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From coincidence measurements between projectile-like fragments or heavy residues and their as-
sociated y rays, the angular momentum transfers for a variety of incomplete fusion reactions of 180
and 310 MeV ' 0 with ' Sm have been derived. At the higher energy, the correlation between an-
gular momentum transfer and linear momentum transfer has been obtained over the entire range of
linear momentum transfer. A comparison of the data with calculations of both the sum-rule and
geometric overlap models indicates that each makes reasonable predictions of the observed trend
even though the assumptions of the models are quite different, and very different initial partial
waves are predicted to contribute to particular reaction channels. This results primarily from
prescriptions relating fractional mass transfer to fractional angular momentum transfer. The recon-
struction of the initial partial wave distributions from correlated measurements of linear momentum
and angular momentum transfers is addressed. Comparisons are also made with more recent model
calculations which focus on nucleon-nucleon scattering as the mechanism of momentum transfer.

I. INTRODUCTION

Measurements of angular momentum and linear
momentum transfer in heavy ion collisions can provide a
great deal of information on the systematic trends of reac-
tion mechanisms in the intermediate energy region. '

One real utility of such mechanism studies is that they
give one the ability to identify and study nuclei in reason-
ably well-defined conditions of excitation energy and an-
gular momentum. Correlated measurements of linear
momentum and angular momentum transfer offer the
possibility of delineating the partial wave dependence of
the dominant mechanisms. This allows one to make res-
trictive tests of various theoretical models of heavy ion
collisions and also allows a much better characterization
of the properties of the composite nuclei which are pro-
duced.

In order to explore the partial wave dependence of the
dominant mechanisms, several techniques may be utilized.
For example, the measurements of fission cross sections in
concert with momentum transfer is one method which
provides some information on the partial waves involved
in incomplete fusion. Such an approach has been fol-
lowed by Huizenga and co-workers. From an empirical
decomposition of the folding angle distribution using in-
formation obtained from the out-of-plane, evaporation-
dominated, fragment correlations, they have derived cross
sections for total momentum transfer (TMT) consistent
with a dynamic model. Assuming these cross sections to
represent only the lowest partial waves, they have further
derived some information on the range of partial waves
contributing to TMT and to incomplete fusion reactions.

Using both excitation function data and momentum
transfer measurements at energies in the 20 MeV/nucleon
range, Czavron et al. have also drawn some conclusions
regarding the range of partial waves contributing to the
dominant reactions. Again the arguments are based on
cross section measurements alone.

While these results are interesting in their implications
regarding the partial waves contributing to fusion and
various incomplete fusion processes, they rely on cross
section arguments and on the packing of cross section into
well-defined minimum 1 windows with little or no over-

lap. Certainly, some impact parameter localization for
such reactions is predicted by several models, but the ac-
tual range of impact parameters contributing to a particu-
lar reaction may be quite different from that derived from
cross section arguments alone.

Among the models which treat incomplete fusion, the
sum-rule model of Wilczynski ' has been most widely ap-
plied. Recently, Harvey and co-workers have proposed an
alternative geometric overlap model which makes some
significant contrasting predictions to those of the sum-
rule model. ' " Attempts to develop a more microscopic
overlap model, based on nucleon-nucleon interactions,
have been made by Harvey' and Cole. ' Others, such as
Udagawa and Tamura' ' and Kerman and McVoy, '

have recently treated the question of massive transfer re-
actions in less phenomenological terms, but these latter
models have not been widely applied to reactions of the
type considered in this paper.

Several y-ray multiplicity studies in the 6—10
MeV/nucleon range ' have been interpreted as being in
agreement with the Wilczynski model prediction of the
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and the 4.4 MeV gamma ray from the inelastic scattering
of He from a carbon target. We should emphasize that
the vicinity of 1 MeV is the most important energy region
in this connection, since the average energy of the gamma
rays emitted by the heavy residues in the reactions con-
sidered here is about 1 MeV. ' The overall detection effi-
ciency and the photopeak efficiency for the TEC assembly
were 83.5% and 62.7%, respectively, for 662 keV gamma
rays and 74.5% and 40.4%, respectively, for 1332 keV
gamma rays. In addition to several calibration experi-
ments in the actual geometry used, detailed simulations of
the response of the crystal assembly have also been made
in our laboratory. '

It is worth emphasizing that the TEC is segmented and
is not run as a simple sum spectrometer. During the off
line analysis, the total gamma energy in each event was
determined by summing the energy deposited in each of
the segments. The spectrum of gamma rays emitted in
coincidence with each ejectile isotope was determined for
10 MeV intervals in the ejectile energy. Using the time
spectrum for each NaI segment, corrections were made
for random coincidences. The compact geometry of the
TEC did not allow neutron-gamma discrimination by
time-of-flight methods. No special correction was made
for neutrons detected by the TEC. However, we conclude
that the contributions from neutrons to the total gamma
energy is small (less than -5%) from the very good
agreement between the angular momentum transfer de-
rived from our total gamma energy measurements and
that obtained from gamma multiplicity measurements for
the very similar system ' 0 + ' Sm at 310 MeV by
Schmitt et al. , in which corrections were made for neu-
trons (see Fig. 7 below).

B. Residue-y coincidence experiments

In this case a 250 pg/cm ' Sm self-supporting foil
was bombarded with beams of 310 MeV ' O. A micro-
channel plate (MCP) —silicon detector time-of-flight
(TOF) system with a 50 cm flight path was employed to
measure the residue velocities and energies. A gamma ray
multiplicity filter consisting of eight 7.6&&7.6 cm NaI
counters oriented 45' out of plane was used in coincidence
with the TOF arm to measure gamma ray multiplicities
of the residues. The experimental arrangement is shown
in Fig. 2.

Data were written event by event on magnetic tape for
later analysis off line with the computer code LISA.

Figure 3 represents a typical raw uncalibrated energy
versus TOF spectrum. The wide arc in the lower region
contains the residue events, and events in the top part cor-
respond to projectile-like fragments. The higher velocity
events actually come at larger times in this setup because
we chose to start the time with the silicon detector. The
flight path of 50 cm gave a most probable recoil time of
flight of about 110 ns for our system. The time resolution
in the MCP-Si system was about 700 ps; this rather poor
resolution was mainly due to the silicon detector used.

To correct for the average plasma delay associated with
low energy heavy residues in the TOF silicon detector, we
have performed a separate experiment with a microchan-

2048
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FIG. 3. Time-of-flight vs energy for products detected with
the time-of-flight arm. The curved band of products corre-
sponding to heavy residues is indicated by an arrow.

nel plate and parallel plate avalanche counter (PPAC)
TOF system where the problem of plasma delay is not
present. The to for this experiment was obtained by per-
forming the same velocity measurement with two dif-
ferent lengths of the TOF arm. The measurement was
checked by performing a timing calibration using fission
fragments and alpha particles from a Cf source. We
have found that the recoil residue TOF spectra from the
MCP-PPAC and MCP-Si experiments overlapped each
other essentially completely by a shift of 1.5—2.0 ns along
the time axis, indicating a constant plasma delay correc-
tion with little dependence on the mass and energy of the
heavy residue. This correction is indeed small compared
to the most probable recoil TOF of 110 ns. The measured
recoil velocities were also corrected for the energy loss in
the target assuming average values for the mass and atom-
ic number of the recoils estimated from statistical model
calculations of the deexcitation of the primary products.
This correction amounted to less than 2%.

An accurate determination of the masses of the recoils
was not attempted in this experiment in view of the diffi-
culty of measuring the low kinetic energies of the recoils.

The total efficiency of the multiplicity filter was about
10%. Full details about the setup and the analysis of
multiplicity data are given in Ref. 21. A correction was
made for the contribution to the gamma multiplicity from
the detection of neutrons. This correction was given by
n Q„IQ&, where n is the average neutron multiplicity (es-
timated from the excitation energy of the emitting system)
and 0„/O, z the average efficiency ratio for neutrons and
gamma rays, for which a value of 0.1 was used. We did
not make any corrections for the gamma ray angular dis-
tributions as the alignment in the various incomplete
fusion reactions leading to the residues is, in general, un-
known. The corrections are, however, expected to be
small.

III. EXPERIMENTAL RESULTS

A. Ejectile (E~ ) measurements

Energy spectra for various isotopes observed at 12 are
shown in Figs. 4 and 5. It is seen that at this forward an-
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trend in Fig. 6 is that of increasing (Ez ) with increasing
energy loss. Similar upper limits for the gamma ray ener-
gies are reached at both projectile energies.

The y-ray energy spectra from the total energy crystal
indicated generally small to negligible contributions that
could be identified as arising from deexcitation of
projectile-like fragments. This is consistent with the
small number of bound excited levels in many of the pro-
jectile fragments and also the experimental observation of
Morissey et al. in the system ' N + Ag at 35
MeV/nucleon that the fractions of the Li and Be frag-
ments in bound excited states were small. In view of this,
we have taken the observed average y-ray energy as

representative of the deexcitation of the target-like frag-
ment. From these average y-ray energies, values were
then derived for the average angular momentum transfer
as a function of observed ejectile energy.

For this transformation from average total gamma en-
ergies to angular momenta, we used the systematics of the
average multiplicities and the average energies of gamma
rays from fusion reactions. Details of this method are
given in Ref. 18. Although the utility of y rays to probe
the angular momenta of the residues may diminish at
higher energies, the reactions studied here are primarily
incomplete fusion reactions leading to excitation energies
and angular momenta in the ranges for which the sys-
tematics have been established.

The values of the angular momentum transfer deter-
mined in this manner are displayed in Fig. 7 for isotopes
with Z &2. We estimate the overall uncertainty in these
angular momentum values to be about 15%. In Fig. 7 we
also show the results for several ejectiles in the very simi-
lar system 310 MeV ' 0+ ' Sm obtained by Schmitt
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FIG. 6. Average total gamma-ray energy as a function of
fragment energy for projectile-like fragments observed at
O~,b

——12 . The averages were determined for 10 MeV increments
in the laboratory fragment energy. Solid circles, 180 MeV; open
circles, 310 MeV.

FIG. 7. Average total angular momentum as a function of
fragment energy for projectile-like fragments observed at
I9I,b

——12. Solid circles, 180 MeV; open circles, 310 MeV; open
triangles, results from Ref. 20.
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et al. using gamma multiplicity measurements. Their
multiplicity data correspond to ejectile energy bins of 5
MeV/nucleon width. As already mentioned above, these
multiplicity measurements were corrected for neutrons.
The agreement between the results of Schmitt et al. and
our results for ' 0+ ' Sm is very good, in general. This
lends support to the use of the total gamma energy as an
index of angular momentum transfer. In a separate mea-
surement using the TEC, we found that the average angu-
lar momentum associated with a-particle emission at both
bombarding energies was 21k at the peak of the alpha
spectrum. This measurement was done in exactly the
same manner as discussed above, except that a three-
element telescope consisting of a gas ionization AE
counter, a 1 mm silicon detector, and a 5 mm NaI back-
detector was used, enabling us to obtain more complete
energy spectra than with the silicon detector telescopes.

The transferred angular momenta in Fig. 7 are seen to
increase with decreasing ejectile mass, as would be expect-
ed, in general, for increasing mass transfer to the target.
For individual ejectiles the transferred angular momen-
tum is seen to increase and then apparently to saturate,
with decreasing ejectile energy.

In Fig. 8 we show l-transfer distributions obtained in

the TEC experiments for several exit channels at both 180
and 310 MeV for events leading to ejectile emission at
O~,b ——12 . The curves drawn in these figures represent the
smooth trends shown by the number of ejectile-Ez coin-
cidences for each 10 MeV bin in ejectile energy when plot-
ted against the average I transfer for that bin. Isotopes of
the lightest Z's, for which the measured energy spectra
did not cover a wide enough energy range, are not
represented in the figures.

25—

l
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eiab=I~

B. Residue (M„) measurements

Figure 9 shows both the residue velocity distribution
and (M„) as a function of velocity for the reactions of
310 MeV ' 0 with ' Sm. The asymmetric tail at lower
residue velocities represents the incomplete fusion reac-
tions. Even the most probable momentum transfer, prob-
ably resulting from central collisions, is significantly less
than full momentum transfer, as is noted by comparison
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FIG-. 9. Residue velocity distributions and average multiplici-
ties for the reactions of 310 MeV ' O with ' Sm. At the bottom
of the figure is the experimentally determined residue velocity
distribution at O~,b

——12' (solid circles). The histogram represents
statistical model calculations of the residue distribution corre-
sponding to complete fusion. The arrow indicates the velocity
corresponding to total momentum transfer. At the top of the
figure average gamma-ray multiplicities for selected residue ve-
locities are presented.
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with the results of a calculation assuming total momen-
tum transfer and statistical decay of the composite sys-
tem. This calculation, for residues observed at 12, was
performed using the code LILITH (Ref. 23) and is present-
ed in Fig. 9. The calculation has been arbitrarily normal-
ized to the experimental data and provides an indication
of both the possible fraction of complete fusion and the
broadening of the primary momentum distribution which
results from evaporative deexcitation. The variation of
the gamma multiplicity with momentum transfer implied
by Fig. 9 is somewhat flatter than expected from results
such as those of Wilczynski et al. for the system
' N+ ' Tb at 140 MeV. Part of the reason for this flat-
ness is the evaporative broadening of the velocity distribu-
tion which causes higher LMT (and angular momentum
transfer) events to be assigned to lower apparent LMT
(linear momentum transfer). Such a smearing of different
incomplete fusion processes does not occur in the method
of Ref. 9, where discrete gamma rays of the residues were
used for defining the reaction channels.

in the sum-rule model.
More recently, Harvey' has proposed a microscopic

model of incomplete fusion based on nucleon-nucleon col-
lisions. In this model nucleons are removed from the pro-
jectile through nucleon-nucleon scattering. The effective
cross sections for such scattering and the diffusivities of
the nucleon distributions are important parameters in this
calculation. A Monte Carlo approach is employed to
determine the mass removed from the target. In an ap-
proach also based on nucleon-nucleon scattering, Cole'
has derived analytical formulas for the fragment yields,
energy spectra, and angular distributions in incomplete
fusion. Both authors have used these nucleon-nucleon
scattering models to address the question of angular
momentum transfer. ' '

Figure 10(b) shows the most probable initial 1 values for
various ejectiles predicted by Harvey's microscopic model
with a nucleon mean free path of 13 fm. These calcula-
tions predict l values similar to those of the geometric
overlap model. The most probable initial / values given
by the model of Cole, also shown in Fig. 10(b), are found

IV. MODEL COMPARISONS

The Wilczynski sum-rule model ' attributes incomplete
fusion reactions to "hard grazing" collisions in which
transfer of mass can occur only if the angular momentum
of relative motion of the captured fragment with respect
to the absorbing nucleus is smaller than the critical angu-
lar momentum of that fragment. It is assumed that the
target-projectile system reaches quasiequilibrium and that
the relative probabilities of different mass transfers al-
lowed by the angular momentum criterion are governed
by phase-space considerations. The captured fragment
carries with it a fraction of the total angular momentum
equal to its fraction of the projectile mass. The critical
angular momenta calculated correspond roughly to the
condition of vanishing pockets in the nuclear+ Coulomb
+ centrifugal potential. In this model there is no fric-

tional force which would allow higher partial waves to be
damped and contribute to complete fusion.

In Fig. 10(a) are shown some representative 1-wave dis-
tributions calculated for several primary ejectile channels
by the Wilczynski model. The parameters employed are
the same as those of Ref. 9.

The model of Harvey and co-workers' "is a geometric
overlap model in which the portion of the projectile nu-
cleus which is captured is taken to be the spherical cap
sheared from the projectile by the target as it follows its
interaction trajectory. This captured mass is assumed to
carry a fraction of the angular momentum, which is de-
fined by the relative angular momentum of the center of
mass of the spherical cap. Thus the fraction of the orbital
angular momentum which is captured is less than the
mass ratio and varies with the relative magnitude of r„
the effective radius for transfer, and r, the effective ra-
dius for the uncaptured primary ejectile.

Figure 10(b) depicts representative I-wave distributions,
calculated using the overlap model as described in Ref. 11,
for the same ejectiles as in Fig. 10(a). One immediately
notes that, in general, the partial waves predicted to lead
to a particular ejectile are much larger in this model than
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FIG. 10. (a) Wilczynski sum-rule predictions of the initial
partial wave distributions leading to selected reaction channels.
(b) Harvey-Homeyer geometric overlap model predictions of the
initial partial wave distributions leading to selected reaction
channels. The downward pointing arrows along the bottom X
axis represent the most probable initial l values predicted by
Harvey's microscopic model with a nuclear mean free path of 13
fm and those along the top X axis the most probable I values
predicted by Cole's model. These arrows correspond, from left
to right, to the ejectiles He, ' C, and ' N, respectively.
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to be generally lower than those predicted by Harvey.
One representation of the results of the (Ez ) measure-

ments may be presented as derived angular momentum as
a function of ejectile mass. This is done in Figs. 11 and
12 for the two bombarding energies. The data correspond
to the average angular momentum transfer associated
with the most probable ejectile energy. The data are
represented as solid circles. For comparison we present
the predictions of the Wilczynski sum-rule model and the
Harvey-Murphy' overlap model. It will be noted that
these models lead to similar predictions of angular
momentum transfer even though the initial partial waves
involved are quite different. (It is worth pointing out that
the overlap model given in Refs. 10 and 11 differ by about
20 Jo in the initial I values leading to the same ejectiles
due to the differences in the evaluation of the Coulomb
potential, although the distance at which the transfer
takes place is calculated to be the same in both versions.
Reference 10 addresses the question of angular momen-
tum transfer explicitly, while Ref. 11 deals mainly with
ejectile cross sections. ) It will be noted further that the
disagreement between the model predictions and experi-
mental results, as presented, is significantly greater at 20
MeV/nucleon. This is not surprising since many previous
experiments have established the importance of fast parti-
cle emission in collisions induced by 20 MeV/nucleon
heavy on projectiles. These particles may originate
either from the breakup of primary ejectiles or in pree-
quilibrium emission from the composite system. The ex-
istence of significant probabilities for the first process,

ejectile breakup, complicates the interpretation of incom-
plete momentum transfer experiments in which the ejec-
tiles are studied since they are often not the primary ejec-
tiles but rather residues resulting from the breakup.

The importance of such processes in the reactions of
310 MeV ' 0 with U has been clearly demonstrated by
Back et al. in coincidence experiments in which the
momentum transfer in incomplete fusion reactions was
determined from measurement of folding angles of fission
fragments observed in coincidence with the projectile-like
fragments.

Written in terms of P;, the original projectile momen-
tum, P3, the component of the observed ejectile momen-
tum parallel to the beam axis and P, , the parallel momen-
tum component of the heavy partner as determined from
the folding angle measurements, it is possible to express
the average fractional momentum transfer as

( pll ) 2 (pill )=0.03+—1— (I)
P; 3 P;

In the following analysis of the ejectile data for the re-
actions of 310 MeV ' 0 with ' Sm, we have assumed that
the fractional momentum transfer follows exactly the
same relationship as that observed by Back et al. for 310
MeV ' 0+ U. The similarity of fragment energy spec-
tra and relative isotopic yields for ' 0 induced reactions
on different targets in this mass range supports this ap-
proximation.

It has already been noted that the energy spectra in
Figs. 3 and 4 exhibit peaks. In order to explore the depen-
dence of the average angular momentum transfer on
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FIG. 11. Average transferred angular mornenturn as a func-
tion of the mass of the observed ejectile for the reactions of 180
MeV ' 0 with "Sm. The experimental results are represented
by solid squares. Predictions of the sum-rule and geometric
overlap models assuming the observation of primary ejectiles are
also presented.

FIG. 12. Average transferred angular momentum as a func-
tion of the mass of the observed ejectile for the reactions of 310
MeV ' 0 with ' Sm. The experimental results are represented
by solid squares. Predictions of the sum-rule and geometric
overlap models assuming the observation of primary ejectiles are
also presented.
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linear momentum transfer, we focus on the measurements
of (E~ ) obtained in coincidence with the ejectiles of most
probable energy, taking them to be characteristic of the
reaction. We then determine the actual fractional
momentum transfer associated with observed ejectiles of
the most probable energy by using Eq. (1). Thus we
correct for the missing momentum.

The resulting correlation between the average angular
momentum transfer and the average fractional linear
momentum transfer, derived in the manner described, is
plotted in Fig. 13. Solid circles are used to represent these
results.

As we have seen, an alternative for correlating linear
momentum and angular momentum transfer is by obser-
vation of the heavy residue velocities in coincidence with
the y-ray multiplicities. The solid squares in Fig. 13
represent the results of our residue-(M~ ) measurements
for this system. In this case we have derived the fraction-
al momentum from the residue velocity using the relation-
ship

VgP=
Vp —Vg

(2)

where 3, and Az are the target and projectile masses, Vz
and V~ are the residue and projectile velocities, and P is
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FIG. 13. Average transferred angular momentum as a func-
tion of fractional linear momentum transfer for the reactions of
310 MeV ' 0 with "Sm. The results have been corrected for
missing momentum —see text. Theoretical predictions of several
models are also presented. Curves: A, Wilczynski sum-rule
mode', B, Harvey-Murphy overlap mode; C, Harvey's nucleon-
nucleon collision model with a nuclear mean free path of 13 fm;
and D, Cole's nucleon-nucleon collision model.

the fractional momentum transfer. This formula assumes
that the missing mass is ejected straight forward with the
beam velocity.

While the asymmetry of the residue velocity distribu-
tion clearly indicates a range of momentum transfers, the
fluctuations resulting from particle evaporation broaden
the primary distribution significantly. As a result, the ac-
tual range of momentum transfers represented by the data
may be somewhat narrower. Note also that the two ex-
perimental methods complement each other very well.
For the lowest momentum transfers the experimental dif-
ficulties of detecting the corresponding heavier residues
favor the ejectile observation. In contrast, for the highest
momentum transfers the ejectile method is less useful
since the small primary ejectiles may be difficult to dis-
cern from sequential breakup products of larger ones.

For comparison with the data, Fig. 13 contains the re-
sults of several different model calculations. The sum-
rule and geometric overlap model predictions presented in
Fig. 12 appear once again in this figure recast in terms of
momentum transfer. As observed previously, they lead to
similar predictions even though the initial partial waves
involved are very different. This is a direct consequence
of the different assumptions regarding the fraction of an-

gular momentum carried by the captured particles. The
derivation of the initial partial waves from the data will

depend very sensitively on these assumptions. Results of
the microscopic model calculations of the angular
momentum transfer as a function of linear momentum
transfer for our system by Harvey and Cole' are also
presented in Fig. 13.

Within the framework of the microscopic model of
Harvey, the calculation shown in Fig. 13 corresponds to a
choice of a mean free path (mfp) for nucleons in the nu-
cleus of 13 fm. In the Monte Carlo calculations of frag-
ment cross sections in Ref. 12, a nucleon mfp of S fm was
assumed. However, the cross sections for projectile-like
fragments are quite insensitive to the value of the mfp and
do not preclude values substantially different from 5 fm.
Figure 14 shows that the calculated I-transfer at large
momentum transfer are quite sensitive to ihe assumed nu-
cleon mfp. Best agreement with the present results is ob-
tained with a mfp of about 13 fm. The calculated values
of the complete fusion cross section are also sensitive to
the mfp. The choice of 13 fm predicts about 600 mb for
complete and near-complete fusion which is in reasonable
agreement with the systematics. A value of 6.5 fm gives a
calculated cross section that is about twice as large. It
should also be pointed out that a nucleon mfp of 13 fm in
the nuclear interior is consistent with the systematics of
the volume part of the imaginary optical potential, and
with a recent calculation by Blin et al. '

The Monte Carlo calculation with a mfp of 13 fm re-
flects the relatively constant experimental values of the
average I transfer at high momentum transfer. As we
have already indicated, the broadening of the primary
residue velocity distribution by evaporation may lead to
ascribing the observed y multiplicities corresponding to
central collisions with the same linear momentum
transfer, to a range of momentum transfers. This could
create an artificial flattening of the curve of (I, ) versus
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Here, p, and p, are the reduced mass corresponding to
the transferred mass m, and ejectile mass m„respective-
ly, r, and r, are their relative distances from the center of
the target, and v„~ is the relative velocity at contact.

Assuming the vectors to be collinear, we may write

la

Ol

P. 40
C)
Ol
(0

li =lr+pevrelre ~
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The same formula is presented by Bantel. Since we
deal with the correlation between linear momentum
transfer and angular momentum transfer, we note here
that if it is assumed that mass transfer and linear momen-
tum transfer are directly correlated, we may write

me P; —P,

0
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where P; is the initial projectile momentum and P, is the
transferred linear momentum. Then,

FIG. 14. Same experimental results as in Fig. 13. The curves
show predictions of Harvey's microscopic model with different
values of the nucleon mean free path. Curves 3—D correspond
to mean free path values of 6.5, 8, 13, and 14 fm, respectively.

fractional momentum transfer at high momentum
transfers. It should also be noted that the region just
below total momentum transfer may also have significant
contributions from processes such as PEP (Ref. 32) and
inertial emission (Ref. 33) which are expected to involve
initial l-wave distributions extending considerably below
the critical angular momentum for fusion. The fractional
momentum processes of the "massive transfer" type
described by the models discussed so far involve angular
momenta above the fusion limit. In addition, the onset of
fission deexcitation of the nuclei having the largest angu-
lar momenta, )6&6, may act to restrict the population of
composite nuclei leading to heavy residues. Neither the
sum-rule model nor the geometric overlap model predicts
a large population of such fissioning nuclei in incomplete
fusion reactions.

Finally, as an alternative way of viewing the data of
Fig. 13, we note that if the actual relationship between the
fractional mass transfer and fractional angular rnomen-
turn transfer were understood, the data could be recast in
terms of the initial partial waves or impact parameter
contributing to particular mass or momentum transfers.

It is useful in this context to derive a simple approxi-
mation to the geometry of the transfer reaction. We may
write, assuming spinless particles,

(3)

where

Equation (9) provides a simple first order approach to
deriving the initial partial wave from the observed angular
momentum transfer. Using the geometric overlap model,
one can estimate that r, /r, is about 1.4 for a wide range
of mass transfers in the reactions of ' 0 with ' Sm, while
if r, /r, is set equal to 1, the assumption of the sum-rule
model is reproduced.

It would be possible then, using such simple assump-
tions, to derive from the data of Fig. 13 a first order
reconstruction of the average initial partial wave associat-
ed with each fractional momentum transfer. From these
data alone, however, it does not appear possible, a priori,
to distinguish between the two different prescriptions for
this reconstruction. Nevertheless, if we consider that
models of the overlap type may be more appropriate in
the intermediate energy region, as discussed below, then
the approximate reconstruction from the data given above
would imply initial partial waves some 20%%uo lower in
magnitude than those calculated by the Monte Carlo
nucleon-nucleon collision model of Harvey or by the over-
lap version of Ref. 11 [see Fig. 10(b)]. The detailed Monte
Carlo calculations starting from the higher partial waves
and using a mfp of 13 fm, however, do lead to l-transfer
predictions in reasonable agreement with experiment, as
shown in Fig. 13.

V. SUMMARY AND CONCLUSION

Using two different experimental techniques, we have
established a correlation between linear momentum
transfer and angular momentum transfer in the reactions
of ' 0 with ' Sm. The results have been compared with
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several models which predict the fractional transfers of
these two quantities to result from incomplete fusion reac-
tions. Models ascribing these reactions to very different
initial partial waves predict rather similar values for the
transferred angular momentum, reflecting primarily the
very different assumptions regarding the correlation be-
tween the fractional mass transfer and fractional angular
momentum transfer. At intermediate energies, where the
reactions take place on a timescale comparable to the
transit times of nucleons in a nucleus, the association of
the transferred nucleons with the contact region between
the two interacting nuclei appears quite reasonable. One
would expect then that the fractional angular momentum
transfer is less than the fractional mass transfer since the
escaping cluster has an effectively higher interaction ra-
dius than the captured mass. Given these considerations
and the success of the geometric overlap model in explain-
ing isotope yields and excitation functions for primary

ejectiles in a similar system, models of the overlap type
may be most appropriate in this energy range. This does
not rule out the possibility that intrinsic properties of a
cluster might also come into play. However, if the cap-
tured mass is viewed as behaving substantially as indivi-
dual nucleons in the spirit of the models of Refs. 12 and
13, the application of such mean field limits would not
appear appropriate.
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