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Linear momentum transfer in reactions between 140-Mev He ions and heavy nuclei*
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The fission of BU, ~ ~Bi, and ~'Au induced by 140-MeV He ions has been studied in order
to investigate the target-projectile reaction mechanism. The fission-fragment angular corre-
lation technique was used to measure the linear momentum transfer in these reactions. It is
found that an upper limit of (49.3 +4.4)7t; of the fission in U results from the complete fusion
of target and projectile. The incomplete fusion component of the BU fission cross section
includes a large fraction of high linear momentum transfer events. presumably produced in
reactions where preequilibrium decay and/or deep knockout reactions are highly probable.
The fission of 'Au and 9Bi is found to proceed almost completely via a complete fusion
mechanism at this energy. The complete fusion cross section for ~'~I'- reactions with 140-
MeV ~He ions is compared with that predicted from semiclassical collision models derived
for heavy ion reactions.

NLC LEAR REACTIONS, FISSION ' ~U(G' f) Bi(o, f) 'Au(u, f). F == 14i)
MeV; measured 0&, fragment-fragment angular correlation; deduced linear

momentum transfer distribution, l,.„t

I. INTRODUCTION

Nuclear reactions between intermediate-energy
projectiles and heavy target nuclei have been wide-
ly studied in order to determine the influence of
large amounts of excitation energy and angular mo-
mentum on nuclear behavior. These investigations
have yielded an increased understanding of the sta-
tistical level properties of complex nuclei and of
macroscopic nuclear behavior, as characterized
by fission saddle and scission shapes. ' ' The in-
terpretation of phenomena observed in the exit
channels of intermediate-energy reactions is, how-

ever, frequently complicated by uncertainties in
the understanding of the target-projectile interac-
tion mechanism. Because of the many entrance
channels available at intermediate bombarding en-
ergies —encompassing compound nucleus forma-
tion, preequilibrium decay and t1.ansfer reac-
tions —a thorough understanding of the mechanism
of a given j.eaction is essential if one is to make a
realistic estimate of the excitation energy and an-
gular momentum distributions which characterize
the reaction products.

It is well known that for heavy-ion-induced reac-
tions at energies well above the Coulomb barrier
the cross section for compound nucleus formation
is considerably smaller than the nuclear reaction
cross section. " Hence, the average excitation en-
ergy and angular momentum which characterize
the products are correspondingly reduced from
calculated values which assume complete fusion of
target and projectile in all interactions. The limi-

tation on the cross section for complete fusion in
heavy ion reactions is explained in terms of centri-
fugal and Coulomb forces that become so large be-
yond some critical value of angular momentum that
nuclear attraction is no longer possible. ' '

In reactions induced by intermediate energy 'He

ions, the probability for complete fusion of target
and projectile is not nearly as well understood.
Kapoor et &L. studied reactions between 110-MeV

He ions and" U and reported that 91/z of the fis-
sion cross section could be attributed to complete
fusion reactions. " In another study of the same
system" using 63.5-MeV "'He ions, 93% of the re-
action cross section was found to proceed by a
complete fusion mechanism. These two results
suggest that the probability for complete fusion in
'He-ion-induced reactions is quite high and insen-
sitive to increased bombarding energy; hence, the
perturbation of the compound nucleus excitation
energy and angular momentum distributions caused
by incomplete fusion processes should be sniall in

such reactions. However, other studies"" have
demonstrated a high probability for preequilibrium
decay in similar reactions, a conclusion inconsis-
tent with the above interpretation.

The purpose of the present research is to inves-
tigate the mechanism of reactions between 140-
MeV 'He ions and heavy target nuclei in order to

resolve some of the ambiguities in the interpreta-
tion of intermediate energy 'He-ion reactions. The
fission fragment angular correlation technique
(Fig. 1) has been used to measure the angle be-
tween coincident binary fission fragments. This

10 2416



10 L INEAB MOMENTUM TRANSP 8 8 IN REACTIONS BETWEEN. . . 2417

angle is related to the linear momentum imparted
to the fissioning nucleus by the incident 'He ion.
From the angular correlation studies on U—
where nearly all of the reaction cross section re-
sults in fission, regardless of the mechanism —a
linear momentum transfer distribution is obtained
for the reaction products. The resul. tant linear
momentum distribution is interpreted in terms of
various complete fusion, preequilibrium decay,
and direct reaction mechanisms. In view of these
results, the lower-energy results are reexamined.
The complete fusion cross section is also com-
pared with that predicted by the critical angular
momentum models of %ilczynski' and Bass' in or-
der to test the applicability af macroscopic colli-
sion models to 'He-ion-induced reactions.

[I. EXPERIMENTAL PROCEDURES
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I'IG. 1. Schematic and vector diagrams representing
binary fission reactions preceded by (a) complete fusion
of target and projectile and (b) incomplete fusion. In

the vector diagram V is the velocity of the fissioning
nucleus and v" and vc. are the laboratory and c.m.
velocities of the fission fragments, respectively. The
laboratory angle 42 for fragment 2 is fixed in these
experiments at 270' and 4'& represents the correlation
angle of the complementary fragment 1. The c.m.
transformation parameter is x = tV/v' '),

The measurements reported here were per-
formed in a 75-cm diam scattering chamber using
a magnetically analyzed and focused beam of 140-
and 150-MeV 'He ions from the University of
Maryland cyclotron. Isotopically enriched '~U and
monisotopic 2' Bi and "~Au targets were prepared

by vacuum evaporation onto carbon films. Target
material thicknesses were in most cases 80-140
i/, g/cm' and backing thicknesses ranged from 20 to
100 i/, g/cm . Angular correlations between binary
fission fragments were performed using a heavy-
ion surface-barrier semiconductor detector placed
on one side of the beam axis and a 50&6-mm posi-
tion-sensitive semiconductor detector placed at the
appropriate correlation angles on the opposite side
of the beam axis. The heavy-ion detector served
as an angle defining detector for the angular cor-
relation„ it was placed 25 cm from the target and

at 270 with respect to the beam axis, giving an
angular acceptance of +0.7'. The position-sensitive
detector (PSD) was mounted 15 cm from the target
and intercepted approximately +10 of the reaction
plane. It was covered by a 15-slit collimator, each
slit having an angular acceptance of +0.2'. Appro-
priate corrections for angular geometry were ap-
plied to the data derived from this arrangement
and amounted to less than 4.3% in all cases. Both
detectors were calibrated with a '"Cf spontaneous
fission source.

Both planar and nonplanar angular correlations
were measured. The planar measurements were
performed with the longitudinal axis of the PSD in
the reaction plane formed by the beam, target, and

defining detector. Both detectors were kept at
fixed angles during successive measurements of
each of the three targets. This procedure pre-
served the systematic accuracy of the angular cor-
relations with respect to one another, which was
an important consideration in analysis of the data
(Sec. III). Targets were alternated by means of a
remote-controlled target ladder, which maintained
the target angle at 45' to the beam. For '"Au and
'"Bi targets the entire planar angular correlation
function could be measured for one setting of the
PSD angle; for U three overlapping angular set-
tings were necessary. These measurements were
performed for two separate sets of '"Au, '"Bi,
and '"U targets in order to test for possible effects
of target thickness, accidental rates, and angular
inconsistencies on the data. The results of the two

sets of measurements agreed to within +0.1' for the

most probable correlation angle and +0.2' for the
full width at half-maximum (FWHM) of the corre-
lation function.

Nonplanar measurements were performed by ro-
tating the PSD to a position perpendicular to the
reaction plane. The nonplanar measurements were
necessary to insure that reactions which did not: in-
volve formation of a compound nucleus and which

possessed linear momentum components out of the
reaction plane were properly taken into account.
For the "'U target, which exhibited a high proba-
bility for incomplete linear momentum transfer
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events in the planar measurements, nonplanar cor-
relations were measured at 2' intervals fram 68' to
92'. Most of these measurements were performed
with 150-MeV 'He ious, bet ccenyarison of results
with 140-MeV bombardmemts showed %era to be the
same within the limits of exyerimerkal error. Se-
cause the '"Au and '"II1. targets showed litle evi-
dence for noncompound mucleus events, —~laaar
measurements were made only at the nest prolea-
ble correlation angle.

The three. coincident signals from ea,ch even4—
PSD energy and position and defining detector en-
ergy —were amplified using standard charge-sensi-
tive preampiifiers and shaping amplifiers and then
fed into 1024-channel analog-to-digital converters.
Coincidence gating was performed ueing a time-4e-
amplitude converter. The data were stere@ se-
quentially on magnetic tape and processed on-line
using the IBM 360/44 computer at the Maryland
Cyclotron Laboratory. The results presented here
are restricted to the positioa-energy yertien ef the
data. The energy-energy correlatioms will be ana-
lyzed in a subsequent publication.

In order to obtain the absolute value of the com-
plete fusion cross section, the total fission cross
section for '"U bombarded by 140-MeV 'He ious
was also measured in these experiments. Fission
fragments from three "U targets of thicknesses
162, 165, and 498 gg/cm', respectively, were
counted with two separate heavy-ion semicomkuctor
detectors, each with an accurately determined ge-
ometry. Spectra were recorded at two different
angles for each detector and target. From a
knowledge of the integrated beam current, counting
rates, geometries, target thicknesses, and frag-
ment angular distributions (measured in a separate
set of experiments), a total fission cross section of

cr& = 2'l80+ 244 mb

was determined.

ions, the intrinsic linear momentum of the fission-
ing nucleus P~ can be expressed in terms of the
correlation angle 4' (as defined in Fig. 1) by the
aypreximate function

p,~~ ( w —4', ),
where O', =C „„represents complete momentum
transfer and 4', = m represents zero momentum
transfer, assuming the defining detector angle 4',
is -~m. An inherent dispersion in the correlation
functions for a given value of p,~ arises from the
kinematic effects of two factors: (1}mass asym-
metry of the fragments, which favors a slight
skewing in the direction of low values of 0, and

(2} neutron evaporation from the fissioning nucleus
or fragments, which is symmetric in nature. At

IO.

l.Og. g

IM. DATA ANALYSIS

The comparative results of the fission-fragment
angular correlation measurements feI the three
systems studied in this work are shown in Fig. 2,
which presents the planar aayalar correlati, .oa data,
and Fig. 3, which is a, corkour diagram shewing
both the planar and nonplanar components of the
angular correlations. The correlation parameters
derived from the data are summarized in Tab(a. e I.
The calculated most probable correlation angle,

p for reactions in whi ch a cormpouel muc l+es is
formed are indicated by arrows in Fig. 2 a,nd dots
in Fig. 3 for each target, The relative error in the
correlation angles for the three targets is +0.1' and

the absolute angles are known to+0.3'. For reac-
tions induced in heavy elements by 140-MeV 'He

IQ
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FIG. 2. Angular correlations for the fission of 2

Bi, and ~ Au with 140-MeV 4He ions. Data were
taken in the reaction plane and represent the coinci-
dence counting rate as a function of correlation angle
4' defined in Fig. 1. Arrows indicate the position of
the most probable correlation angle calculated from
kinematics for each system. The solid curves for the

981 and '97Au targets (data: open circles) are em-
pirically fitted functions described in the text. The
dashed curve for 3 U fission is that predicted from
systematics for fission following complete fusion.
The solid curve for ~ U is calculated from the linear
momentum distribution shown in Figs. 6 and 7.
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the bombarding energy and linear momentum con-
sidered in this work, the effect of neutron evapo-
ration is expected to be dominant, thus leading to
the prediction of nearly symmetric correlation
functions for events which proceed via a complete
fusion mechanism.

From examination of the '"Bi and '"Au data it is
concluded that the fission induced in these nuclides
by 140-MeV 'He ions proceeds primarily via a
complete fusion mechanism. The most probable
correlation angles for these two systems coincide
with the values calculated under the assumption of
compound nucleus formation, within the limits of
experimental error. Further, the correlation
functions are symmetric about the most probable
correlation angle, whereas if any appreciable
amount of fission resulted following incomplete
momentum transfer, these functions would be
skewed toward 90'. This conclusion does not agree
with the conclusions of Bimbot and LeBeyec" from

studies of intermediate energy reactions in lead
isotopes. The '"Au and ' 'Bi angular correlation
functions are described well by an empirical func-
tion of the form

y =A.e

Here y is the correlation coincidence rate and x
is the absolute value of the deviation in angle from
the most probable value, x=

~

4' —4 „„, ~
. The con-

stant A is related to the coincidence rate and 6 to
the FWHM of the distribution. These functions
have been normalized to the data using n =1.94 and
1.8't for gold and bismuth, respectively, and are
the basis for the solid lines in Fig. 2. The shape
of the nonplanar angular correlations C'for constant
4) for bismuth and gold follow the sa.me functional
behavior as the planar data within the limits of er-
ror, although there is some indication that the
planar correlation is slightly broader, as might be
expected from the effects of fragment mass asym-
metry.

From comparison of the angular correlation for
uranium fission with the gold and bismuth results
in Figs. 2 and 3, it i evident that reaction mecha-
nisms other than complete fusion contribute signif-
icantly to the total fission cross section for '"U.
This fact is demonstrated more directly in the
fragment kinetic energy distributions shown in Fig.
4. For a correlation angle of 4 =7't. 5' a broad
single peak is observed in the fragment energy
spectrum, indicative of high energy fission,
whereas for 0 =90.3' an asymmetric fragment dis-
tribution is observed, characteristic of low-energy
fission.

In order to estimate the relative contributions of
complete fusion (CF) versus incomplete fusion
(ICF) reactions, we have utilized the systematic
behavior of the angular correlation functions for
fission reactions in which complete fusion can be
clearly distinguished. The gold and bismuth data

60 70
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TABLE I. Summary of fission-fragment angular cor-
relation parameters derived from data shown in Figs. 2

and 3. The relative angular accuracy between the three
target systems is +0.1' and the absolute error in the
knowledge of the detector angles 4 is +0.3'. Full width
at half maximum (FTHM) values for the correlations
have an error of +0.2' in each ca,se.

197 gu 209 Bi 238 gy

FIG. 3. Contour diagram of angular correlations for
~Bi, and ~ Au systems. The pl.anar angle is

represented by 4' and the nonplanar angle is given by
Contours are labeled in terms of the fraction of

events at a given angle pair with respect to the most
probable correlation angle. The most probable correla-
tion angle predicted by kinematics is shown as a
closed circle on each diagram.

Most probable correlation angle 4' „„,
Exper imental (deg)
Calculated (deg)

FWHM
Planar (deg)
Nonplanar (deg)

74.5 75.5 78, 5
74, 2 75.2 76.9

64 62 79
62 61 69
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from the present studies have been used to predkct
the angular correlation properties for the "U tar-
get, i.e., a most probable correlation angle of
4'„,~ = 77.2' and a P%HM = 6.5' for fission following
compound nucleus formation. These parameters
are consistent with the results of heavy-ion-in-
duced fission studies where the reaction kinemat-
ics permit c1ear separation of complete fusion and
incomplete fusion events. The heavy-ion correla-
tion functions are characterized as follows: (1)
Excellent agreement is found between the kinemat-
ically predicted and experimental values of 4„„
and (2) for a given projectile and bombarding ener-
gy, the F%HM of the angular correlation is nearly
independent of target nuclide for 'O'Au, Bi, anel
'"U fission. Using these assumptions, a correla-
tion function

y =A exp(-0.0858x "')
is derived to account for fission following com-
pound nucleus formation in reactions of 140-MeV
He ions with "U. The normalization constant A

is determined using the kinematic restriction that
the lowest angles 4 of the correlation function in

200

Fig. 2 must correspond to complete momettetum

transfer reactions. This function is plotted I.s the
dashed curve in Fig. 2.

IV. RESULTS

A. Complete fusion cross section

By integrating over the entire reacticm surface
in Fig. 3 for both total experimental events alt
predicted complete fission eveats, the upper limit
for the complete fusion cross section in reactions
between 140-MeV He ious and '"U is

o,.,
= (0.41)8+ 0.0t44) &r R

= 1301+ 120 mb .
Here we assume that because of the high fission-
ability of 'U, the total reaction cross section a R

is equal to the total fission cross section cr&. Error
limits are based on an estimated possible error of
+0.1' in 4'„,„and +0.5 in the FWHM for the com-
plete fuliea correlate function. It she@M be noted
that jf the CF correlation function@ for Q is
broader than fer '98i and '"Au, w'hich might re-
sult due to the greater mass asymmetry and some-
what higher excitation energy for the "U system,
then cur valve for 0;,,

will be lower yet.
Our remelt ii in major disagreememt mid the

value Of o, ,
0.91'& determined by Kapoor, Saba,

d Thompso~'o at 110 MeV However, reexa, mina-
tion of the data in Ref. 10 reveals that th.e peak of
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FIG. 4. Kinetic energy distribution for fission frag-
ments produced in bombardment of 2 U with 140-MeV
He ions. Upper curve with 4

&
= 77.5 and 4 2

= 270'
represents high energy fission. Lower curve, for
which 4'& = 90.3' and 4 2

= 270', is characteristic of low

energy fission.
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FIG. 5. Total fission and complete fusion cross sec-
tions for reactions between f2 particles and ~ U. Open
circles are total fission cross sections (assumed equal
to auclear reaction cross section); data are taken frora
Ref. 14 (up to 42 MeV); from Ref. 10 (50-110 MeV)
and the present work {140MeV). Solid points are com-
plete fusion cross sections discussed in Sec. IVA.
Solid curve is optical. model fit to the nuekear reaction
cross section and dashed ettrve is complete fusion
cress section calculated from the Wilczyhski model, as
discussed in text.
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the "'U fission fragment correlation function is
displaced approximately 1.5', nearer 90' than the
calculated value for a complete fusion reaction.
On the other hand, the '"Bi fission correlation
function obtained in Ref. 10 agrees quite well with
the calculated value. The ' U discrepancy was
overlooked in the analysis of the 110-MeV data. If
the 110-MeV data are treated using the systematics
of fission fragment angular correlations as we have
done for the 140-MeV data, then a value of o„,:/o R
—= 0.65+ 0.10 results. The complete fusion cross
sections derived from our analysis of angular cor-
relation functions from 'He-ion induced fission of

U are plotted in Fig. 5 as a, function of bombard-
ing energy. Also shown in Fig. 5 is an optical
model fit to the total fission cross sections using
the deformed optical model potential of Rasmussen
and Sugawara-Tanabe. " The parameters for the
calculation were the following: well depth, Vp
= 130 MeV; radius parameter rp = 1.194 fm; dif-
fuseness, d=0.35 fm, and deformation parame-
ters' for U, P =0.261 and P, =0.106. It is ob-
served that the complete fusion cross section de-
creases with increasing bombarding energy. This
fact is discussed further in Sec. IV C.

B. Linear momentum distribution

lation function. In Fig. 6 the calculated correlation
functions and their percentage contributions to the
experimental results are shown as solid lines. The
sum of the 10 calculated correlation functions is
given by the dashed line, which is found to repro-
duce the experimental points well.

In Fig. 7 the percentage of events for each frac-
tional linear momentum transfer bin is plotted.
This analysis reinforces the conclusion that high
momentum transfer, but incomplete fusion events
play an important role in these reactions. In ad-
dition, the bump in the histogram corresponding to
low momentum transfers presumably reflects the
extent to which direct surface reactions contribute
to the tota, l cross section.

Independent evidence to support the linear mo-
mentum distribution shown in Fig. t can be ob-
tained from analysis of the measured fragment an-
gular distributions for 140-MeV 4He-ion-induced

238
U(n, fj

I
W ~

/

Comparison of the experimental angular corre-
la, tion for "'U with that determined a.ssuming com-
plete fusion (Fig. 2) reveals that a. considerable
fraction of the incomplete fusion events involve
large transfers of linear momentum from the pro-
jectile to the fissioning nucleus. %e interpret this
result as evidence of a high probability for pre-
equilibrium decay and/or deep knock-out reactions
in the nuclear reaction mechanism. This result is
consistent with previous workers who have studied
spallation product yields in reactions of interme-
diate energy 'He ions with heavy elements"'" and
with the (o., n') studies of Chenevert, Chant, and

Halpern. "
By further utilizing the angular correlation sys-

tematics for He-ion-induced fission reactions, the
distribution of linear momenta which characterize
the fissioning nuclei in '"U reactions can be de-
rived. For the purposes of this analysis, the lin-
ear momentum distribution of the fissioning nuclei
was arbitrarily divided into 10 equivalent bins,
representing ~~p of full momentum transfer, ~yp of
full momentum transfer, etc. The percentage of
complete linear momentum transfer events was
taken a priori to be 49.3%, as determined in Sec.
IV A. The percentage of events corresponding to
the remaining nine linear momentum transfer bins
was derived by performing a least squares fit to
the incomplete fusion residue of the fission corre-

Iooo-

I00-
N

IO

65 70 75 80 85 95

(deg)

FIG. 6. Linear momentum transfer components which
make up fission fragment angular correl. ation from
140-MeV He-ion-induced fission of ' 8U. Solid lines
refer to angular correl. ation functions predicted by
systematics. Each curve refers to a specific frac-
tional momentum transfer, O. lp& &, 0.2p&z, etc. up to
the full momentum transfer, p&N. Points represent
the experimental data shown in Fig. 2 and dashed
line is the sum of all solid l.ines.
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FIG. 7. Linear momentum distribution for fissioning
nuclei produced in bombardment of ~~U with 140-MeV
4He ions. The percentage of events is plotted as a
function of the ratio of the observed linear momentum
transfer to that for complete momentum transfer.
Histogram was derived from angular correlation data
for ~ U and the systematic behavior of ar~ular cor-
relations from other systems, as shown in Fig. 6.

fission of U reported elsewhere. " The average
center-of-mass transformation parameter x' cal-
culated from the momentum distribution in Fig. 7

is x'=0.743x, , , where x&,
' is the transformation

parameter appropriate to full momentum transfer
events. This is in excellent agreement with the
experimental value of x'=0.74x, .

,

' required to pro-
duce an angular distribution that is symmetric
about SO' in the center-of-mass system, which
must be the case for binary fission events. A sim-
ilar analysis of the angular distributions for fission
of ' 'Au and ' 'Bi in Ref. 18 yielded transformation
parameters identical to the value calculated for
complete fusion. This is in good agreement with
our conclusion that fission induced in the bismuth
and gold systems proceeds primarily through a
complete fusion mechanism.

Thus, it is apparent from our data that any at-
tempt to derive information about fission from
studies using intermediate-energy He ions as pro-
jectiles must pay careful attention to the details of

the nuclear reaction mechanism. Otherwise, one
cannot possibly understand the distribution of fis-
sioning species, excitation energies, and angular
momenta that characterize these reactions.

C Critical angular momentum

The concept of a centrifugal limitation to the

complete fusion of target and projectile has been
extensively applied to the analysis of heavy-ion re-
actions in order to explain the decrease in com-
plete fusion cross sections as a function of bom-
barding energy for reactions that occur well above
the Coulomb barrier. ' '" This cross section
limitation has been parametrized in terms of a
critical angular momentum l, above which the tar-
get and projectile cannot coalesce due to centrifu-
gal repulsion. It is not apparent that these semi-
classical treatments of nuclear behavior are ap-
propriate to 'He-ion-induced reactions. However,
because of the large binding energy of the u parti-
cle, it can be argued that it will maintain its integ-
rity in intermediate-energy reactions, especially
for reactions near the nuclear surface. Thus, it
may be possible to treat such collisions with mac-
roscopic models. In addition, the excitation func-
tion for complete fusion in 'He -ion induced reac-
tions (Fig. 5}and those observed in heavy-ion-in-
duced reactions' are sufficiently similar to war-
rant comparison with the same type of reaction
model.

Several authors' ' have examined the critical an-
gular momentum appropriate to the exit reaction
channel; that is, the angular momentum that cor-
responds to the disappearance of the fission bar-
rier in the compound system. However, Zebelman
and Miller have recently performed measure-
ments that indicate complete fusion cross sections
are determined by dynamic processes in the en-
trance reaction channel. %'ilczynski' and Bass'
have proposed models which apply the concept of

dynamic force equilibrium between two touching
spherical liquid drops in the entrance reaction
channel to determine critical angular momenta and

complete fusion cross sections. Both models pre-
dict similar behavior for reactions induced by ar-
gon and lighter ions and the formalism of Wilczyn-
ski is used here.

The attractive nuclear force at contact for two

spherical, charged liquid drops is approximated
by the surface energy of the two drops. The criti-
cal angular momentum is thus determined at the
point where the surface tension force is just bal-
anced by Coulomb and centrifugal repulsion. Thus,

l, can be evaluated from the expression

Z,Z, e' h'l, (l, +1)
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Here y, represents the liquid drop surface teesioa
coefficient

where a, and x are the surface energy and surface
asymmetry terms from the semiemyirical repass

equation. Values of a, =17.9439 M+V anal lt.
' =1.'7828

were used in these comparisons. ' The nuclear ra. -
dii are given by R, = rpA, ', Z& represents the su-
clear charge and p, represents the reduced mass ef
the system.

In comparing this model with the data, we have
chosen the systems formed from the fission ef
"'U induced by 'He, "C "Q, "Ne, and 'Ar ions.
Experimental values for v(., were all determined by
the fission fragment angular correlation tech-
nique~" under similar assumptions and hence,
these studies should form a self-consistent set of
results with which to examine the theory.

Experimental values for L, were determined as-
suming a triangular distribution of L waves for
complete fusion reactions, i.e., the transmission
coefficients T, were taken to be

L» L„T,=1,
L) Lct Tt =0

Thus, experimental L, values could be calculated
from the relation

o(, =wX~(i, +1) .
A more exact approach would be to use a Fermi
distribution for the transmission coefficients and

equate L, with the L value at which T, =0.5. Be-
cause of the large angular momenta involved im

these reactions, the triangular approximaticw
gives nearly identical results. However, the val-
ue of L, calculated here should realistically be in-
terpreted as representing some region of the L

wave distribution over which the probability for
complete fusion reactions decreases to zero.

The only adjustable parameter in these calcula-
tions involved the choice of rp %llczynski' used
two separate &p values in his calculation: &p= 1.20
fm for the surface tension coefficient and &p=1.11
fm for the charge and centrifugal terms. This as-
sumption implies drastic reduction in the cross
section for projectiles such as '4Kr and we have
instead chosen to use a single self-consistent val-
ue for r„appropriate to aB three terms. How-

ever, it should be pointed out that the resultant &p

value is smaller thanthe value of &p derived from
the semiempirical mass formula, from which the
constants &, and & were taken. By fitting the data
for "C-, '0-, ' Ne-, and 'Ar-induced fission of
'"U, a value of rp=1.10 fm js obtained. Using this

V. CONCLUSIONS

In summary, the present research demonstrates
the imlmrtance of reaction mechanism studies to
the inter pretation of intermediate energy fission
data. We find that less than one-half of the total
reaction cross section involves complete fusion of
target and projectile at a bombarding energy of
140-MeV and that a large fraction of the incom-
plete fusion events involves linear momentum
transfers with 50-90% of the value expected for
cemyouad nucleus formation, presumably the re-
s+it of yreequilibrium decay or deep knockout re-
actions, Based on these results, it is probable
that simQar effects occur at lower energies to an
extent much larger than previously thought. The
large fraction of incomplete fusion events compli-

TABLE II. Comparison of experimental values for the
critical angular momentum and complete fusion cross
section with values calculated using model of Wilczynski
(Ref. 5) using so=1.10 fm.

Target Projectile
a, , (exp) o~-,: (calc) l, I,,

(mb) (mb) (exp) (calc)

238U

23 8U
238U

238U

238U

140-MeV 4He

125 MeV '2C

166-MeV '80
208-]geV Ne
416-MeV 4~Ar

1360
1550
1490
1360

992

1459
1905
1476
1321

669

32, 5 33.7
56.5 61.8
71.8 71.5
84.5 83.4

135 110

value and an a particle radius of R = 2.08 fm, "
the values of L, and o, , shown in Table II were cal-
culated. The agreement between theory and calcu-
lation is generally good, although the "C and "Ar
yoieti deviate noticeably. However, the 'He-ion
result is surprisingly consistent with the Wilczyn-
eki medel.

Jm Fig. 5 the behavior of the complete fusion
cross section predicted by the %ilczynski model is
compared with the experimental results discussed
in Sec. Pf A. Although there are rather large un-
certaimties in the data as they now exist, the re-
sults imply that the energy-dependence of the
%ilczyiski model is not consistent with the data at
lower energies. This result is consistent with re-
cent analyses of fusion cross section data by Galin
et eL."md by Gross and Kalinowski, "which dem-
oaetrate that L, is dependent on bombarding energy.
Galin et L. "parametrize fusion cross sections in
terms of a critical radius of approach for the col-
liding iona, while Gross and Kalinowski' use a
nuclear friction model to calculate L, . The energy
dependence for L, implied by the results of Fig. 5
are im good qualitative agreement with these latter
two calculations.
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cates the analysis of fission data obtained at inter-
mediate energies due to the broad spectrum of fis-
sioning nuclei and excitation energies that result,
as well as the difficulty in calculating the orbital
angular momentum distribution of the products.
Thus, previous conclusions drawn from interme-
diate energy fission data need to be reevaluated if
a knowledge of these quantities is involved. This
is particularly true of isomer ratio studies and in-
terpretations of fission fragment angular distribu-
tion data. In addition, the decreasing value of
o( ~: /o R with increasing energy may explain in part
the difficulties encountered in fitting the high ener-
gy part of theoretical I „/I"z expressions to experi-
mental fission cross section data. " Our results do
show that the fission of nuclides lighter than bis-
muth occurs largely via compound nucleus forma-
tion reactions, which is an important consideration
in the study of less fissile systems.

Comparison of our results with the critical angu-
lar momentum values calculated using the semi-
classical macroscopic models of Wilczynski' and
Bass' shows good agreement at high bombarding
energies, but the data and theory deviate noticeably
at lower energies. However, the experimental re-

suits for l, using 'He ions as projectiles are quali-
tatively the same as the energy-dependent theoret-
ical predictions of Qalin" and Qross. " The re-
sults imply that such models may be at least ap-
proximately valid for intermediate-energy 'He-ion
collisions. However, in order to understand fully
the distribution of nuclear species, excitation en-
ergies, and angular momenta produced in these
reactions, a microscopic calculation which takes
into account complete fusion, preequilibrium de-
cay, deep knockout, and transfer reactions is
needed.
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