross section o.cF to the total com-
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64— 60 + 40

El b=2l4MeV

el b20

piete plus incomplete-fusion cross section, o cF+o.ICF, de-
creases from 70.9% at 4', to 61.7% at 28'.

Angular distributions were extracted for the yields
identified as consistent with complete fusion for
32 ~ A ~ 50. The angular distributions extracted for
A =37, 40, 43, and 46 are shown in Fig. 17. The solid
curves are the complete-fusion angular distributions pre-
dicted by LILITA and normalized to the data at forward
angles. The measured angular distributions are
significantly broader and peak at a larger angle than pre-
dicted by LILITA, especially for the lighter mass residues.
The angle integrated complete fusion mass distribution,
o ER( A ), derived using the above procedure based on ve-
locity spectra is compared in Fig. 18 with the total
evaporation-residue cross section discussed in the previ-
ous section. The integrated mass distribution gives a
cross section of o.

ER =528+100 mb. The o.
ER cross sec- ~ ~ I I

t
I ~

:160 40C
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I
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tions for individual masses are tabulated in Table I. A
similar cross section is obtained if one performs the
decomposition using the mass-summed (32& 3 ~ 50) ve-
locity spectra, where a total cross section of 558+100 mb
is obtained. The angular distribution extracted from the
mass-summed velocity spectrum is shown in the lower
frame of Fig. 17, compared to that extracted for the total
yields identified as evaporation residues (Sec. III).

The mass distribution obtained in the decomposition
implies that the average number of evaporated nucleons
is larger (b,n =2 nucleons) than predicted for complete
fusion. Possible explanations for this result and
discrepancies noted previously regarding the broader an-
gular distributions, fall into two general categories; (1)
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FIG. 16. Relative contributions of complete fusion (hatched
distribution calculated by uLITA) and incomplete fusion (open
Gaussian) to the summed (40( A &52) velocity spectra ob-
served at the indicated laboratory angles. The arrows indicate
the expected velocity for full linear-momentum transfer.
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FIG. 17. The angular distributions of evaporation-residue
yields consistent with full linear-momentum-transfer (complete
fusion) for representative masses and for the summed masses
(32 ~ A ~ 50) are indicated by the solid circles (the dashed lines
are to guide the eye). The solid lines are LILn'A predictions nor-
malized to the most forward angles data points. The angular
distribution for the total evaporation-residue yields is indicated
by the crosses.
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FIG. 18. The complete-fusion evaporation-residue mass dis-
tribution extracted using predicted velocity distributions (solid
histograms) is compared to the mass distribution extracted for
all evaporation residues.

Based on the single-source decomposition of velocity
spectra, a maximum of two thirds of the evaporation-

TABLE I. Experimental cross sections

a0 Totai

(mb)

bER
(mb)

C~ER
{mb)

29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

23.8
25.5
30.1

37.6
48.6
42.0
49.9
62.9
70.9
74.6
82.4
70.0
90.3
93.6
71.5
64.7
46.7
30.3
17.5
8.1

2.5
1.1

0.9
2. 1

7.0
18.9
31.2
28.7
35.3
41.6
51.0
55.6
62.2
57.0
76.5
76.2
62.7
59.5
46.7
30.3
17.5
8.1

2.5
1.1

11.0
21.6
20.5
25.6
31.1
35.6
42.4
50.4
52.8
51.5
51.0
38.8
39.2
24.0
17.6
9.9
3.7
1.0

'Total yield observed for mass group.
Yield identified as evaporation-residue-like (see Sec. III).

'Yield identified as consistent with complete fusion based on
predicted velocity distributions (see Sec. IV B 1).

the evaporation codes are inadequate in some way (e.g.,
the input parameters are incorrect, or important decay
channels have not been included), or (2) preequilibrium
particle-emission processes play an important role. Both
explanations are reviewed in the following sections: the
role of preequilibrium emission is investigated in the next
section, and the possible inadequacies of the evaporation
code calculations will be discussed in Sec. IV C.

2. Two sott roe Pts-

residue yield is consistent with full linear-momentum
transfer. The centroid of the incomplete-fusion yield is
consistent with what is expected from a reaction process
in which a preequilibrium alpha particle is emitted at
roughly . beam velocity in the beam direction. This
incomplete-fusion channel [' 0+ Ca —+(' C+ Ca)+a]
was used in our initial two-source simulation of the
evaporation-residue behavior.

pAcE calculations were performed for ' 0+ Ca (the
' 0 source) at E&,b =214 MeV (13.4 MeV/nucleon) with
0.ER

=660 mb, and C+ Ca (the C source) at
E&,b=160.5 MeV (13.4 MeV/nucleon) with rrER=540
mb. These cross sections correspond to approximately
equal maximum impact parameter for the two reactions.
Combining the velocity spectra predicted for the same
residue mass from the two reaction processes results in a
Gaussian-shaped velocity distribution with one centroid
shifted with respect to full linear-momentum transfer.
The behavior of these new velocity distributions was
compared to the observed distributions. The ratio for the
probability of incomplete to complete fusion was adjusted
to best reproduce the observed angle dependences of the
velocity centroids (Figs. 5 and 6). With cross section
weightings of 0.60 (oER=454 mb) and 0.40 (oER=298
mb) for the ' 0 and ' C sources, respectively, good
descriptions of the velocity deficits for the lighter masses
(e.g. , A & 45; see Fig. 5) are obtained, but the calculations
fail to reproduce the observed deficits for the heavier
masses ( A )45). As will be discussed below, these calcu-
lations also do not reproduce the observed velocity-
distribution widths.

The predicted angular distributions are in better agree-
ment with extracted differential cross sections, but the
falloff at larger angles is still not reproduced. In Fig. 19
the extracted mass-summed angular distribution is com-
pared with the prediction; the ' C source alone is in
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FIG. 19. Angular distribution of the yields identified as eva-
poration residues (solid circles). The solid curve is the pAcE
predicted angular distribution from the two-source simulation.
The dgshed and dotted curves are the predicted angular distri-
butions for the complete-fusion and incomplete-fusion sources
which have arbitrarily normalized for comparison of the shapes.
(See text. )
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better agreement. The predicted mass distribution of this
two-source simulation is compared in Fig. 20 with the
mass distribution observed for evaporation residues. The
' C mass distribution can be seen to peak at lower masses
than the ' 0 mass distribution with no yields predicted
for HER &46. Certain masses (e.g. , A =37, and 43) are
underpredicted when compared to their neighbors, rais-
ing questions regarding the limitations of FACE (or any
presently available evaporation code) for predicting the
details of evaporation at these high excitation energies.
Compared to the predicted complete-fusion (' 0 source)
mass distribution alone, the summed-source distribution
is in significantly better agreement with the extracted
evaporation-residue distribution.

The predicted trend of the velocity deficits for the
lighter masses (Fig. 5) can be seen from our simulation to
depend on the details of the sources involved. For
A =45 there is a predicted trend to smaller momentum
deficit with increasing angle, which is consistent with the
data. On the other hand, the predictions for A =39 and
42 have trends of increasing linear-momentum-transfer
deficit with increasing angle. This is not evident in the
mass 42 data, but is consistent with the mass 39 data.
The predicted mass and angle dependence of the linear-
momentum-transfer deficits is sensitive not only to the ra-
tio of the strengths of the sources, but also to what
sources are involved since the sources will have different

initial recoil velocities and different evaporation se-
quences. The angle dependence of the velocity deficits
for evaporation residues with contributions from incom-
plete fusion has been discussed by Pochodzalla, et aI. "
who pointed out that this angle dependence must be tak-
en into account before drawing any conclusions about the
linear-momentum transfer. In their treatment the ob-
served velocity-deficit behavior is interpreted in terms of
a single anisotropic source. While this procedure would
appear to be useful for the extraction of the mean-
evaporation-residue deficit at 0', our two-source simula-
tions indicate that the velocity-deficit behavior depends
on the velocity and decay properties of the sources con-
tributing, and a single-anisotropic-source parametrization
would not be capable of reproducing the detailed behav-
ior.

The assumption that preequilibrium alpha particles are
emitted at beam velocity in the beam direction is clearly
an oversimplification. Emission of alpha particles at
higher energies will produce incomplete fusion compound
nuclei at correspondingly lower excitation energies, mov-
ing at a slower velocity in the laboratory system. This
might explain the failure of our two-source simulation to
reproduce the observed deficits for masses 3 &45. To
test this, pAcE calculations were performed for two such
sources [Ei,b(ct) = 108 and 162 MeV]. Using these
sources to reproduce the A =49 results was found to
seriously worsen the fit to the linear-momentum-transfer
values for the other masses. In the framework of the eva-
poration codes and parameters used, the heavy-mass
linear-momentum-transfer deficits cannot be explained
solely on the basis of a ' C incomplete-fusion source.

To study the inhuence of the assumption of 0
preequilibrium alpha emission on the predicted
evaporation-residue angular distributions, a two-source
model simulation was performed assuming preequilibri-
um emission of 54 MeV (13.4 MeV/nucleon) alpha parti-
cles with a Gaussian angular distribution peaked mean at
the grazing angle (Oi,b=6') and width (FWHM) of 15 .
This trial distribution results in an increase of less than
10% in the residue differential cross section at large an-
gles, and thus there still remains a serious difBculty in
reproducing the experimentally-measured, evaporation-
residue differential cross sections. Similarly, the widths
of the velocity distributions are only increased by = 10%
and are still significantly narrower than observed (Fig. 7).

3. Three and four source fi-ts-
20—

OL,. 3 HlIh nfl l

50 55 40
MASS (u)
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FIG. 20. In the upper frame the predicted mass distribution
from the two-source simulation is compared to the extracted
evaporation-residue mass distribution (solid histograms). In the
lower frame the relative intensities of the predicted complete-
and incomplete-fusion mass distributions are compared.

Because of the inability to explain the heavy mass
( A & 45) linear-momentum-transfer deficits using the ' C
incomplete-fusion source, other possible sources for the
production of these residues were considered. The results
of several multi-source simulations can be summarized as
follows: (i) Preequilibrium single- or two-nucleon emis-
sion sources do produce heavy evaporation-residue
masses ( A &45) with significant cross section; but if the
nucleon(s) is (are) emitted at beam velocity (E~,b =13.4
and 26.8 MeV for the one- and two-nucleon emission, re-
spectively), insufficient linear momentum is carried away
to account for the velocity deficits. (ii) The observed be-
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havior of the velocity centroids for the heavier masses
can be reproduced using ' N and/or ' N sources assurn-
ing preequilibrium emission of protons at E&,b =34 or 50
MeV and deuterons at E~,.b =26 or 34 MeV (with ap-
propriately adjusted probabilities for ' 0 and ' C
sources). In Fig. 5 the dashed curves represent the pre-
dicted velocity centroids for the various masses in a
three-source simulation with source weights of 0.60
(o E~ =456 mb), 0.30 (o ER

=228 mb), and 0.10 (o ER =76
mb) for the ' 0, ' C, and ' N sources, respectively. In
this simulation the ' N source was assumed to be the
compound nucleus formed (' N+ Ca~ Co) after the
emission of a 50 MeV proton at O'. Although these
multi-source simulations did reproduce the observed
evaporation-residue mass distribution rather well, the
predicted angular distributions were still narrower than
observed.

Without inclusion of realistic energy and angular dis-
tributions for the preequilibrium single- and two-nucleon
emission, the predictions of multi-source simulations can-
not be used to draw conclusions. It is clear, however,
that if single- and two-nucleon preequilibrium emission
occurs (as appears to be indicated) a proper treatment of
energy spectra for the preequilibrium emission will 1ead
to a significant decrease in the cross section which has
been identified with complete fusion.

C. Further discussion of evaporation models

There are three major areas of disagreement between
our data and the predictions of comp1ete-fusion evapora-
tion calculations: (a) the linear-momentum-transfer
deficits, (b) the broadened evaporation-residue angular
distributions and velocity-distribution widths, and (c) the
shifted evaporation-residue mass spectrum. The linear-
momentum deficits require the presence of one or more
incomplete-fusion processes. The extent to which the
other observed differences between experiment and
theory can be attributed entirely, or even partially, to
incomplete-fusion processes is not clear. The various
complete/incomplete source simulations were unable to
increase significantly either the widths of the velocity dis-
tributions or the angular distributions for the lighter
evaporation-residue masses. This would suggest that the
evaporation calculations should be looked at more close-
ly.

Although a detailed investigation of the possible inade-
quacies of the evaporation codes used was not performed,
some of the more obvious questions regarding the uncer-
tainties of these calculations were explored, namely: (1)
the choice of level-density parameters, (2) the role of
discrete levels, (3) the role of heavier-particle decay, and
(4) the influence of compound-nucleus deformation on the
decay probabilities, energy spectra, and angular distribu-
tions of the evaporated particles.

The PACE and LILITA programs assume a constant
level-density parameter, "a," throughout the evaporation
cascade (a =8.5 for the PAcE and 7.5 for LILITA calcula-
tions discussed). The sensitivity of the results to this pa-
rameter was explored by comparing PA.CE calculations
with a =7.0, 8.5, and 10.0. For the higher density-

parameter values the predicted mass distribution is shift-
ed to somewhat lower values, but in each of these calcula-
tions the highest masses (3 )45) remain substantially
overpredicted and the lower masses underpredicted.
Variations in the choice of the density parameter, while
important for individual mass predictions at the 10% lev-
el, cannot readily account for the general features of our
data.

In the PACE code the excitation energy and spin of
known levels in the residue nuclei can be incorporated.
Calculations were performed with all known levels()3400) of the residue isotopes 32& A &49. These cal-
culations produced a somewhat altered mass distribution
which is in only slight1y better agreement with the ob-
served mass distribution. In particular some of the mass
anomalies discussed above are less apparent, although
still visible. Interestingly enough, the most pronounced
effect of using discrete levels is not directly visible in our
data: the Z distribution of residues for a given mass be-
cornes appreciably narrower for most of the residue
masses. Future experiments with both 3 and Z
identification should be able to verify if this concentra™
tion occurs.

Neither PACE or LILITA evaporation codes had pro-
visions for heavier-particle (Z) 2) evaporation during
the cascade. While the deexcitation of the Ni corn-
pound system proceeds predominantly via light particle
emission (neutron, proton and alpha) at relatively low ex-
citation energies, at E" ( Ni)=166. 5 MeV the heated
composite system can conceivably emit more complex
clusters (e.g., Li, Be, B and C). Heavier-particle eva-
poration would naturally lead to broader angular distri-
butions and an increased population of lower mass resi-
dues. Both of these features are present in our extracted
yields. Since the angular-momentum-induced evapora-
tion anisotropy is more prevalent for heavier evaporated
masses, a larger deviation of R, from Eq. (1) would be ex-
pected for complete-fusion evaporation residues than pre-
dicted by our calculations. If this is the case, our present
analysis would underestimate these complete-fusion cross
sections. WhiIe such heavier particle evaporation would
not appear to be responsible for all of the disagreements
between calculation and experiment found here, its pres-
ence would explain some of the more glaring discrepan-
cies. The observations of asymmetric mass distributions
for fission fragments observed in reactions forming com-
pound nuclei ( A & 100) below the Businaro-Gallone
point provide evidence that heavy-particle evaporation
or very mass-asymmetric fission should be present at
some level. In particular the results of Sanders et al.
for the ' 0+ Ca reaction at lower bombarding energies
support this conjecture. The question of heavier-particle
evaporation can only be directly addressed with coin-
cidence data.

The potential importance of deformation effects in this
mass region has been discussed in the literature.
Blann ' ' has investigated the consequences of 1arge nu-
clear deformation on the deexcitation process. Further-
more Dichter et al. have found some indications of the
existence of shape isomers in Ni, in qualitative agree-
ment with a prolate superdeformation at high angular
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momenta. ' The deformed Ni calculations of Ref. 41
predicted more energetic alpha decay as well as enhanced
Be emission-producing evaporation residues with

broadened angular distributions. The inhuence of such
deformation effects on the decay channel competition and
on the detailed energy spectra of the emtited particles
could also be responsible for some of the discrepancies
discussed here.

D. Summary

In the single-source decomposition, maximum yields
consistent with the predicted evaporation-residues veloci-
ty distributions were extracted. An upper limit for the
complete fusion evaporation-residue cross section of
o.c„=528+100 mb (Sec. IVB 1) was established. In the
two- and multi-source decompositions, the velocity cen-
troid behaviors of the various evaporation-residue masses
as a function of angle were used to determine the relative
probability of the complete and incomplete source(s).
Maximum complete-fusion evaporation-residue cross sec-
tions of 494 mb and 400—450 mb were extracted. Based
on these analyses we deduce an upper limit on the
complete-fusion evaporation-residue cross section of
o CF =475+100 rnb.

The procedures used to extract the complete-fusion
evaporation-residue cross section are reasonable to the
extent that the evaporation codes predict the decay of the
complete-fusion compound nucleus rather well. The pos-
sible inadequacies and uncertainties of the evaporation
calculations (discussed in the previous section) limit the
conclusions that can be drawn and prevent the placement
of better limits on the complete-fusion cross sections.
Nevertheless, a number of observations can be made: (i)
The discrepancies between the extracted evaporation-
residue angular distribution, velocity-distribution widths,
the angle integrated mass distribution and the predicted
behaviors strongly suggest that heavier-particle evapora-
tion occurs; (ii) the two-(multi) source simulations show
that the kinematic properties of the evaporation residues
(i.e., the velocity centroids and widths, and angular distri-
butions) are sensitive to the character and relative magni-
tudes of the sources contributing. Our model simulations
indicate that 30—40%o of the evaporation-residue yields
arise from preequilibrium alpha-particle emission and) 10% from the single- or two-nucleon emission. A
more realistic treatment for preequilibrium single-
nucleon emission reaction component, in particular,
would be expected to reduce the identified complete-
fusion fraction significantly.

variety of target nuclei. Using the value of 475 mb for
the complete-fusion evaporation-residue cross section,
the fraction of complete fusion to total evaporation-
residue cross section, R [o c„/(crc„+cr,c„)],observed is
0.63+0.10. This fraction is in good agreement with the
systematic behavior observed by Morgenstern et al.
Morgenstern's analysis showed that for different reac-
tions, at the same relative velocity, incomplete fusion is
more likely to appear for a mass-asymmetric entrance
channel than for a symmetric one. Their results were
plotted as a function of the velocity of the light-reaction
partner with respect to the center of the mass; i.e.,

~H
Urej (3)

where E, and V„„& are the center-of-mass kinetic and
Coulomb energies, respectively, and p is the reduced
mass. These results, together with the complete-fusion
fraction obtained in the present study [vI /c =0.1098,
A~/( AH+ AI ) =0.714, and v„&/c =0.1537], are shown
in Fig. 21. The common onset for incomplete fusion and
the disappearance of complete fusion implied by the re-
suits when plotted as a function of UL are argued to indi-
cate that incomplete-fusion processes are associated with
those reactions where the vector coupling of the Fermi
motion of individual nucleons (in the projectile and tar-
get) with the relative motion of the interacting nuclei pro-
duce nucleons with sufhcient velocities to escape.

The number of preequilibrium emitted nucleons N,
responsible for the observed evaporation-residue velocity
centroids can be estimated under the assumption that
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A. Linear-momentum transfer

The average velocity-deficit ratio ( ( R„)=0.885
+0.020) observed in the present study is in agreement
with that reported by Chan et al. ' for the ' 0+ Ca re-
action at a bombarding energy of 13.6 MeV/nucleon, and
with the systematics for the energy dependence of (R, )
established in studies of light-heavy-ion projectiles on a

FIG. 21. Figure from Ref. 43 displaying on the left-hand por-
tion the fraction of complete fusion as function of the velocity
of the lighter nucleus UL/c, and on the right-hand portion the
fraction of complete fusion for various reactions at the same rel-
ative velocity as function of the entrance channel mass asym-
metry ( AH/AH + AL). (See text. ) The symbols represent data
from Ref. 43 except for the large symbols which indicate the re-
sult of the present work.
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A, (R, )

(A +A, )' —(R, )

(6)

The ratio (R, ) of 0.885 observed in the present study
implies that approximately 2.5 nucleons have been emit-
ted from the ' 0 projectile before amalgamation with the
target, in agreement with the systematics of Stephans
et al. The observation by Budzanowski et al. that on
the average only half of the ' Q projectile is captured by
the Ca target at E~,b =20 MeV/nucleon is also con-
sistent with these systematics. In Fig. 22 the evaluated

for each mass group is plotted as a function of the
total missing mass ( A cN

—A Fa ), showing a trend which
is similar to that reported for reactions on similar sys-
tems. ' ' ' ' A larger number of preequilibrium nu-
cleons is associated with the lighter evaporation residues.

Based on the results of our two-source simulation there
are two observations regarding the N, behavior which
can be made. First, the observed X, trend in Fig. 22
can be understood as resulting from the varying contribu-
tions of the complete- and incomplete-fusion sources to
the evaporation-residue mass groups. Second, because of
the kinematics and decay characteristics of the sources
and the assumption that all emitted particles are at beam
velocity, the extracted X, represent only approximate
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FIG. 22. Average number of nucleons lost by the projectile
deduced from the velocity-deficit fraction R„exhibited by each
evaporation-residue mass group plotted as a function of the to-
tal missing mass ( ACN —2«). The dashed line is a guide to the
eye.

the escaping nucleons have the same velocity along the
beam axis; i.e.,

A„v =[A +A, —X, ]U„+X, v,

where the subscripts p, t, er, and em refer to the projec-
tile, the target, the detected evaporation residue, and the
emitted nucleons, respectively. Assuming that the nu-
cleons escape with the velocity of the projectile, the
effective mass necessary to impart the linear momentum
implied by the observed velocity centroid can be evalu-
ated. The difterence in the number of nucleons of the
projectile and the effective projectile, X, , can be ex-
pressed as a function of average velocity-deficit ratio

estimates of the actual number of emitted nucleons. Our
two-source simulation fits to the observed velocity deficits
(which take into account the diff'erent velocity and angu-
}ar distributions of the evaporation residues from the two
sources) indicate that on the average only 1.6 nucleons
are emitted, compared to the 2.5 nucleons obtained using
Eq. (6). Inclusion of substantial single- and/or two-
nucleon emission sources would lead to better agreement
with the value from X, of Eq. (6). However, the ob-
served sensitivity of (R, ) to the details of the contribut-
ing velocity distributions suggests that the physical
significance of the extracted X, should be viewed with
caution.

Although the average number of lost nucleons ob-
tained from the velocity-deficit ratios is found to follow
the systematics based on the simple picture of overlap-
ping Fermi spheres as parametrized by Stephans et al. ,
Fermi-jet calculations ' account for only a small frac-
tion of the number of nucleons emitted. The precom-
pound decay calculations of Blann ' appear to have
better success in predicting the energy dependence of
(R, ). Our calculations with the Blann BME model pre-
dict a momentum deficit of about 8%%uo compared to the
observed 11.5% in our measurements. The origins of
incomplete-fusion sources [Fermi-jets, promptly emitted
particles (PEP), precompound decays, or massive
transfer] are not well understood and are still under
theoretical investigation. ' At lower energy ( ~ 7
MeV/nucleon) there is evidence s' that the evapora-
tion residues associated with incomplete fusion originate
from cluster transfer reactions. At higher bombarding
energies results from the SARA and GANIL facili-
ties ' ' indicate that in this energy regime the Fermi
motion of the individual nucleons in the interacting nu-
clei plays a key role. At 13.4 MeV/nucleon the appropri-
ate description is not established. Better information
about the energy and angular distributions of the pree-
quilibrium particles emitted is needed.

B. Evaporation-residue cross sections

In comparing the present results with those obtained
from previous measurements, it is necessary to consider
the uncertainties associated with deriving a complete-
fusion evaporation-residue cross section from the data, as
discussed in the previous sections. It has already been
shown that the present results are consistent with the ear-
lier measurements of Vigdor et al. , within statistical
and systematic experimenta1 uncertainties. It is now un-
derstood, however, that the fusion cross sections quoted
in the earlier work included both complete- and
incomplete-fusion components as well as some binary re-
action yields. The success of the Morgenstern systemat-
ics in reproducing the observed complete-fusion fraction
at E„b=214 MeV suggests that these systematics can
also be used to deduce this fraction at the lower energies
(i.e., 104 and 140 MeV) measured in the work of Vigdor,
et al. These systematics imply complete-fusion frac-
tions of 0.93, 0.82, and 0.63 at bombarding energies of
104, 140, and 214 MeV, respectively, for the ' 0+ Ca
reaction. Cross sections were extracted by using the an-
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gular distributions predicted LILITA normalized to the
data at forward angles by the Morgenstern complete
fusion fraction. This results in maximum possible
complete-fusion evaporation-residue cross sections of
1009, 699, and 464 mb, for the three bombarding energies
of 104, 140, and 214 MeV, respectively. The cross sec-
tion of 464 mb obtained from the Vigdor data at 214
MeV is in good agreement with the 475 mb extracted in
the present study. The same procedure applied to the
mass-summed angular distributions observed in the
present study yields a cross section of 440 mb. These ex-
tracted maximum values for the evaporation-residue
cross sect'ions are shown in Fig. 23 together with the
cross section obtained in the present study and those re-
ported at lower bombarding energies.

The complete-fusion evaporation-residue cross sections
for the ' 0+ Ca, ' Si+ Si (Refs. 8 and 64) and

S+ "Mg (Refs. 9, 65, and 66) reactions are compared in
Fig. 24. The large cross sections at E~,, b & 10
MeV/nucleon for the ' 0+ Ca reaction reported by
Vigdor, et al. had suggested a strong entrance-channel
effect at higher bombarding energies. The present cross
section extracted at 214 MeV, together with the estimat-
ed evaporation-residue cross sections obtained from
reanalysis of the Vigdor data indicate that the ' 0+ Ca
complete-fusion evaporation-residue cross section energy
dependence is quite similar to that exhibited by the

Si+ Si and S+ Mg systems. .A common limitation
of the evaporation-residue cross section at high incident
energy emerges from this comparison. The critical angu-
lar momenta deduced from the experimental data for
these three systems, using the sharp cutoff approxirna-
tion, are shown plotted versus the excitation energy in
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FIG. 24. Complete-fusion evaporation-residue cross sections
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63, and 64), and S+ "Mg (Refs. 9, 65, and 66) are shown plot-
ted as solid circles, solid triangles, and open squares, respective-

ly, as a function of Z&Z&e /E,

I ) ] t lt 1
% $ ~ ~

I

V I

I 80- I I

I

II60— 8 =8MeVi g =pl
F I F

II40- I

I
..I

I I

l20- I

I

I

IOO-

LA

80- 4a
1 ~ 0+ Ca
1 24

K~g x + Mg60- 28, 28
Sl+ S1

40~ ~ VIGDOR PRESENT WORK—

+ ER-CF" D ERCF
20- ~'

0 s l & & ~ e f I t ~ y I I ~ s ~ f e ~ I E 1 s s

0 500 IOOO l500 2000 2500 5000
L (L +I)

the compound nucleus, Ni, in Fig. 25. The dashed vert-
ical lines correspond to the angular momenta calculated
for a vanishing symmetric fission barrier (Bf=0) and a
symmetric fission barrier comparable to the nucleon sepa-
ration energies (Bf=8 MeV), respectively. (The fission
barriers were calculated using the macroscopic model of

FIG. 23. Complete-fusion evaporation-residue cross sections
for the ' 0+ Ca reaction. The data points were taken from
Ref. 7 {open circles), Ref. 63 (open rectangles), and this work
(solid circle). The plus symbols are upper limits on the cross
sections obtained from reanalysis of the data of Ref. 7, as dis-
cussed in the text. The dot-dash, dashed, and solid curves
represent fusion-model calculations for the total complete-
fusion cross section behaviors of Ref. 69, Ref. 70, and Refs. 71,
72, and 26, respectively.

FIG. 25. The critical angular momenta extracted from the
complete-fusion evaporation-residue cross sections (Fig. 24) for
the three system forming the compound nucleus ' Ni under the
assumption of a sharp cutoff partial-wave distribution are plot-
ted as a function of the excitation energy in ' Ni. The dot-
dashed line corresponds to the statistical yrast line (Ref. 72),
with b.g = 10 MeV and re = 1.20 fm. The dashed lines indicate
the calculated angular momenta for fission barriers of Bf=0
and 8 MeV using the Sierk macroscopic model (Ref. 68).
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Sierk, ' which includes diffuse surface and finite nu-
clear range efFects. )

The evaporation-residue angular momenta extracted
for the ' 0+ Ca system compare rather well with the
calculated fission-barrier limits. On the other hand, while
a saturation in critical angular momenta for the Si+ Si
and S+ "Mg systems is indicated, the extracted critical
angular momenta are somewhat larger than expected
based on the calculated fission barrier limits. Before
drawing any conclusions from these behaviors it is impor-
tant to establish clearly whether incomplete-fusion con-
tributions of significant magnitude are present in the
evaporation-residue yields for the symmetric systems. In
contrast to the ' 0+ Ca reaction, little evidence for the
presence of significant incomplete-fusion contributions
has been found for the Si+ Si (Ref. 8) and S+ Mg
(Ref. 9) reactions at comparable bombarding energies. A
similar conclusion was reached in a study of the

F+ Ca and S+ Al reactions leading to the Cu
compound nucleus. ' Based on the Morgenstern sys-
tematics the magnitude of the incomplete-fusion cross
sections for these symmetric entrance-channel systems
should be significantly smaller than that for the
' 0+ Ca system. On the other hand, the results of the
' F+ Ca and S+ Al study (Refs. 21 and 34) indicate
that the complete-fusion evaporation-residue cross sec-
tions which were extracted for the S+ Al reaction are
consistent with the calculated fission-barrier limits. The
authors suggest that the differences observed in the
evaporation-residue cross sections for the symmetric and
asymmetric systems are a result of the incomplete-fusion
contribution appearing in the fission channels for the
symmetric systems and the evaporation-residue channel
for the asymmetric systems. Further coincidence mea-
surements for the symmetric entrance-channel reactions
are needed.

C. Complete-fusion cross sections

The energy dependence of the complete-fusion cross
sections for the ' 0+ Ca reaction predicted by several
fusion models are compared with the extracted upper
limits for the complete-fusion evaporation-residues cross
sections in Fig. 23. Shown are the complete-fusion cross
sections predicted by the one-dimensional Proximity Po-
tential Plus Friction model of Birkelund and Huizenga,
the Surface Friction model of Frobrich, and the
"Successive-Critical-Distance" model of Matsuse,
et al. ' ' All of these models overpredict the experi-
mental complete-fusion evaporation-residue cross sec-
tions in the high-energy region (as well as the limiting
cross section suggested for the evaporation residues by
the Sierk fission barriers). Part of this discrepancy may
refiect the fact that fission channels are not included in
the experimental cross sections, yet are implicitly includ-
ed in the model calculations. In the case of the Proximity
Plus Friction model, the difference between the predicted
total-fusion cross section and observed evaporation-
residue complete-fusion cross section is of the order of
100 mb, while in the case of the Surface Friction and
"Successive-Critical-Distance" models it is on the order
350 mb.

Information about the total-fission cross section behav-

ior for the ' 0+ Ca reaction has only recently become
available and is still fragmentary. Measurements for a
limited mass range (20~ A ~28) reported by Sanders,
et al. indicate that the cross sections increase from 1 to
20 mb over the energy range 70~E&,b(' 0) ~90 MeV.
As discussed in Sec. III C, yields consistent with fission
over a similar mass range have been extracted in this
study, yielding a cross section of 98+10 mb. The limited
fusion-fission mass distributions at 214 MeV and at 76.9
MeV (see Fig. 13), suggest a transition from an asym-
metric decay to a more symmetric decay of the Ni com-
pound nucleus. As discussed by Sanders, et al. ' ' the
fissility of the Ni compound nucleus is below the
Businaro-Gallone point and should yield an asymmetric
fission mass distribution at low excitation energies
and angular momenta. However, at higher bombarding
energies the higher partial waves which participate are
expected to be responsible for increased symmetric fission
decays. The fission cross section observed in the
present study in the mass range 20~ 3 ~ 28 may be aug-
mented by another —100 mb outside of this range. It is
not possible from this study alone to deduce the fraction
of fission yields which arise from incomplete fusion. The
results of Brzychczyk, et al. (also for a limited mass
range) for the ' 0+ Ca reaction at E„b=230 MeV, in-
dicate that the magnitude of complete fusion-fission
yields going to symmetric fission channels is small, al-
though finite, as compared to the incomplete fusion-
fission yields observed in adjacent-mass, asymmetric
fission channels. Assuming that the ratio of complete to
incomplete fusion-fission is the same as that observed for
the evaporation residues (which may not be valid), then a
total complete fusion-fission cross section of the order of
100 mb could be present.

In model calculations presented above the limitation
on complete fusion originates from the inability of the
largest partial waves to reach a critical distance of ap-
proach. Other possible limitations have been suggested.
Fusion cross sections for the Si+ Si and ' 0+ Ca
systems have been calculated by Bonche, et aI. in the
microscopic time-dependent Hartree-Fock (TDHF) ap-
proximation with a Skyrme interaction (Force I). This
model reproduces the decreasing ' 0+ Ca cross sec-
tions above E, =100 MeV reasonably well (see Fig. 3
of Ref. 74). The fallo8'corresponds to the occurrence of a
low-/ window which has yet to be verified experimentally.
Moreover, the maximum angular momentum (60 units of
A') used in the fusion process is in disagreement with the
recent fission-barrier calculations ' ' which predicts a
limit of approximately 43 —48 A' for the Ni compound
nucleus. In the promptly emitted particles (PEP) and
overlapping Fermi sphere models complete- and
incomplete-fusion processes compete for the same partial
waves. If this is true then the cross sections predict-
ed by angular-momentum limitation entrance-channel
models discussed above overestimate the possible com-
plete fusion cross section at higher bombarding energies.

VI. SUMMARY AND CONCLUSIONS

The reaction products resulting from central collisions
in the ' 0+ Ca reaction at E~,b=13.4 MeV/nucleon
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have been studied to obtain information about fusion pro-
cesses. Our time-of-Bight measurements allowed extrac-
tion of the velocity distributions of the resolved
evaporation-residue mass groups. The average linear-
momentum transfer in the evaporation-residue Galilean-
invariant velocity distributions was 88.6%, implying that
only approximately 13.5 nucleons of the ' 0 projectile are
captured in the fusion process. The effects of anisotropic
emission of evaporated light particles on the velocity dis-
tributions of the residues were examined in quantitative
detail with evaporation codes. While anisotropic emis-
sion is predicted to have very little effect on the
evaporation-residue velocity distributions observed at
small laboratory angles (i.e.; O~,b(10 ), at larger angles
the velocity centroids are shifted significantly to lower ve-
locities. This must be taken into account when the
velocity-deficit fraction is used to extract information
about the linear-momentum transfer.

One of the motivations for the present study was to un-
derstand the large evaporation-residue cross sections that
had been reported for this reaction at high bombarding
energies. Guided by Monte Carlo simulations of the
complete fusion, cross section limits for various processes
were established. Of the 965+100 mb of cross section ob-
served for reaction products with mass 32 ~ A ~ 52,
about 200 mb is identified with yields whose kinematics
are inconsistent with evaporation residues (and indicative
of binary processes; i.e., deep-inelastic scattering or
fusion followed by fission), a lower limit of 230 mb is
identified with incomplete-fusion processes, and an upper
limit of about 528 mb is identified as consistent with eva-
poration residues from complete fusion. Based on model
simulations of complete fusion-incomplete fusion sources,
the upper limit for complete fusion is reduced to 475 mb.

The broad angular distributions associated with resi-
due yields consistent with complete fusion are interpreted
as evidence for the presence of heavy particle ( A )4)
evaporation or very mass asymmetric fission with cross
sections on the order of 100 mb. Measurements of reac-
tion products in the mass range 20~ A ~28 show that
about 100 mb of cross section are consistent with a more
symmetric fusion-fission process. The relative contribu-
tions of complete and incomplete fusion to these fission
yields could not be established.

Comparisons of two- and multi-source model simula-
tions for complete and incomplete fusion with the ob-
served linear-momentum deficits, angular distributions,
and mass distribution allowed constraints to be put on
the character and relative magnitudes of the contributing
incomplete fusion processes. Two-source model simula-
tions showed that the angle dependence of the velocity-

deficit fraction for any particular mass depends on the ve-
locities, the relative strengths, and the emission anisotro-
pies of the different contributing sources. The major
features in the data can be reproduced in the framework
of these calculations with the assumption of single- (two)
nucleon and alpha-particle preequilibrium emission and a
corresponding reduction in the complete-fusion cross sec-
tion. Complete-fusion cross sections less than 475 mb
and incomplete-fusion cross section greater than 300 mb
are implied from the comparisons. The uncertainties in
the predicted properties of the complete-fusion evapora-
tion residues constitute the major obstacle for using the
procedures outlined in this paper for a better estimate of
the relative complete and incomplete yields. Compar-
isons with light-particle evaporation-residue coincidence
results are needed to verify the model predictions.

The upper limit for the complete-fusion evaporation-
residue cross section extracted in this study is consistent
with the expectations based on recent fission-barrier cal-
culations. Comparisons with results reported for the
~S+ "Mg and Si+ Si reactions show that the

evaporation-residue cross sections for the symmetric
entrance-channel reactions are larger than expected.
Further measurements are needed to determine whether
the observed differences reAect an entrance-channel
dependence of the fission barriers or the presence of
incomplete-fusion processes whose contributions to the
evaporation residue have been misidentified previously.
These measurements are also necessary to address the in-
teresting question of whether an entrance-channel depen-
dence for incomplete-fusion processes exists. Additional
measurements that would establish the fusion-fission
cross section behavior as a function of bombarding ener-

gy for the ' 0+ Ca reaction and for the symmetric
entrance-channel reactions are needed for understanding
the fission-barrier dependence and the limitations im-

posed on the complete-fusion process.
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