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The systematic behavior of linear momentum transfer from projectile to target in non-
relativistic nucleus-nucleus collisions has been studied using the results of fission-fragment
angular-correlation measurements on uranium target nuclei. Data for “He, °C, !0, and
2Ne projectiles have been analyzed over an energy range which extends well above the in-
teraction barrier. The data illustrate the division of the total reaction cross section into two
primary components: one associated with ~ 90 percent or greater linear momentum
transfer and the other involving much smaller amounts of linear momentum transfer. The
former is attributed to fusionlike collisions and the latter to peripheral collisions. The
minimum between these two components corresponds to a linear momentum transfer of
about 50 percent. It is observed that the ratio of fusionlike collisions to the total reaction
cross section decreases regularly as a function of both increasing bombarding energy and
projectile mass. From comparison of the experimental fission-fragment angular correlation
functions with the predictions of complete fusion kinematics, it is shown that above 10
MeV/nucleon, the experimental definition of complete fusion is complicated by the increas-
ing probability for large, but incomplete, linear momentum transfer collisions. Estimates of
critical angular momenta derived from these data do not show any major disagreement
with rotating-liquid-drop predictions.

NUCLEAR REACTIONS, FISSION Studied systematics of fission-

fragment angular correlation measurements from uranium target nuclei.

Deduced linear momentum transfer distributions, fusionlike collision
and complete fusion probabilities, and critical angular momenta.
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I. INTRODUCTION

A useful overview of the global features of non-
relativistic nucleus-nucleus collisions can be ob-
tained from studies of the linear-momentum-
transfer distribution which characterizes the
target-projectile interaction. For reactions involv-
ing highly fissionable target nuclei, where essential-
ly the total reaction cross section is accompanied by
fission, information of this type is provided by mea-
surements of the angular correlation between binary
fission fragments.! —%
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As illustrated schematically in Fig. 1, the separa-
tion angle between coincident fission fragment
pairs, 0,5, serves as an indicator of the linear
momentum transferred from the incident projectile
to the struck nucleus—thereby contributing to the
understanding of the salient mechanisms which
describe a given reaction. In the limit of complete
linear momentum transfer, processes such as com-
plete fusion yield fission fragments which are emit-
ted with a unique separation angle 0,3°, defined by
the momenta of the projectile and the primary frag-
ments. At the opposite extreme, inelastic scattering
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FIG. 1. Schematic diagram of fission fragment open-
ing angles 0,5 expected for reaction mechanisms ex-
hibiting widely differing linear momentum transfers.

and few-nucleon transfer reactions impart little
momentum to the fissioning nucleus, leading to
separation angles near 0,p~180°. Inherent in the
quantitative interpretation of such data is the as-
sumption that the fission cross section is equal to
the reaction cross section, i.e., excitations of the tar-
get nucleus below the fission barrier comprise a
negligible fraction of the reaction cross section og.®

The fission-fragment angular correlation tech-
nique! has proven particularly useful in the study of
complex-nucleus-induced reaction mechanisms.>?
Nearly twenty years ago it was shown that the reac-
tion cross section in reactions induced by >C, 1°0,
and %Ne projectiles on 238U could be separated into
two major components: one corresponding to com-
plete linear momentum transfer and the other to re-
latively low linear-momentum-transfer processes.
These components were originally designated com-
plete fusion (CF) and incomplete fusion (ICF)
mechanisms, respectively.® These and subsequent
measurements* demonstrated that the relative im-
portance of complete fusion decreased as a function
of increasing projectile mass and also suggested a
decrease in ocp/0 as a function of bombarding en-
ergy. In subsequent efforts to understand the
bombarding-energy dependence using alpha parti-
cles’=7 it was shown that at higher energies there
exists a continuum of processes in which there is a

strong projectile-target interaction, but in general
less than 100 percent linear momentum transfer.

Recently, we investigated the reaction between
23U and '°0 ions at 8.75 and 19.7 MeV/nucleon®’
in order to study the evolution of heavy-ion reaction
mechanisms as a function of increasing bombarding
energy. It is the object of this paper to incorporate
these results with those of previous studies in the
hope of deriving a more systematic understanding
of the distribution of strength of the reaction cross
section as bombarding energies increase well above
the interaction barrier. In addition, extrapolating
these results to higher energies should provide a
useful guide for future studies of reactions induced
by complex nuclei in the 20 to 100 MeV/nucleon
region.

II. FISSION FRAGMENT
ANGULAR CORRELATION DATA

The present measurements were performed at the
Lawrence Berkeley Laboratory (LBL) 88-inch cy-
clotron using beams of 140- and 315-MeV '°0 ions.
The target consisted of 200 pg/cm? *¥UF, evap-
orated onto a 50 ug/cm? carbon backing. Coin-
cident fission fragments were detected with a pair
of position-sensitive semiconductor detectors placed
on each side of the beam at +80° with respect to the
beam axis, each subtending an angle of +18° in the
reaction plane. Care was taken to perform several
redundant measurements to account for target and
detector geometry effects. A detailed description of
these procedures and the data analysis is given in
Refs. 8 and 9.

These results, along with similar data from Refs.
2—7, permit an evaluation of the systematic depen-
dence of linear momentum transfer on projectile
mass and bombarding energy. The systems which
form the basis for this evaluation are listed in
Tables I and II. Selection criteria were (1) the ex-
istence of angular correlation measurements at a
number of energies extending to above 10
MeV /nucleon; (2) measurements of the entire in-
plane, 6, out-of-plane, ¢, correlation function, for at
least one energy for each system; and (3) document-
ed geometries for all measurements. Until recently,
the 19.7-MeV/nucleon %0 and 35-MeV/nucleon
*He data represented the highest E/A beams for
which angular correlation measurements on highly
fissionable target nuclei were available (in the
10—100 MeV/nucleon range). Experiments have
recently been performed at Saturne!® with 70- and
250-MeV/nucleon “He beams and at CERN (Ref.
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TABLE 1. Ratios of the fusionlike collision cross section o and complete-fusion cross section o cg to the total reaction
cross section o as a function of energy for several complex nucleus reactions with uranium. It is assumed that the fis-
sion cross section equals the total reaction cross section in all cases. Also listed are the critical angular momentum for

complete fusion, IS and the maximum angular momentum predicted by the rotating-liquid-drop model, /*"P. Both o cr
and ISk, represent upper limits.

Projectile ~ Energy/4 ORr oF or/OR ocF Ocr/OR 158 JRLF  Reference
(MeV/u)
‘He 10.4 1850+60°  1760°  0.95+0.05 1480  0.80+0.10 18+2 75 2
—0.10
12.3 2040+130 1840  0.90+0.05 1470  0.72+0.09  20+2 76 5
—0.10
17.3 2270+150 1920  0.85+0.08 1380  0.61+0.07  23+2 76 5
27.5 23004150 2070  0.90+0.10* 1495 0.65+0.10° 28+4 75 6
35.0 2490+140 2120  0.85+0.10° 1340 0.54+0.05* 3243 76 5
150 6.9 923+40° 831  0.90+0.05 831  0.90+0.05  53+3 69 1
8.75 1780+70° 1420  0.80+0.06 1420 0.80+0.06  69+4 69 1,8
10.4 2130+80® 1490  0.70+0.05 1410  0.66+0.05  72+4 69 1
19.7 3590° 1620 0.45+0.10 1150 0.32+0.07  87+11 69 8
20Ne 8.75 1900+ 80 1390  0.73+0.05 1350  0.71+0.05  78+4 68 7
10.4 2340+ 90° 1360  0.58+0.08 1260 0.54+0.08  83+7 68 1
12.5 2810+140 1350  0.48+0.06 1120 0.40+0.06  85+8 68 7

At 35 MeV/u oglexp)=0.87 og(calc), where og(calc) is derived from a fit of o =7x’[1—(V/E)] to low-energy data
(Ref. 6.). At 27.5 MeV/u these values are og(exp)=0.85 og(calc); thus or/0og(calc)=0.77 and ocg/0og(calc)=0.55.

"From Reference 20.
‘From Reference 21.

11) with 56- and 86-MeV/nucleon '°C beams. Pre-
liminary results of these investigations will be com-
pared with the results from this analysis in order to
infer the macroscopic features of reactions in the
10— 100 MeV/nucleon range with similar ions. Al-
though additional angular correlation data exist for
N (Ref. 2) and “°Ar (Ref. 12) projectiles, these sys-
tems have not been measured over a sufficient ener-
gy range to be useful in this study. However, these
data are consistent with the results presented here.
In Fig. 2 in-plane angular correlation data for the
160 + 238U system are shown for several bombard-
ing energies from 110 to 315 MeV (6.9 to 19.7
MeV/u). Figure 3 shows similar data for
2Ne + 28U from 170 to 252 MeV (8.75 to 12.6
MeV/u). In both cases the maximum projectile
linear momenta are the same. Except for the lowest
160 energy, two components are apparent in the
data. At all energies the major fraction of the cross
section is concentrated in a well-defined peak corre-
sponding approximately to complete linear momen-
tum transfer. The second component appears at
correlation angles slightly smaller than 180°, where
one observes the systematic growth of a broad dis-

tribution of relatively low momentum-transfer
events.

For each system in Figs. 2 and 3, the arrow indi-
cates the angular correlation centroid angle for
complete linear momentum transfer, 6,5°, calculat-
ed from kinematics which assumes symmetric mass
division and the most probable total kinetic energy
release in fission predicted by systematics.!* Two
factors contribute to the dispersion in the experi-
mental data. The primary source is neutron evap-
oration before or after fission, which produces an
approximately Gaussian spread of the correlation
function that is symmetric in 6 and ¢ about 6,5°.
The width increases with the number of neutrons
emitted and can be accounted for quite well by the
increase in bombarding energy up to energies of 10
MeV/nucleon. A second source arises from asym-
metry in the fragment mass and kinetic energy dis-
tributions, which introduces a kinematic dispersion
in 0,p° that is skewed toward somewhat lower an-
gles than calculated for symmetry. This factor can
serve to decrease 6,5° by about 0.3—0.6° when the
entire mass distribution is folded in.!*'> For exam-
ple, in the 315-MeV 'O + 233U studies, where total
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TABLE II. Comparison of experimental centroid an-
gles Bz(exp) for fusionlike collisions with calculated
values 04p(calc), based upon symmetric fission of com-
plete fusion system. Values for the centroid shifts, A8y
represent minimum values, as described in text. Errors in
%7, are based on uncertainty in 8 ,45(exp).

Projectile Energy/A 05plexp) 0 p%calc) AB,; %P
(MeV /u)

‘He 10.4 172.5+£0.3 172.3 402 98+4
12.3 172.5+£0.2 1719 +0.6 9243
17.3 171.8+£0.2 170.8 +1.0 89+3
27.5 169.8+0.4 1683 +1.5 87+5
350 168.6+0.2 166.5 +2.1 8443

2c 6.2 164.3+0.3  164.3 0 100+3
7.8 162.4+0.3 162.5 —0.1 10143
10.4 160.2+0.3 1599 +0.3 98+3

150 6.88 158.6+0.3 1583 403 9913
8.75 155.5+0.3 1558 —0.3 101+3

10.4 154.6+0.3 1540 +0.6 98+3

19.7 147.5+1.0 1448 427 92+4

Ne 8.75 153.0+0.2 1524 +0.6 97+2
10.4 150.8+0.3 149.8 +1.0 9643
12.5 148.7+0.2 146.6 +2.1 93+2

mass and kinetic energy distributions have been
determined, a value of 6,5°=144.2 deg is calculated
for the entire fragment distribution, compared with
a value of 144.8 deg for symmetric mass division.
Since fragment mass and energy distribution data
do not exist for all systems studied here, the experi-
mental angular correlation centroids are compared
with the value of 0,3° calculated for symmetric
mass splits and the most probable total kinetic ener-
gy release for the sake of consistency in the sys-
tematics. Further, since the width of the mass dis-
tribution in uranium fission is not a strong function
of excitation energy (FWHM ~55 u at 40 MeV of
excitation energy compared with ~75 u at 280
MeV of excitation energy),® this negative shift in
04p° remains essentially constant with beam energy
over the range of systems studied here. Both nu-
cleon evaporation and fragment mass asymmetry
act in such a way as to reduce the sensitivity of the
angular correlation technique to the initial dynam-
ics of the target-projectile collision.

The peak associated with large transfers of linear
momentum in Figs. 2 and 3 has frequently been at-
tributed to complete fusion. However, because of
the dispersive effects of neutron evaporation and
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FIG. 2. In-plane angular correlation probabilities for
the '%O+2%U system at energies ranging from 19.7
MeV/u (top) to 6.9 MeV/u (bottom). Data are from
Refs. 2, 3, and 8. Arrows indicate expected centroid for
complete linear momentum transfer and symmetric mass
division.

fragment mass-energy distributions, it is not possi-
ble to exclude minor contributions to this peak from
high linear-momentum tranfer processes such as
massive transfer'® or prompt nucleon emission.’
For this reason complete fusion cross sections de-
rived from angular correlation data lack the experi-
mental precision of those determined from evapora-
tion residue studies.!” (It should be noted that the
evaporation residue studies also fail to account for
prompt-neutron emission in the entrance channel,
thereby also overestimating the complete fusion
cross section.) Because of the above effects and un-
certainties in the experimental technique, it has pre-
viously been estimated that complete fusion cross
sections derived from angular-correlation data actu-
ally correspond to that part of the cross section in-
volving greater than 95 percent linear-momentum
transfer.>® Consequently, ocr values determined
with this technique must be considered upper limits.
By performing an event-by-event analysis of the
fragment kinetic energies obtained in angular corre-
lation measurements, it is possible to estimate the
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FIG. 3. In-plane angular correlation probabilities for
the ®Ne+*>%U system at 12.6, 10.4, and 8.75 MeV/u.
Data at 12.6 and 8.75 MeV/u are for 2*°U target; data
at 10.4 MeV/u are for 238U target. Data are from Refs.
3 and 4. Arrows indicate expected centroid for com-
plete linear momentum transfer and symmetric mass
division.

fragment mass ratio and reduce the uncertainty in
momentum transfer from the 5 percent level to
2—3 percent.”> However, inherent difficulties in
these measurements—such as finite detector and
target geometry, beam spot size and axial stability,
and detector energy and position resolution—
prohibit greater accuracy at the present time.

Two systematic features of the angular correla-
tion data in Figs. 2 and 3 stand out. The first of
these is the growth of the low-momentum-transfer
component with increasing bombarding energy.
These events are assumed to be associated with pe-
ripheral collisions and we define this component of
the cross section as op. In order to evaluate the im-
portance of the peripheral component relative to the
total reaction cross section op/0og, complete angu-
lar correlation data including all out-of-plane events
are required. The in-plane data of Figs. 2 and 3
emphasize the probability of events in the reaction
plane. However, complete angular correlations as a
function of both 0 and ¢ demonstrate a large non-
planar contribution to peripheral events due to par-
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FIG. 4. Probability contours of in-plane angle 6
versis out-of-plane angle ¢ for (a) 166-MeV %0+ 2%U

and (b) 175-Mev ®Ne+2*°U. Data are relative values
and are taken from Refs. 3 and 8.

tial momentum-transfer processes. This is illustrat-
ed for the 166-MeV '%0 +2*U and 175-MeV
Ne+2%U systems in Fig. 4. Complete angular
correlations in both 6 and ¢ dimensions have been
measured for only a few systems; in addition to the
above cases these include '2C+2®U and
ONe + U at 104 MeV/u, ®Ne +*°U at 12.6
MeV/u, and “He + 23U at all energies listed in
Table 1. These data indicate that for the full-
momentum transfer peak the out-of-plane correla-
tion width is approximately equal to the in-plane
width; for peripheral events one observes an increas-
ing width that is approximately related to the
momentum of the incident projectile. Based on the
systematic behavior of these reactions for which
complete measurements have been performed, the
in-plane data for other systems have been corrected
to account for the unmeasured out-of-plane fraction
of the reaction cross section. These corrections are
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believed to be accurate to less than +0.08 for the
ratio op/oR.

The low momentum-transfer component of the
reaction cross section can best be described in terms
of peripheral reactions involving a significant
target-projectile interaction during the collision
stage in which only a part of the projectile is ab-
sorbed. Figure 5 shows angular correlation data for
the 315-MeV !0 + 238U system in which projectile-
like and lighter fragments have been observed in
coincidence with correlated fission fragments.
These data show that Be-O fragments are strongly
associated with the peripheral portion of the reac-
tion cross section, presumably associated with nu-
cleon transfer, projectile breakup, and damped reac-
tion mechanisms. Further, it is noted that the mass
of the projectile residue appears to decrease as the
linear momentum transfer increases. This suggests
that at least a fraction of the missing projectile
mass has been transferred to the target nucleus. In
contrast, the proton- and alpha-particle-gated corre-
lations appear to consist of two components: one
related to peripheral processes associated with
breakup of excited projectilelike fragments, and the
other correlated with the large momentum-transfer
component. This latter point will be discussed
below.

A second systematic feature of the data in Figs. 2
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FIG. 5. Angular correlation functions for reactions

associated with a third fragment. The inclusive curve

includes all events. Lower curves are for protons, alpha

particles, Be, C, and O ions in coincidence with fission
fragments, as labeled.

and 3 is the energy dependence of the deviation be-
tween the calculated centroid for complete momen-
tum transfer and the experimental centroid for this
component of the distribution. This deviation,
AO,p°, increases as a function of projectile
energy/nucleon and is tabulated in Table II for
several systems. It is emphasied that the quoted
values of Af,p° are lower limits due to the omission
of the mass/energy asymmetry factor in the calcu-
lated value of 6,5°. Also given in Table II are
values of the percentage linear-momentum transfer,
%P, defined in terms of the ratio of the observed
linear-momentum transfer to the beam momentum,
%P = 100pcx,/P1 - The results below 10
MeV/nucleon based on this centroid analysis are
consistent with complete momentum transfer
within the previously mentioned accuracy of the
technique, which would not be sensitive to massive
transfer or prompt nucleon emission processes at
the <10 percent level. For projectile energies above
10 MeV/nucleon it is apparent that on the average,
complete momentum transfer becomes increasingly
less probable. In addition, as the beam
energy/nucleon increases, the fraction of linear
momentum transfer decreases systematically. This
“missing momentum” has been shown’ to be car-
ried off by promptly-emitted light ions, as illustrat-
ed by the proton and alpha-particle yields associated
with the high momentum-transfer peak in Fig. 5.

From these results it is clear that above 10
MeV/nucleon, and perhaps even lower as argued in
Ref. 15, the experimental definition of the complete
fusion mechanism is complicated by these large, but
incomplete, linear momentum transfer processes.
For this reason we propose the term fusionlike col-
lisions for discussing these large momentum
transfer events. This terminology is intended to im-
ply capture of a large fraction of the projectile by
the target and that these events are produced in low
impact-parameter collisions. This definition is in-
tended to be self-consistent with the term central
collisions in relativistic heavy-ion collisions, which
presumably represent a similar range of impact
parameters but lead to more complex final states
such as fragmentation. If the fusionlike component
is described by a Gaussian, one finds experimentally
that these collisions correspond to momentum
transfers greater than about p,,/p; >0.5 and the
peripheral collisions to lower values. The data of
Fig. 5 demonstrate this approximate separation of
mechanisms.

Until very recently the only complex projectiles
available for studies of this type at higher energies
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have been alpha particles. In Tables I and II and
Fig. 6, the angular correlation data for the
‘He + 38U system between 104 and 35.0
MeV/nucleon are presented. These show essentially
the same features as with the heavier 'C-*Ne-
induced reactions; i.e., a growth in the fraction of
peripheral events and an increasing deviation be-
tween calculated and experimental 8 ,5° values with
increasing “He energy. Unlike the heavier-ion data,
the separation between fusionlike and peripheral
components is not well-defined due to the relatively
low alpha-particle momenta involved. However,
the results imply that there is a broad continuum of
linear momentum transfers ranging from complete
absorption of the alpha particle to inelastic scatter-
ing to low-lying states of excitation.>® This inter-
pretation has been confirmed by studies of light-ion
singles spectra'® which reflect those continuum
features, and more recently by fission-fission-light-
jon coincidence studies!® which clearly demonstrate
the absorptive-breakup mechanism in which a pro-
ton, deuteron, or triton is captured and the remain-
ing projectile fragment is emitted with a distribu-
tion of energies centered around the beam E/A.
Evidence is also present in these data!® for prompt
proton emission associated with central collisions,
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as is observed for the 19.7-MeV/nucleon °0 + 238U
system.” If one takes the percentage of complete-
linear momentum transfer %P from Table II as a
gauge of these prompt light-ion-emission processes,
it is found that their probability scales approximate-
ly with the velocity (V'E /A ) of the incident projec-
tile. This behavior is shown in Fig. 7, which sug-
gests that the threshold for such processes occurs
somewhere between 8 and 10 MeV/nucleon.

The distribution of strength of fusionlike and
peripheral collisions relative to the reaction cross
section is summarized in Table I for the data
analyzed here. Values for central collision probabil-
ities o were derived by performing a Gaussian fit
to the corresponding peak in the angular correlation
function. The remaining events were assigned to
the probability for peripheral collisions op. Ap-
propriate corrections were made for cases where
out-of-plane data did not exist, as discussed above.
Values for oy were taken from Refs. 2—7, 20, and
21. It is observed that the ratio oz/og can be
correlated with an effective beam momentum corre-
sponding to an energy E in excess of the Coulomb
barrier V, pff=v2M(E — V). This dependence is
shown in Fig. 8(b). Extrapolation of the results for
or/og in Table I leads to the conclusion that the
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fusionlike component of the cross section for 2°Ne
and 'O ions should become negligible in the region
of 50—70 MeV/u, respectively. For “He ions this
cutoff is predicted to occur at energies in excess of
100 MeV /u.

Consistent with the systematics of Fig. 8(b), re-
cent results for 70- and 250-MeV/u “He ions from
Saturne'® and 56- and 86-MeV/u ’C ions from
CERN (Ref. 11) show little evidence for a signifi-
cant complete momentum transfer component at
these higher energies. The implication of these re-
sults is that somewhere in the region of 50—70
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FIG. 8. (a) Plot of the ratio or/og as a function of

projectile momentum in excess of the Coulomb barrier

P and (b) plot of the ratio ocr/ox as a function of p§t.

MeV /nucleon, the fusionlike component of the re-
action cross section no longer can be described in
terms of a coherent projectile-target interaction, at
least for '>C-to-**Ne ions. This behavior, coupled
with the observation of prompt light-ion emission
for 20 MeV/u '%0 ions’ and 40 MeV/u “He ions,"
suggests that nucleon-nucleon collisions begin to
dominate nucleus-nucleus collisions in this energy
range at the expense of coherent mean-field process-
es. The mass dependence of these simple extrapola-
tions implies that for heavier ions, mean-field
behavior may disappear at even lower energies.

Although the experimental definition of complete
fusion is ambiguous above 10 MeV /v, it is still pos-
sible to extract upper limits for the complete fusion
cross section ocp for data in this energy range.
Values of ocf for heavy-ion-induced reactions have
been derived from these data under the following
assumptions: (1) the centroid of the CF angular
correlation is given by the calculated 6,3° and (2)
the widths of the CF correlation functions increase
systematically beyond the low-energy values as
predicted by neutron evaportation calculations of
the angular dispersion. For the alpha-particle data
assumption (2) has been replaced by measurement
of the width for “He + 2°°Bi fission, which is at-
tributed primarily to fission following complete
fusion.® It is estimated that inclusion of the mass
asymmetry factor in the calculation of 6,5° would
lower the values for ocg/og by ~0.05—0.10.

Values for ocp/og are also listed in Table I and
plotted in Fig. 8(a). These are found to decrease
even more strongly with bombarding energy than
for op/og. Unlike the ratio op/og, for which all
the data for “He-to->’Ne projectiles depend sys-
tematically on pfff, it is not possible to find such a
simple parametrization for complete fusion that
will account for both the “He and '2C-to-2’Ne data.
This behavior can most likely be explained as being
due to different limitations on the fusion cross sec-
tion in these two cases, “He-induced reactions being
limited by the onset of nucleon-nucleon processes,
and the heavy-ion-induced reactions being limited
by angular momentum effects.

In addition to the implied disappearance of com-
plete fusion at relatively low energies, these results
can be used to examine the dependence of the criti-
cal angular momentum for complete fusion /¢ as a
function of bombarding energy. A previous
analysis of the *Ne + 23U system suggested that
the extracted /cr values might violate the rotating
liquid drop limit,?? Iz;p. However, with the more
complete analysis performed here, which accounts
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for large but incomplete momentum transfer, it is
found that the differences between the experimental
upper limit for /g and the calculated value of Ix; p
are much smaller. These differences can be reduced
even further by the use of more realistic 8,5° values
in the derivation of ocp/0f. In addition, the possi-
bility of fission from nonequilibrated systems with
shapes outside the fission saddle shape may also ex-
plain some of this deviation.?

III. DISCUSSION

The primary objectives of this analysis have been
(1) to summarize the systematic features that
characterize nucleus-nucleus reaction cross sections
for the experimentally-known region extending well
above the interaction barrrier and (2) to project
these results to energies up to 100-MeV/nucleon
range where new accelerator technology will soon
make extensive experimental studies possible.

From the results it is apparent that for '2C-to-
20Ne ions at energies of 20 MeV/u and below, the
reaction cross section in nucleus-nucleus collisions
separates into two distinct components: fusionlike
collisions involving complete (or nearly so) linear
momentum transfer and peripheral collisions asso-
ciated with relatively small amounts of linear
momentum transfer. The separation between these
components occurs at a momentum transfer corre-
sponding to about 50 percent of the beam momen-
tum. Below 10 MeV/nucleon the high linear-
momentum-transfer component in these distribu-
tions is approximately consistent with a complete
fusion mechanism (or full momentum transfer)
within the accuracy of the analysis. For higher en-
ergies the central-collision peak exhibits a clear
trend toward large but incomplete momentum
transfer processes. At the highest energies studied
here the average central collision momentum
transfer is about 85—90 percent of the beam
momentum. Since these events are not clearly dis-
tinguishable from those involving full momentum
transfer, the experimental definition of complete
fusion becomes complicated above 10 MeV/u and
one must rely on exclusive measurements or model-
dependent assumptions to extract complete fusion
probabilities from the data.

The missing momentum in the fusionlike com-
ponent of angular correlations above 10 MeV/
nucleon appears to be associated with prompt
light-ion emission in the early stages of the target-
projectile interaction, as discussed in Ref. 9. Thus,
we interpret this feature of the data to be evidence

for the increasing importance of nucleon-nucleon
interactions in the entrance channel at the expense
of mean-field effects. Consistent with this assump-
tion, we have calculated the linear-momentum-
transfer distribution for the 28U + *He system at
140 MeV using a cascade-evaporation code.?* This
comparison, shown in Fig. 9, yields a reasonable
agreement between theory and experiment. Based
on these observations, it is suggested that the
mean-field theories generally used for understand-
ing nucleus-nucleus collisions below 10 MeV/
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nucleon must be modified to include the nucleon-
nucleon aspects of the collision at higher energies.
This conclusion coincides with the results of DeV-
ries et al., based upon analyses of reaction cross sec-
tion data.?

Over the energy range studied here it is found
that the fusionlike collision cross section remains
approximately constant, complete fusion decreases,
and peripheral collision probabilities increase as a
function of increasing bombarding energy. Similar
trends are observed as a function of increasing pro-
jectile mass. The implication of these trends is that
for light heavy ions, collisions involving large linear
momentum transfers should represent a negligible
fraction of the reaction cross section by the time en-
ergies of 50—70 MeV/nucleon are reached. Com-
plete fusion should disappear at even lower energies.
Extrapolating these results to heavier projectiles
suggests that limitations on the fusionlike collision
cross section due to nucleon-nucleon collision ef-
fects will also occur at energies below about 50
MeV/nucleon. However, more extensive data are
clearly required to substantiate these estimates.

In conclusion, the present analysis suggests that
for projectile energies in the 20— 100 MeV/nucleon

region one can expect a wide range of linear
momentum transfers to characterize these interac-
tions, leading to a complicated array of final states.
Both the sources of prompt light-ion emission and
the upper energy limits for well-defined fusionlike
collisions represent important problems to be exam-
ined in future studies.
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