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Angular correlations of fragments both in and out of the reaction plane from 292-MeV ¹

induced fission of ' Ho, "'Ta, ' Au, Bi, and U have been measured. The correlated data have
been evaluated in terms of a full linear momentum transfer component and less than full linear
momentum components. The method of evaluation has also been applied to other available data for
' 0- and Ne-induced reactions. The maximum angular momentum lFLMT associated with full
linear momentum transfer for the systems analyzed agrees with the predictions of a classical dynam-
ical model based on the proximity nuclear potential and one-body nuclear friction. Because of pro-
jectile breakup, the angular momentum distribution in the composite nucleus is markedly distorted
from the (2l+ 1) distribution expected for full linear momentum transfer.

I. INTRODUCTION

The measurement of the fraction of the projectile
momentum transferred to the composite system in a
heavy ion fusionlike reaction can be made by observation
of gamma-ray emission from reaction residues, ' mea-
surement of the resultant evaporation residue recoil veloci

ty, ' or by measurement of the correlation angle be-
tween fission fragments, " in the cases where fission
fragments are produced in the exit channel. This paper
reports on fission fragment correlation angle measure-
ments made on the products of Ne-induced fission of

Ho, ' 'Ta, ' Au, Bi, and U at a projectile bom-
barding energy of 292 MeV. The principal aim of the
present work is to determine the cross section of events as-
sociated with complete linear momentum transfer which
is assumed to be the fusion cross section. A preliminary
report describing the data-analysis procedure has been
published previously.

II. EXPERIMENTAL PROCEDURE

A 292-MeV beam of Ne from the VICKSI accelerator
at the Hahn-Meitner-Institut was used to bombard self-
supporting targets of Ho with a thickness of 423
pg/cm, ' 'Ta at 727 pg/cm, ' Au at 400 pg/cm, and

Bi at 400 pg/cm . In addition, two 500 pg/cm U
targets were used, one with a 25 pg/cm carbon foil back-
ing and the other with a 33 pg/cm carbon foil backing.
Kinematic coincidences between fission fragments were
detected by an ion chamber with position sensitivity in the
reaction plane, and a two-dimensional position sensitive
avalanche counter which measured both the in-plane and
out-of-plane positions of the second fragment. The angu-
lar acceptance of the ionization chamber was 16.3' in
plane and +0.95 out of plane, and the recoil detector had

an in-plane acceptance angle of 24.5' and out-of-plane ac-
ceptance of 3.77 above the reaction plane and 2.83' below
the reaction plane. The ion chamber was placed with its
center at a scattering angle of 64.75 in the reaction plane,
and the avalanche detector was placed in two positions
centered at in-plane scattering angles of —98.45' and
—72.85, in order to collect spectra at all possible correla-
tion angles. The beam position was monitored by three
solid-state detectors, two placed at +5' to the beam in the
reaction plane, and a third placed at 0' in plane and 5'
above the reaction plane. The detector position signals
were calibrated by masks and shadow bars placed on a
movable arm within the scattering chamber. Targets were
set at 45' to the beam direction, and it was determined
that the target rotation did not change the target position.
The ion chamber position wire was 802 mm from the tar-
get and the avalanche detector position wires were 607
mm from the target. Thus, the correlation angle measure-
ments were insensitive to small shifts in the beam spot. A
schematic diagram of the scattering chamber, including
the ionization counter, recoil detector, and beam monitor-
ing detectors, is shown in Fig. 1.

The total counts in the monitor detectors were used for
the normalization of the measured correlation angle spec-
tra. Dead time corrections were obtained from a pulser
signal injected into the various preamplifiers in the sys-
tem, at a rate proportional to the interaction rate. Corre-
lation angle spectra were obtained by dividing the events
in the ion chamber into bins each 1.032 wide, and adding
the scattering angles of the coincident nuclei detected by
the ion chamber and the avalanche counter. Because of a
small uncovered region in correlation angle between the
two positions of the avalanche counter, some interpolation
was necessary to complete the spectra. Correlation angle
spectra produced in this way are integrals over the whole
out-of-plane acceptance of the avalanche counter. In ad-
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FIG. 1. Schematic drawing of scattering chamber and detec-
tors.

dition, the out-of-plane distribution of the coincident frag-
ments was determined by summation of the out-of-plane
spectra over all measured in-plane correlation angles.
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FIG. 3. Same, for a ' 'Ta target.
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III. DATA, ANALYSES, AND RESULTS

The in-plane correlation angle spectra for coincident
fragments from 292-MeV Ne-induced fission of ' Ho,
' 'Ta, ' Au, Bi, and U are displayed in Figs. 2—6.
The arrows on the top of each figure correspond (from the
left) to complete, 80%, 60%, 40%, and 20% linear
momentum transfer, respectively, i.e., they signify the es-

165
H

cape of up to four alpha particles. The angular positions
of the arrows are calculated for the most probable kinetic
energy release for symmetric fission. If the mass and ki-
netic energy distributions are folded into such calcula-
tions, the positions of the arrows shift forward ' by ap-
proximately 0.5'. As can be seen from these figures, the
angular correlation plots contain events with linear
momentum transfers ranging from the initial projectile
linear momentum to a small fraction of this quantity.

The present analysis of the correlation angle spectra
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FIG. 2. In-plane correlation angle data for 292-MeV ¹

induced fission of ' Ho. The heavy line is the sum of Gaussian
fits with FTHM= 10.7' to each fusion component as shown by
the dashed lines.
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FIG. 4. Same, for a ' Au target.
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FIG. 5. Same, for a Bi target.
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FIG. 6. Same, for a U target.

makes the reasonable assumption that the measured out-
of-plane dispersion in the fission fragment correlation an-
gles is due to particle evaporation before, during, and/or
after fission. Furthermore, it is assumed that particle eva-
poration produces a gaussian spread of the correlation
function that is symmetric in P and 8 about 834.

The full width at half maximum values of the gaussian
curves fitted to the out-of-plane correlation-angle spectra
for coincident fission fragments of the above five targets
are listed in Table I. Although the experimental full
width at half maximum values (FWHM) of the out-of-

TABLE I. Full width at half maximum values {FWHM) of
the Gaussian curves fitted to the out-of-plane correlation angle
spectra for coincident fissionlike fragments from 292-MeV

Ne-induced fission on the listed targets.

Target

165Ho

181Ta
197A

209Bi
238U

FWHM (out-of-plane)

12.2+2 deg
11.4+2 deg
10.2+2 deg
9.8+2 deg
9.4+2 deg

plane data decrease slightly with increasing target mass,
an average value of the FWHM (out of plane) of 10.7' for
the five targets is consistent with the experimental errors.
Furthermore, no detectable dependence of the out-of-
plane FWHM on the in-plane correlation angle was ob-
served.

The out-of-plane FWHM values listed in Table I were
used to fit each of the measured in-plane correlation angle
spectra, with a series of Gaussian peaks with centroids
constrained to lie at the correlation angles predicted for
fission at the most probable total kinetic energy, ' at a
series of values of linear momentum corresponding to an
increasing number of uncaptured alpha particles. The in-
tensities of these various capture processes were adjusted
to give the best fit to the in-plane correlation angle data.
The probabilities for the various components of linear
momentum transfer so derived are shown in Table II as
Fit A. It is also possible to perform the same analysis,
within the limits of experimental error, with an average
value of 10.7' for the out-of-plane FWHM for the correla-
tion angle Gaussians (Fit B). The resultant curves, utiliz-
ing a value of the FWHM of 10.7', are compared to the
experimental correlation angle data in Figs. 2—6. As can
be seen in Table II, the derived probabilities for various
components of l'inear momentum transfer are rather in-
sensitive to these two assumptions about the out-of-plane
widths. For the Ne projectiles considered here, the sum of
the five individual linear momentum transfer components
(complete, 80%, 60%, 40%, and 20%) gives a very good
fit to the experimental data.

Although the alpha-particle components of linear
momentum are probably the important ones for Ne pro-
jectiles, we wish to emphasize that, in general, the subdi-
vision of linear momentum is more complex than that em-

ployed here. However, a recent analysis of our
Au+ Ne angular correlation data, including breakup

fragments in addition to those with multiples of alpha
particles, illustrates the importance of the alpha-particle

components of linear momentum transfer for Ne projec-
tiles. Even so, the cross sections of the odd-Z fragments
can range from one-third to one-half of those of the
even-Z fragments in the secondary spectra. A general
procedure for extracting the distribution of linear momen-
tum requires that the angular correlations be decomposed
into a large number of Gaussians. Such a procedure was
adopted by Saint-Laurent et a/. The use of such a com-
plex subdivision of linear momentum transfer is not ex-
pected to have a significant effect on the yield of the com-
plete linear momentum transfer component. The present
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TABLE II. Probabilities of complete [P(~DNe)], 80% [P(' 0)], 60% [P(' C)], 40% [P( Be)], and
20% [P( He)] linear momentum transfer as deduced from fits to the experimental in-plane correlation
angle spectra. Fit A utilizes Gaussian curves with FWHM values of Table I, whereas Fig B is per-
formed with an average value of the FWHM of 10.7 for all systems. The latter value is employed in
constructing the dashed and solid curves in Figs. 2—6. The values of P(' 0), P(' C), P( Be), and
P( He) are not to be equated to the yield of a single secondary fragment (10-Z, 20- 3). See the text.

Target

165H

Fit P( Ne)

0.62
0.59

P("O)

0.37
0.38

P(' C)

0.01
0.03

P('Be)

181Ta 0.59
0.58

0.31
0.31

0.08
0.09

0.02
0.02

197Au 0.45
0.47

0.32
0.30

0.13
0.13

0.10
0.10

209B1

B
0.57
0.59

0.26
0.24

0.07
0.06

0.10
0.11

238U 0.52
0.55

0.29
0.27

0.07
0.06

0.10
0.11

0.03
0.02

TAB( F 777. Maximum angular momentum IFLMT associated with full linear momentum transfer for ' 0- and Ne-induced reac-
tions on light and heavy targets. The quantity lf„'," is the maximum entrance channel angular momentum for fusion as calculated
with the one-dimensional potential dynamical model (Ref. 36).

E1ab

Reaction

27Al +2GNe

27Al+ 20Ne

Al+ Ne
27Al +20N

+20Ne

27A}+20Ne

Al+ Ne
Al+

27A}+20Ne

165Ho+ 20N

181Ta+20N

197Au +20Ne

Bj+20Ne

235IJ+ 20N

235U+ 20Ne
238U + 16O

238U+ 16O

238U+ 16O

238U+ 16O

238U +20N

238U +20Ne

51
60
81
87
93

105
120
150
180
290
292
292
292
292
175
252
110
140
166
315
208
292

E, —Vg

0.79
1.24
2.27
2.49
2.89
3.48
4.24
5.74
7.24

12.74
9.98
9.69
9.40
9.23
2.97
6.82
1.15
3.02
4.65

13.96
4.64
8.84

710+100
905+80

1180+60
1180+60
1170+60
1190+100
1110+100
890+80
700+90
420+ 110

1124+106
1160+140
1058+116
1180+140
1350+150
1120+200
831+60

1420+ 120
1410+120
1150+250
1260+200
1155+140

Ref.

b,c,d
b,e
b,f
b,e

g
g
g
g
g
g
g

b,e

lFLMT

19+2
23+1
31+1
32+1
33+1
35+2
36+2
36+2
35+3
3S+4
88+6"
91+6"
88+5"
93+6"
78+4
85+8
44+2
65+3
71+3
87k 10
83+7
93+6 (h)

l max
fos

37+1
37+1
37+1
37+1
37+1
37+1
37+1
37+1
37+1
37+1
84+2
88+2
89+2
90+2
94+2
94+2
83+2
83+2
83+2
83+2
94+2
94+2

lFLMT /l

0.51+0.06
0.62+0.03
0.84+0.04
0.86+0.04
0.89+0.04
0.95+0.06
0.97+0.06
0.97+0.06
0.95+0.08
0.95+0.11
1.05~0.08
1.03+0.07
0.99+0.06
1.03+0.07
0.83+0.05
0.90+0.09
0.53+0.03
0.78+0.04
0.86+0.04
1.05+0.12
0.88+0.09
0.99+0.07

'Reference 9.
Table II.

'Reference 6.
Reference 33.

'Reference 34.
Reference 35.

gReference 21.
"The analysis procedure may overestimate this quantity by as much as 10%.
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analysis may, however, overestimate the probability of the
full linear momentum component P( Ne) by up to 20%
due to an insufficient correction for mass 19 and 18
transfer.

It is important to remember that the results reported in
Table II are based on the assumption that only a-type nu-
clei are captured. Hence, the magnitude of a particular
P( Z) is not to be understood as a measure of the yield of
the single secondary fragment (10-Z, 20-A), but as the
sum of yields of several nearby secondary fragments.
This is especially true for components in the linear
momentum spectrum with smaller linear momentum
transfer, e.g. , P(' C), P( Be), and P( He). The yields of
these components, in particular, depend very strongly on
the trigger angle of the fission fragments. ' Furthermore,
the conservation of cross section requires that individual
P values in Table II cannot be interpreted as the yield of a
single secondary fragment.

Combining the complete (or full) linear momentum
transfer probability listed in Table II with a measurement
of the total fission cross section gives a cross section of
the full linear momentum transfer (FLMT) events oFLM&
when the cross section for evaporation residues is zero.
Measurements have shown that the cross section of eva-
poration residues is negligible for the ' Au+ Ne reac-
tion at E~,b ——292 MeV. Hence, the values of oFLMr for
292-MeV Ne-induced fission of ' 'Ta, ' Au, Bi, and

U listed in Table III are based on the assumption that
the evaporation residue cross section is zero for each tar-
get. This may possibly lead to a small error in o.FLM+ for
the ' 'Ta + Ne reaction. The cross section for evapora-
tion residues with full linear momentum transfer for the
' 'Ho+ ' Ne reaction is 510+50 mb. The value of o-FLM~
is obtained for the latter reaction by adding this value to
the full linear momentum transfer component of the fis-
sion cross section.

Also included in Table III are the experimental data of
Viola et ai. ' for the ' U+ Ne and U+ ' O reac-
tions which have been subjected to the type of analysis
described here. In addition, Table III includes the cross
section for evaporation residues with full linear momen-
tum transfer as a function of energy for the Al+ Ne
reaction. In the case of the latter reaction, Morgenstern
et ai. have measured energy and velocity spectra and an-
gular and mass distributions for evaporation residue prod-
ucts over a large range of energies. From these data it is
possible to determine the fusion cross section for full
linear momentum transfer, o.FLM&.
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FIG. 7. Systematics of the ratio lFLM~/lf„", as a function of
(E, —VB)/p in energy per nucleon. The angular momentum

IFLM~ is the limiting angular momentum corresponding to full
linear momentum transfer. The quantity lf„'," is the theoretical
prediction of the one-dimensional classical dynamical model
(Ref. 36) for the maximum angular momentum that fuses.

Assuming for simplicity a sharp cutoff model, values of
IFLM~ are calculated from the values of o.FLM~ tabulated
in Table III and listed in the same table. These values of
IFLMy implicitly assume that only the lowest angular mo-
menta lead to full linear momentum transfer. For each
reaction the maximum value of the angular momentum
that fuses, lr„;", is calculated with a classical trajectory
model based on the proximity nuclear potential and
one-body nuclear dissipation. These values are given in
the seventh column of Table III. In Fig. 7 the ratio of the
experimental maximum angular momentum for complete
linear momentum fusion, lFLM&, and the theoretical max-
imum value of the angular momentum that fuses, If„',", is
plotted as a function of the available energy over the bar-
rier in MeV per nucleon (E, —V~)/p.

From a cursory look at Figs. 2—6, it is evident that the
linear momentum transferred to the composite nucleus P~~
in 292-MeV Ne induced fission of heavy targets ranges
from complete transfer to values considerably less than
complete transfer. The most meaningful single measure

TABLE IV. Average linear momentum transfer to the composite nucleus for 292-MeV Ne-induced
fission of five heavy targets.

Fusion-fission

reaction (MeV/c)

(Pii ) /20

(MeV/c)

'"Ho+ "Ne

Au+ Ne
Bi+ Ne

238IJ+ 20Ne

3040
2960
2740
2850
2770

152
148
137
143
139

0.92
0.89
0.83
0.86
0.84
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of each complex correlation angle spectrum is the average
linear momentum transferred to the composite nucleus

(P~~ }. In the present experiments full linear momentum
transfer corresponds to a value of (P~~) =3311 MeV/c.
The experimental average linear momentum transferred to
each target is listed in Table IV.

l.0
i

$7A( $0

yl$7A $0

$ 25$U 14

08—

IO

IV. DISCUSSION OF RESULTS

When the limiting angular momentum is plotted in
terms of the ratio, IFt MT/lf„;", one observes that this ratio
shows the same general trend for both relatively light and
heavy targets when plotted against (E, —V~)/p. These
conclusions are unaltered if the abscissa scale is changed
to [(E, —V~ )/p]', a quantity proportional to the rela-
tive velocity for l =0. As can be seen from Fig. 7 when
(E, —Vz)/p reaches approximately 4 MeV per nu-
cleon, lFLMT has reached its maximum value correspond-
ing approximately to an angular momentum near the rol-
ling limit of a collision between the target and projectile
based on the proximity nuclear potential and one-body nu-
clear friction. The values of lFLMT determined from the
present data are considerably larger than those predicted
by the model of Siwek-Wilczynska, ' and suggest that an-
gular momentum dissipation in the entrance channel is an
important factor in determining whether fusion with full
linear momentum transfer will occur.

The ratio of the cross section for full linear momentum
transfer o.FLMT to the cross section for capture o.„„,„„de-
creases as a function of increasing relative velocity. Such
theoretical and experimental ratios of oFLMT/a„~, „„,are
plotted in Fig. 8 as a function of [(E,~ —Vs)/p]' for
selected light and heavy targets. Theoretical values of
o-FLMT are calculated with a classical dynamical model
based on the proximity nuclear potential and one-body nu-
clear friction. The values of the capture cross section
are calculated by

~ 06—
il, II

Ui A~=0.0463
A~+AL

1/2

l

6

[(E, -V$)/p] {MeV/nucleon)"2

FIG. 8. Plot of the ratio oFLMT/0„„,„„,vs [(E, ,
—Vq)/p]'

for three reactions. The downward sloping lines represent
theoretical ratios of o.FLMT/o. „p&„„,calculated as described in the
text. The experimental data are from Ref. 9 for the Al + Ne
reaction, from Refs. 27 and 37 for the ' Au+ Ne reaction,
and from Ref. 28 for the U + ' N reaction. The upward slop-
ing lines represent the temperature in MeV (right-hand ordinate)
of the composite nucleus, where the temperature is defined by

~ 8ECN / ~CN ~

Vg(Rg )
capture =WRg 1—

U rel

where R~ and Vs(R&) are determined with the nuclear
proximity potential. The lines in Fig. 8 represent the ra-
tios of the two above-mentioned theoretical quantities.
Although the trends in the theoretical ratios of
oFLMT/o„~, „„, are the same for all three reactions, the
values of these ratios are reaction dependent when plotted
as a function of [(E, —V~)/p, ]' . The points in Fig. 8
are based on experimental values of o.FLMT and either ex-
perimental or theoretical values of o.„p,„„. In general,
there is rather good agreement between the experimental
and theoretical ratios of o.FI MT/0 capture Similar con-
clusions have been reached also by Cassagnou et a/. in
comparing data with empirical formulas for complete
fusion.

Morgenstern et al. ' have suggested that the ratio of
complete fusion to the sum of complete and incomplete
fusion for composite nuclei with A ~100 is correlated
with the velocity of the lighter nucleus ut /c. The rela-
tionship between uL/c and (E, —V~)/p, which is pro-
portional to the relative velocity U„], is given by

where the units of (E, —Vz)/p are in MeV/nucleon.
In Fig. 9 the ratio of o FLMT/o. „„,„„is plotted versus vi /c
for the Al + Ne, ' Au + Ne, and U + '"N reac-
tions. Again, as in Fig. 8, the experimental and theoreti-
cal ratios of o.FLMT/o, »««show similar dependences on
uL /c for each reaction. However, both ratios are shifted
to larger values of uL /c for the heavier targets.

For fixed values of either uL /c or v„,~/c, which is pro-
portional to [(E, —Vz)/p]', both the experimental
and theoretical values of o.FLMT/o„p, „„increase with in-
creasing values of A~/(AH+AL). This is in contrast to
results for the ratio of complete fusion to the sum of com-
plete and incomplete fusion for composite nuclei with
A & 100. In this case it has been shown' for fixed values
of u„~/c that the latter ratio decreases with increasing
values of AH/(AH+Hi ).

When plotting data as a function of vL /c or u„,~/c, as
done in Figs. 8 and 9, different reactions, for the same
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FIG. 9. Plot of the ratio o.FLMT/o. „„,„„,as a function of UL /c.
See the caption of Fig. 8 and the text.

IO

value of U/c, correspond to very different temperatures of
their respective composite nuclei (CN) where the tempera-
ture is defined by T=(8ECN/ACN)' . Assuming a fixed
value of UI /c=0. 15, for example, the temperatures of
composite nuclei formed in the Al + Ne,
' 7Au+ Ne, and U+ ' N reactions are 8.3, 3.2, and
2.5 MeV, respectively. The above value of UL/c corre-
sponds to center-of-mass energies of 386, 326, and 231
MeV, respectively. On the other hand, for a fixed value
of U„,t/c =0.15,

[(E, —V~)/p]'~2=3. 24 MeV/nucleon,

the corresponding temperatures are 5.2, 2.9, and 2.5 MeV,
respectively. The temperatures of the composite nuclei,
corresponding to the highest energies where experimental
values of oFLMT/cr„z„„„, are plotted 'in Figs. 8 and 9, are
6.45, 4.28, and 3.43 MeV, for the Al + Ne,

Au + Ne, and U + ' N reactions, respectively.
Whereas the data for the heavy targets are measured for
values of UL/c exceeding a value of 0.2 and corresponding
temperatures well below 5 MeV, such values of vL /c for
the Al + Ne reaction correspond to temperatures
larger than 10 MeV. The above examples illustrate that
caution is required when comparing different reactions on
plots of the type illustrated in Figs. 8 and 9.

The average linear momentum transfer (P~~) to the
composite nucleus for 292-MeV Ne-induced fission of

Ho, ' 'Ta, ' Au, Bi, and U ranges from 3.04 to
2.74 CxeV/c. The ratio of the average to the full linear
momentum transfer, (P~~ )/(P~~)FLMT, varies from 0.92 to
0.83. For 14.6 MeV/nucleon Ne-induced fission of
heavy targets, the above values of average linear momen-

0
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FIG. 10. Schematic plot of the differential cross section
da. /dI as a function of angular momentum I for a system
where projectile breakup occurs.

turn transfer are consistent with published values. 2s 29

The cross section for full linear momentum transfer
oFLMT for 292-MeV Ne-induced reactions on ' Ho is
composed of two reaction contributions, evaporation resi-
dues and fission fragments. This is illustrated in Fig. 10
where do /dI, in units of mb/fi, is plotted as a function of
angular momentum I. In this schematic plot it is as-
sumed that the (full linear momentum transfer) evapora-
tion residue cross section exhausts the lowest I values.
Furthermore, a sharp cutoff model is assumed in this
schematic plot. The full linear momentum transfer com-
ponent of the fission cross section is distributed in I space
above the evaporation res'idue component leading to a
value of /FLMT ——88. If one assumes the incomplete
momentum transfer components for this reaction to be
' 0 and ' C capture with probabilities given in Table II,
one obtains enhanced values of do/dI in localized regions
of I space as shown in Fig. 10. The actual distribution of
angular mornenta is expected to be much smoother than
this schematic distribution calculated with the sharp cut-
off approximation. However, in summary, if projectile
breakup occurs leading to composite nuclei with less than
full linear momentum transfer, the angular momentum in
the respective composite nuclei formed with 292-MeV

Ne projectiles is markedly distorted from a (2I + 1) dis-
tribution expected for full linear momentum transfer.
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