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Reaction mechanism studies have been performed on the He+ "U system at energies of 7-35
MeV/nucleon and on the 'He + ' 'Bi system at 12—35 MeV/nucleon. Measurements included (1) forward-

angle elastic scattering, (2) angular distributions and total cross sections for fission, (3) fission-fragment

angular correlations, and (4) fragment charge, mass, and energy distributions for '"U(a/ at 140 MeV.
Total inelastic cross sections and interaction radii were derived from the elastic scattering data. These values

were found to be in good agreement with the total cross section for fission for the 'U+ 'He system,
confirming the assumption that r„r&.Fission-fragment angular-correlation measurements were performed
in order to deduce the distribution of linear momenta which characterize the residual heavy nuclei formed
in these collisions. Complete linear momentum transfer probabilities (complete fusion) were also derived for
both target-projectile systems as a function of energy. The data are compared with predictions of the

proximity potential with. one-body energy dissipation and with the intranuclear cascade code. The results of
these comparisons are consistent with a picture in which complete fusion dominates the reaction mechanism

below 10 MeV/nucleon, but pre-equilibrium processes assume increasing importance above this energy at
the expense of fusion. In addition, evidence for a possible reduction in the interaction radius above 20
MeV/nucleon is reported.

NUCLEAR REACTIONS ~Bi((y, cy), 33U(n, z), E= 69.2, 140 MeV, ag(E);
~Bi(n,f), E=69.2, 140 MeV, 3 U(n+, E=28—140 MeV, 0(8), o(E), fission-

fragment angular correlations, Z and A distributions at 140 MeV; linear mo-
mentum transfer to residual nucleus deduced; results compared with ion-ion

potential models and intranuclear cascade code. J

I. INTRODUCTION

The study of nuclear reactions induced by com-
plex projectiles with energies between 10-100
MeV/nucleon has recently become the focus of
considerable experimental and theoretical inter-
est. ' This energy region is expected to be one
of major transition, in which the principal reaction
mechanisms evolve from relatively simple proces-
ses near the Coulomb barrier to the more compli-
cated phenomena associated with high-energy col-
lisions.

For relatively light complex projectiles incident
on heavy target nuclei, reactions near the barrier
are dominated by two major mechanisms: transfer
processes associated with grazing collisions and
complete fusion for smaller impact parameters.
In either case the interaction potential is rarely
sampled at radii for which there is an appreciable
density overlap of the colliding nuclei. The trans-
fer products are well described in terms of two-
body final states in which the residual nucleus is
produced in discrete states of excitation and ac-
quires only a small component of the beam's lin-
ear momentum. Complete fusion, on the other

hand, involves total momentum transfer from the
beam to the residual nucleus, and the light particle
spectra associated with such events are character-
istic of evaporation processes.

In contrast, at energies well above 100 MeV/
nucleon the target-projectile interaction is charac-
terized by a large multiplicity of nucleons and
more complex fragments in the final state. Peri-
pheral interactions at these energies have been
explained in terms of a projectile fragmentation
mechanism. For more central collisions, several
models of rather different physics content are
being employed to describe the single particle
nucleon spectra. These include thermodynamic
and hydrodynamic models, as well as intranuclear
cascade, coalescence, and chemical equilibrium
approaches to account for the composite particles.
It is not clear at this time which model is correct
or whether the interactions represent a compli-
cated mixture of all these processes. More defi-
nitive measurements are needed to answer these
questions.

By studying the region between 10-100 MeV/
nucleon one hopes to understand more fully the
transition between these low- and high-energy
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extremes. In addition, as the Fermi velocity (-20
MeV/nucleon) is exceeded, new nuclear phenomena
may become observable. ' Although existing ac-
celerators are limited in their ability to produce
heavy-ion beams in this energy range, He ions
represent one complex projectile with which such
studies can be readily pursued at the present time.
Despite its few nucleon character, the alpha par-
ticle represents a tightly bound system which ex-
hibits behavior analogous to heavy ions in many
respects. Hence, reaction mechanism studies
with He ions should provide a valuable guide to
the types of phenomena that will be observed with
heavy ions with similar &/& values when the ap-
propriate accelerators become available. In addi-
tion, such studies form an important comparative
base from which anomalous behavior indicative of
new reaction mechanisms may be deduced-once
data from a wide variety of projectile-target sys-
tems are available.

The theoretical interpretation of nuclear reac-
tions in the 10-100 MeV/& transition region has
relied principally on two models: (1) the pre-
equilibrium exciton and related models, ' which
apply to the lom-energy portion of the region of
interest, and (2) the intranuclear cascade mod-
el, which is more appropriately used at the up-
per energy extreme. Despite the success of these
models in describing some qualitative features of
reactions above 10 MeV/nucleon, both models en-
counter difficulties in their treatment of reactions
induced by complex projectiles because of their
approximations relating to the ion-ion interaction
potential. Recently, progress has-been made in
broadening these models for use with more com-
plex proj ectiles. 12,13

In order to obtain a more quantitative under-
standing of the properties of projectilelike and
residual heavy fragments formed in collisions
between complex nuclei at lower energies, the use
of phenomenological potentials plus one-body en-
ergy dissipation and diffusion mechanisms ' ' has
proved quite valuable. However, at present these
models lack the nucleon-nucleon collision features
necessary to extend them to the description of
reactions above 10 MeV/nucleon, especially when
light-ion spectra are considered. In all proba-
bility the major features of each of these models
will have to be incorporated into any successful
theory for reactions induced by complex nuclei in
the 10-100-MeV/nucleon range.

Experimental investigations of He- ion induced
reactions above 10 MeV/nucleon have shown a
number of interesting features. Early studies of
the distribution of residual nuclei in intermediate-
energy He-ion reactions demonstrated the im-
portance of pre-equilibrium mechanisms for 10-

40-MeV/nucleon He ions. "" A subsequent study
with 35-MeV/nucleon He ions incident on "'U
showed that a broad range of linear-momentum
transfers characterized the residual heavy nuclei. "
Analysis of these data indicated that, at most,
50% of the reaction cross section results in com-
plete fusion (defined here as complete-linear-mo-
mentum transfer). Another 40% of the reaction
cross section was accounted for by reactions which
involved the transfer of 50-90% of the projectile
linear momentum to the target; these reactions
were attributed to pre-equilibrium and deep knock-
out processes. The remaining 10% of the reaction
cross section could be described as peripheral
reactions. Recent extensive studies of the light-
ion spectra from 35-MeV/nucleon He reactions
mith several targets by Wu et al. have substan-
tiated these conclusions and greatly elucidated the
mechanisms by which the projectile dissipates its
energy. These results show clear evidence for
many processes-including two-body final states,
pre-equilibrium decay, proj ectile fragmentation,
and evaporation products in He-ion reactions.
Recent heavy-ion studies have shown similar
interesting features. Measurements of projectile
like spectra for 0 ions incident on heavy targets
indicate a transition in reaction mechanisms near
20 MeV/nucleon, ' "while linear-momentum-trans-
fer determinations suggest the increasing impor-
tance of pre-equilibrium particle emission with
increasing heavy-ion energy.

The purpose of- the present work was to extend
our earlier measurements by investigating the
energy dependence of the linear-momentum transfer
in reactions of 'He ions mith U by means of the
fission-fragment angular- correlation technique.
The target "U was used in this work because of
its high fissionability, which permits essentially
complete definition of the reaction cross section
in terms of fission, regardless of the amount of
linear momentum transferred. In addition, the
reaction models with which the data are compared
are most appropriately applied to the heaviest sys-
tems possible. The results are examined both
with the intranuelear cascade calculation, modified
for He projectiles, and with the predictions of
models designed to account for heavy-ion reac-
tions.

II. EXPERIMENTAL PROCEDURES

The experiments with 140-MeV alpha particles
mere performed at the Cyclotron Laboratory of the
University of Maryland. Measurements with alpha
particles between 28-70 MeV in energy mere made
at the U. S. Naval Research Laboratory Cyclotron
Facility, Washington, D. C.
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A 76-cm-diameter scattering chamber with re-
motely controlled movable arms and target ladder
was used for each set of measurements. Isotopi-
cally pure (99.9%) ' 'U and monoisotopic Bi
targets were prepared by vacuum evaporation onto
50 pg/cm carbon. During all measurements the
target was oriented at 45' with respect to the
beam. A heavy-ion Si-surface-barrier detector
was positioned at an angle of 135' to monitor the
fission fragments from the reaction. The monitor.
was compared with the integrated beam current
of the Faraday cup in order to ensure the consis-
tency of all measurements. The integrated beam
current (with an error of +5/p due to the absolute
accuracy of the Faraday cup) was used for absolute
normalization of the data.

Elastic scattering angular distributions of 140-
and 69.2- MeV alpha particles from "U and Bi
were measured with a 4-mm I i-drifted-Si detec-
tor. The detector was tilted at an angle of 60 to
the fragment normal and cooled to -l.0'C. The
angular resolution was +0. 5 in all instances.
Measurements were taken between 7' and 20' in
angular steps of 1 to 2 degrees. A few measure-
ments were also taken at representative angles on
the opposite side of the beam axis in order to
determine the absolute orientation of the beam as
it passed through the scattering chamber.

Fission- frag ment angular-distribution measure-
ments were performed at alpha-particle energies
of 27. 5, 33.5, 43. 8, 49. 9, 58. 9, 70. 5, and 140

MeV for the n+ U system and at 69.2 and 140
MeV for the e+ Bi system. Measurements
were performed in ten-degree steps from 10 to
170 . In addition, finer angular steps of 2 to 4
degrees were taken near 10', 90', and 170 to
define the shape of the angular distribution in
these regions. The fragment angular distributions
were measured with a particle telescope consisting
of two totally depleted silicon-surface-barrier
transmission detectors (a 4 gm thick &E and a
25 pm thick &). The telescope had an angular
acceptance of +0. 5' and measurements were made
as close as 7 to the beam axis. The use of the
4 gm detector aided the analysis of the fission-
fragment angular-distribution data. Fission-f rag-
ment kinetic energy spectra were obtained that
were completely separated from nonfission events,
even at forward angles as close as 7' to the beam
axis (as shown in Fig. 1). With partially depleted
heavy-ion detectors which are normally used in
fission-fragment detection, high-energy light
particles deposit enough energy in the detector to
cause an intense tailing into the fission-fragment
energy spectrum. - This effect leaves considerable
uncertainty in the interpretation of the fission yield
at forward angles, especially inside 30'.

The fission-fragment angular-correlation tech-
nique was used to measure the angular correla-23

tion of binary fission fragments produced from
alpha-particle interactions with 233U and 20981

at bombarding energies of 49.0, 69. 2, and 140

IOO—

U(o, f)
E~ = l40 MeV

ef = 7 deg

4 pm Si detector

I I I

Fission
Fragments

p'~ee

~ 0

Pulser

Light lons

CA

IO-
~ ~ ~ ~

e

~ Oy

~0 ~ ~

0

0 ~ 0 ~ ~

I I I

40 80
I

l60l20

Channel Number

200
l

240
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ry angle of 7 for the 140-MeV a+233U reaction.



20 REACTION MECHANISM STUDIES WITH 7-35 MeU/NUCI EON. . . 1719

MeV. The technique employed in these experi-
ments involved the detection of coincident fission
fragments with a particle telescope and a 50~6-
mm ion- implanted position- sensitive semiconduc-
tor detector (PSD). The telescope consisted of
two silicon-surface-barrier detectors (4 PmbE
and 25 0 m E) and was kept stationary at +90'.
The PSD was rotated between -90 and -78' in
order to intercept the entire reaction plane. The
particle telescope was collimated with a 0.48-cm-
diameter aperture and the position detector was
collimated with a 15-slit collimator. Slit dimen-
sions for the rectangular slits were measured to
be 0. 10 cm wide by 0.47 cm high. The angular
resolution of the particle telescope was +0. 5 and
that of the PSD was +0.2' in width and +1.1' in
height.

Measurements were made with both in-plane
and out-of-plane orientations of the PSD. The in-
plane measurements were made with the longitu-
dinal axis of the PSD in the reaction plane (defined
by the beam, target, and defining detector) and
the out-of-plane measurements were made with the
axis of the PSD perpendicular to the reaction
plane. For each angular setting of the PSD, cor-
relation measurements were made in both the in-
plane and out-of-plane orientations for both the

'U and Bi targets. For the in-plane studies
the telescope and PSD angles were kept constant
for sequential measurement of the 233U and 20981

targets. This procedure insured the systematic
accuracy of all measurements and served as a
check to the relative angular comparisons between
the two targets.

A double time-of-flight (TOF), fission-frag-
ment-fission-fragment correlation experiment
was also performed on the ++' U system at 140
MeV. This measurement employed the particle
telescope previously described, and a 75 p m (E2)
totally depleted silicon- surface-barrier detector.
The && and & detectors were located at distances
of 6.8 and 34. 4 cm, respectively, from the target,
giving a fragment flight path of 26. 7 cm. The
location of the &2 detector yielded a fragment
flight path of 36.2 cm. Calibrations were made
with a thin Cf coincidence source. Measure-
ments were performed at three fragment-fragment
coincidence angles. At all three angles, the par-
ticle telescope was stationary at +90 while &2

was rotated to angles of -90, -78, and -73'.
The start time for the TOF measurement for both
of the coincident fragments was derived from the
& and &2 detectors, respectively, operated in the
inverted timing mode.

A block diagram of the experimental electronic
configuration used in the angular-correlation mea-
surements is shown in Fig. 2. A time-to-pulse-
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FIG. 2. Electronics schematic for angular-correlation
measurements performed in these experiments. The
linear signals were passed through standard preamplifier
(PA), amplifier (A), and delay of circuits. Timing sig-
nals were processed via a timing-filter amplifier (TFA),
timing discriminators (SOTD/C FTD), and time-to-amp-
litude converters (TAC). All analog-to-digital converter
(ADC) .outputs were then processed in an IBM 360/44 on-
line computer.

height converter (TAC) was used to define a coin-
cidence between the particle telescope and the
PSD. The "start" and "stop" signals for the TAC
were derived from a fast (20 n sec) bE-E coinci-
dence and a fast time pickoff signal from the &
preamplifier of the PSD, respectively. The five
coincident signals-PSD energy and position, &&,
&, and TAC-were stored sequentially on magnetic
tape and analyzed off-line on an IBM 360-44 com-
puter.

III. EXPERIMENTAL RESULTS

A. Interpretation of elastic scattering data

The elastic scattering measurements were per-
formed to obtain a measure of the total inelastic
cross section OR in order to test the assumption
that OR is approximately equal to the cross section
for fission o& for the n+'"U system. In order
to determine o& a semiclassical approach was used
which employed Fresnel scattering theory. The .

choice of the Fresnel model was based on Frahn's
criteria for classifying charged-particle scattering
reactions.

Frahn has classified all charged-particle elastic
scattering in terms of an 'g-h plot, where the
Coulomb parameter g and the ratio of the center-
.of-mass kinetic energy to the Coulomb barrier h

are given by
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and

0. 157
gl /2 ZP ZT

Zp ZT Ap+AT
(2)

tabulated in Table I. The total reaction cross sec-
tions are found to be consistent with the cr„values
derived from an optical model fit to precision
elastic scattering data for Pb+ 140-MeV He-
ion system.

Here E =Eg bl&& is the projectile laboratory energy
in MeV/ nucleon and the subscripts P and T refer
to the projectile and target, respectively. Frahn
also points out that two parameters, A and I', re-
lated to 9 and h by the following:

A= 2'gh(1 —h )

P =2/1 —(2h —1) '],
are generally needed to specify the type of scatter-
ing phenomenon with regard to its diffraction char-
acteristics. Using the parameters ~ and I', Frahn
distinguishes the following regions:

(i) A & 10, nondiffractive scattering,

(ii) A & 10, and P & 0. 1, Fraunhofer scattering,

(iii) A ~ 10, and P ~ 1, Fresnel scattering.

The U and Bi systems studied in this work fall
well within the Fresnel region (iii).

In the Fresnel model the maximum angular mo-
mentum, l (where l is associated with the
minimum impact parameter that leads to an elastic
exit channel), for a given projectile-target inter-
action is given by

8]4
(4)

'g 7 8~~&= — cosec — + 1
k 2

(ys —vX (l + 1) (6)

where Eq. (4) is valid in the limit of large l ~
values.

The quarter-point angle 9,«was determined by
performing a least-squares fit to the experimental
data at angles near the "grazing angle. " The
Fresnel parameters ('jl, l, v„, &, 8,~,) are

where ~qq4 is the "quarter-point" angle, i.e. , the
angle at which the experimental ratio of the elastic
to the Rutherford cross section o',halo„„~ i«qual
to 0. 25. The interaction radius 8 and reaction
cross section o are then given by

B. Fission cross sections

The cross sections for fission as a function of
projectile bombarding energy o&(&) were deter-
mined fr om integration over the fission- fragment
differential cross sections. The fragment differ-
ential cross sections were calculated from the
integrated. fission-fragment yield, the solid angle,
the target thickness, and the integrated beam
current. Integration of the differential cross sec-
tions was performed using a numerical integration
method which employs a Simpson-rule technique
with the Lagrangian four-point interpolation meth-
od. The fission cross sections for the 'U and

Bi systems are listed in Table II. These values
are in excellent agreement with the lower-energy
values of Refs. 26-28.

The reaction cross sections derived from elastic
scattering measurements for alpha particles inci-
dent on U are compared with the fission cross
sections in Table III and Fig. 3. This shows that
the fission and inelastic cross sections agree well
within the quoted limits of error; hence, we con-
clude that the assumption that 0„=0 f is valid for
the e+ U system. This is further substantiated
by measurements of spallation residues for alpha-
particle-induced reactions on "U and "'U targets,
which show that less than two percent of the in-
elastic cross section leads to the formation of
targetlike residual nuclei over a broad energy
range. ' For Bi, which has a much higher
fission barrier, the fission cross section is sub-
stantially less than the total inelastic cross sec-
tion since only the highest linear-momentum-
transfer components of cr„ lead to fission.

C. Fission-fragment angular correlation and complete-
momentum-transfer cross sections

l. Angular-correlation function

The total angular-correlation functions for both
the Bi and U systems were generated by first

TABLE I. Fresnel parameters for 69.2- and 140-MeV He bombardment of U and SBi.

Reaction

4He+ 233U

4He+'"Bi

Z„, (MeV)

140.0
69.2

140.0
69.2

8&~4 (deg)

12.75
26.47
12.10
23.99

4.885
6.948
4.407
6.268

lmax

44
30
42
30

+(fm)

9.61
10.40
9.10

10.20

cd (mb)

2450
2290
2250
2290
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TABLE II. Total fission cross sections for the
3 U(G.',f) and 09Bi(G.',f).reactions.

Reaction

4He + 233U'

He + Bi

Reference 26.

+1b (MeV)

140.0
70.5
58.9
49.9
43.8
38.5
33.5
27.5

140.0
69.2
49.0

0& (mb)

2490 + 140
2280 + 150
2210 + 140
2090 + 130
1700 + 110
1380 + 90
1110+ 70

628 + 41
1010+ 80
134+ 11
26+ 2'

2800-

2000-

1000

2. Complete-linear-momentum-transfer cross sections

Analysis of the data in Fig. 4 permits evaluation
of the fraction of the total reaction cross section
in which there is complete-linear-momentum
transfer from the projectile to the struck nucleus,
as well as definition of the distribution of linear
momenta transferred in He-ion reactions with

TABLE III. Comparison of fission cross sections with
reaction cross sections derived from Fresnel scattering
analysis.

Ebb (MeV)
0~ (mb)

l~ +'33U]
0& (mb)
[~ + 233U]

140.0
69.2

2490 + 140
2270 + 150

2450 + 110
2290 + 100

converting all yields as a function of angle to
differential cross sectionsd, o/d&qdAp for each
in-plane and out- of-plane measurement. These
cross sections were calculated from the yield,
target thickness, integrated beam current, and
the solid angles for each of the 15 slits of the
position detector and the 4-25 pm&~-& telescope.
The differential cross sections for all out-of-
plane measurements were then fit with a Gaussian
function of the form.'

&(X) =& exp- (X —Xp)
20'

where & is the height, Xp is the centroid, and o
is the variance of the distribution. These normal-
ized heights and variances were then used to
determine the areas of each out-of-plane measure-
ment as a function of each in-plane angle. The
areas were computed numerically by integrating
Eg. (8). The total correlation functions, projected
onto the reaction plane, are presented in Fig. 4.

200
I I I I I I I I

20 40 60 80 100 120 140 160

E~gb ~Me~)

FIG. 3. Excitation function for the He+ 3 U system.
Circles refer to fission cross section data; triangles
represent total inelastic cross section data derived from
elastic scattering.

heavy nuclei in this energy range. Reactions in
which there is complete-linear-momentum trans-
fer have generally been labeled complete fusion
(cf) when applied to heavy-ion reactions. p Since
this definition is valid for the systems studied in
this work, the symbol o~ is used to represent
the complete-linear- momentum-transfer cross
section. However, because it is not possible to
distinguish uniquely between complete- and in-
complete- linear- momentum-transfer processes
in these reactions, we define cr„operationally to
include all events which exhibit greater than 95/p
of complete-linear- momentum transf er. Hence,
our quoted values for e„represent an upper limit
for the complete fusion cross section and may in-
clude some processes in which prompt, low-energy
nucleon emission may have occurred.

In order to extract values for o„ from the +
+ "U data, the following procedure was followed.
The fissioning nucleus was assumed to be ' Pu
with the maximum allowable excitation energy.
The most probable mass split is known to be sym-
metric for these high excitation-energy fission
cases (Ref. 32 and Sec. III D), and the total kinetic
energy release was calculated from semiempirical
systematics. ' The most probable center-of-mass
(c.m. ) transformation parameter X p was then
computed from two-body kinematics, using for the
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complete-linear-momentum transfer. The dashed curves are fitted functions which indicate the fraction of complete-
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TABLE IV. Summary of fission-fragment angular-correlation parameters as described in
text. The angular error was +0.24' in the 140-MeV and 69.2-MeV bombardments; no abso-
lute error normalization was made at 49.0 MeV.

Reaction E)g, y/[eV)
(deg)

calculated 0'~ (mb)

4He + 233U

4He + 208Bj

49.0
69.2

140.0
49.0
69.2

140.0

82.2
80.8
76.5
81.1
79.5
74.8

1468 + 179
1376 + 167
1342 + 142
1509 + 151
1344+ 134
1399 + 140

0.72+ 0.09
0.61 + 0.07
0.54 + 0.05
0.74 + 0.07
0.59+ 0.06
0.57 + 0.06

Q value

Q =Er (E,~Ar)/(A~ +~),
where ~&,b is the laboratory kinetic energy of the
projectile. The most probable laboratory correla-
tion angle (g2) for a fixed detector at a laboratory
angle gq was calculated in the following manner.
First the center-of-mass angle ~~ was calculated
from

sin(e —g)
sing

Second, 82 = 180- eq was used with (10) and an
iterative process to determine g. The most prob-
able correlation angle was calculated in this man-
ner for all measurements made on both the U

and Bi systems and the results are reported
in Table IV. It should be noted that no corrections
have been made for pre- or postfission neutron
evaporation in calculations of X, for the systems
studied. Prefission neutron evaporation will
slightly alter' the values of & „' however, the effect
is very small. Since postfission neutron evapora-
tion is isotropic, it only affects the width of the
angular-correlation function, and not the most
probable angle.

The Bi total angular-correlation functions were
found to be symmetric about the most probable
correlation angle, as seen in Fig. 4 and previously
reported by Viola et al. for the &+ Bi and
e+ Au systems at 140 MeV. The Bi functions
were also found to be Gaussian in shape, indicating
that incomplete-momentum-transfer events are not
a significant contribution to the fission cross sec-
tion.

Based on the Bi results, the correlation func-
tions for the &+ 'U system were used to obtain
values of cr„by means of the following procedure.
The differential cross sections for lowest angles
g (corresponding to maximum momentum transfer)
of each U correlation function in Fig. 4 were
fitted with the Gaussian function [Eq. (8)], where
xo = P~, was entered as an input parameter and

was only allowed to vary within the limits of the
angular error for each measurement. The results
of this analysis are shown in the form of the dashed
curves in Fig. 4 and represent the complete-lin-
ear-momentum-transfer component of the reaction
cross section quoted here.

The fraction of complete- momentum-transfer
events was taken to be the ratio of the numerical
integral of Eq. (8) (using the results for &, xp,
and cr obtained from the fitting procedure) to the
numerical integral of the total correlation func-
tion. This ratio times the total fission cross sec-
tion is defined as the cross section for complete-
momentum transfer o,f. The results of these cal-
culations are presented in Table IV.

Values of 0~ for the e+ Bi system were de-
termined from the sum of (a,xn)"' ". At excitation
functions based on Refs. 17 and 34 and the fission
cross sections in Table II. These are also listed
in Table IV. As in the case of the U+ + system,
the quoted cr„values represent an upper limit due
to: (1) the (o', xn) cross sections may include a
small amount of low-energy pre-equilibrium neu-
tron emission, and (2) despite the concordance of
the fission angular-correlation function for Bi
with that expected for complete fusion, a finite
component of incomplete- momentum-transf er can-
not be ruled out. However, it is estimated that
these errors are less than 15%%uo of the quoted cr„
values. The values of o,f obtained for Bi and

U in this manner are found to be in good agree-
ment with one another (Table 1V).

3. Summary

From Table IV it is apparent that even at the
relatively low energy of 12 MeV/nucleon, a sub-
stantial fraction of the reaction cross section does
not result in complete-linear-momentum transfer.
With increasing energy the fraction of incomplete-
momentum-transfer events increases, so that at
85 MeV/nucleon, nearly half the reaction cross
section is consumed by such events, in good agree-
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ment with previous work at this energy. ' Figure
4 also demonstrates that the distribution of linear-
momentum transfer in these intermediate- energy
He-ion reactions is a continuous function at all

bombarding energies. Of particular importance,
there is a major contribution of large, but incom-
plete-, linear- momentum-transfer events to the
total reaction cross section. Presumably, these
are associated with pre-equilibrium processes ac-
companied by the emission of relatively low-ener-
gy particles. In Sec. IV these results are dis-19

cussed further in terms of specific nuclear reac-
tion models.

D. Most probable Z and A of fission products

The double-time-of-flight (TOP), &E-E mea-
surements were performed to determine the most
probable charge (Z) and mass (A) of the fission
products as a function of linear momentum trans-
ferred from the projectile to the fissioning nu-
cleus.

The mass (A) of the fission fragments was de-
termined by

ax+ b

P 5 8 a/+ b/

where the constants a, a', b, and b' are given by
the expression
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and x is the pulse height and v is the velocity of
the fragment. The coefficients a, a', b, and. b'
were determined as described by Schmitt ' from a

Cf calibration of the E detector. The velocity
v =D/T was computed from the fragment flight
distance & and flight time T, where T =To —TAC.
The constant To was determined from the calcu-
lated flight times for the most probable light and
heavy fragments of ' Cf.

The fission-fragment charge was computed after
Bowman et al.
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Here b and e are constants and t is the && detec-
tor thickness. A numerical search was performed
to determine the values of the constants b and c
such that Eq. (14) would properly reproduce the
most probable Z of both the light and heavy peaks
of 252Cf

In Fig. 5 we show the mass versus charge con-

FIG. 5. Charge versus mass contours for binary fis-
sion events observed at various correlation angles for
the bombardment of 233U with 140-MeV 4He ions. The
data were obtained with a semiconductor 4E-E time-of-
flight telescope as described in Sec. II for the following
angles between the two fragments: (a) 163, (b) 167, and
(c) 180 .
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tours for fission fragments at three different cor-
relation angles: (a) 163', corresponding to com-
plete-linear-momentum transfer, (b) 167', cor-
responding to large, but incomplete transfer, and
(c) 180', corresponding to zero momentum trans-
fer.

In cases 5(a) and 5(b) the mass and charge dis-
tributions show the symmetric division expected
of high excitation-energy fission. In addition for
the most probable fragment charge and mass, we
obtain (Z) =47 and (&)= 112, characteristic of
fission from a 'Pu compound nucleus. Energy
balance calculations predict that approximately
6-V neutrons should be emitted from each excited
fission fragment in these cases, which completes
the mass balance. Thus, these data corroborate
the conclusions of the angular-correlation data
that fission coincidences observed at strongly
forward-folded angles originate in equilibrated
systems, where complete (or nearly complete)
fusion has occurred in the target-projectile inter-
action.

In Fig. 5(c) the mass-charge contour for colin-
ear events exhibits a much different character.
The fission process is clearly asymmetric in this
case, indicative of low excitation-energy fission.
Here the total most probable charge (Z~) + (Q)
=92 and the total mostprobable mass gs)+(&z, )
= 230, which implies fission from an average
residual nucleus such as U (assuming two neu-234

trons are emitted from each fragment). Hence,
these fission fragments are interpeted in terms
of direct processes in which there is little mass
transfer and the struck nucleus is left in a very
low state of excitation prior to equilibration and
fission.

IV. DISCUSSION

A-. Qualitative aspects of the cross sections

It was shown in Sec. IIIA that to a very good
approximation the assumption that o &

—o„ is valid
for He+ ' U interactions up to a He energy of
35 MeV/nucleon. In order to examine the depen-
dence of o~ and od on bombarding energy, it is
useful to construct a plot of cross section versus
1/&„. as shown in Fig. 6. Here we have plotted
fission cross sections for the He+ U system
obtained at low energies ' along with the values
of o.

& and o~ determined in this work. The ar-
rows indicate two important threshold energies:

. (1) 10 MeV/nucleon where pre-equ—ilibrium
effects are believed to become important, '

and
(2) 20 MeV/nucleon —approximately the Fermi

energy for nucleons in complex nuclei.
From inspection of Fig. 6, several features of

2000-

I 000-

200-

the data require comment. First, at low projec-
tile energies (I/&„. ~ 0.025) earlier spallation
cross section and angular-correlation measure-
ments have demonstrated that the fission, com-
plete fusion, and total inelastic cross sections are
essentially identical ' ' and depend linearly on
I/E . The data in Fig. 6 have been fitted in an
analogous fashion to Scobel et al. with the func-
tion

os = vB'(I - V, /&, ), (14)

where R is the interaction radius and V~ is the
interaction barrier. The solid line in Fig. 6
represents a least-squares fit of this function to
the data for o„up to 70 MeV. The interaction
radius determined in this manner is 10.4 fm,
which is nearly identical to the value of R„& de-
rived from the Fresnel analysis of the 69.2 MeV
data (Table I). A value of Vs of 22 MeV is also
obtained, in good agreement with a recent analysis
by Birkelund and Huizenga.

Second, for bombarding energies in excess of 10
MeV/nucleon it is noted that the complete fusion

.005 .Ol .02 95 94

i/E, (Mev)

FIG. 6. Plot of cross section (in mb) as a function of
the reciprocal of the projectile center-of-mass energy.
Symbols have the following meaning: —fission cross
section data from Bef. 27; ~—fission cross section data
from this work, and &—complete fusion cross sections
from this work. It is assumed that the fission cross sec-
tion is identical to the total inelastic cross section in
these comparisons. The solid line represents a least-
squares fit to the fission cross sections below 70 MeV
based on Eq. (14).
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cross section and the total inelastic cross section
diverge markedly. The total inelastic cross sec-
tion continues to depend linearly on I/E„
whereas o,& flattens out and actually decreases
with increasing energy. To aid in understanding
this transition, in Fig. 7(a) we have constructed
a plot which relates the linear-momentum-trans-
fer distribution characteristic of o~ in the 140-
MeV e+ U system to the interaction radius and
orbital angular momentum involved in the reac-
tion. The cross section corresponding to a given
linear-momentum transfer was derived as de-
scribed in Ref, 18 and the relationship between
o, R„„and l was determined using Egs. (4), (5),
and (6). The assumption upon which Fig. 7(a) is
based is that the largest linear-momentum-trans-
fer events are associated with the smallest impact
parameters and that the linear-momentum trans-

FIG. 7. (a) Lower figure shows the percentage of com-
plete-linear-momentum-transfer events as a function of
orbital angular momentum, assuming the highest l waves
are responsible for incomplete fusion processes. The
relation between E and R is determined by Eqs. (4) and

(5) and is not valid for low l values (10). (b) Upper fig-
ure shows plot of ratio of nuclear density to the central
density for 3U (solid line) and 4He (dashed line) for sep-
aration distances corresponding to the interaction barrier
(9.72 fm) and complete-linear-momentum transfer (7.38
fm).

fer decreases smoothly for increasingly peripheral
reactions. In Fig. 7(b) we show the nuclear den-
sity overlap between He and U nuclei for
separation distances of 9.72 fm (corresponding
to the total inelastic cross section) and 7. 38 fm
(corresponding to the complete fusion cross sec-
tion). This schematic analysis is consistent with
a picture in which reactions occurring in the tail
of the nuclear density distribution lead to direct,
incomplete- momentum-transfer processes,
whereas once a density overlap greater than about
70o/~ occurs, complete-linear-momentum transfer
follows.

This deviation between o„and 0~ is well known
in heavy-ion reactions and has been explained in
terms of various models which employ the concept
of a critical angular momentum ' ' ' or a critical
distance of approach for the colliding ions. Be-
cause of the relatively low values of angular mo-
mentum associated with alpha-particle reactions
(e.g. , for 140-MeV He ions, lmax 44k and the
fusion cross section corresponding to l,„,~ 338),
it is not clear to what extent these models apply
to He-ion reactions. This aspect of the data is
discussed in greater detail in the following sec-
tion.

Finally, the deviation in the total inelastic cross
section as a function of I/& . at 140 MeV consti-
tutes an additional point of interest. In terms of
Eq. (14) this cross section corresponds to an
inter'action radius of 9.72 fm, about 8% smaller
than that consistent with the value of 10.4 fm in-
dicated by the solid curve in Fig. 6. This devia-
tion suggests that at sufficiently high energy, the
interaction radius may contract; i. e. , greater
overlap between the target and projectile density
distributions may be required to produce an in-
elastic collision. It is of interest to note that
this point is near the Fermi energy —20 MeV/
nucleon-also shown in Fig. 6. The implication
of this argument is that once the projectile velocity
exceeds the velocity of the nucleons inside the
nucleus, interactions between the projectile nu-
cleons and those of the target are less efficient
in transferring energy. Hence, the available in-
teraction volume is reduced. Clearly, additional
data are needed to investigate this effect. The
same qualitative dependence of cr~ on 1//&, is
seen in proton-nucleus interactions, as shown in
Fig. , 8 for proton bombardment of a lead tar-
get. ' In this case o& reaches a maximum at an
energy just above the Fermi energy and then falls
to an asymptotic value for energies greater than
200 MeV. This behavior is analagous to the pro-
ton-proton interaction, where the decrease in o~
above 100 MeV is attributed to transparency ef-
fects.
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B. Comparison with interaction models

In an effort to understand these data in more
quantitative terms, we have compared these re-
sults with existing models for collisions between
complex nuclei, specifically the proximity poten-
tial which includes one-body energy dissipation"
and the intranuclear cascade model. ' Although
neither model is designed to describe the energy
region spanned by the present study, the compari-
son is made in the spirit of providing guidelines
for future development of intermediate-energy,
complex nucleus reaction theory. In Fig. 9 we
have compared the complete fusion cross sections
of Table IV with the predictions of the proximity
potential. The dashed curve represents the
-prediction of the proximity potential with no en-
energy dissipation included. It is observed that
this form of the model predicts a slope for the
high-energy portion of the fusion cross section
that is much too steep; predicted cross sections
in the 40-100 MeV region are too high while that
at 140 MeV is low by a factor of 2.

A more realistic approach is to consider the
effects of one-body energy dissipation, which will
serve to increase the fusion cross section by
damping radial motion of the projectile into exci-
tation of the system. The dotted line in Fig. 9
shows such a prediction for the model of Birkelund

et al. which fits a large body of heavy-ion fusion
data. In this comparison it is observed that the
calculated fusion cross sections greatly exceed
the experimental values. Since in many respects
the proximity potential resembles the measured
optical model potential, it is also of interest to
compare our results with the fusion cross section
predicted by the optical model, assuming all l
waves for which an attractive total potential exists
Lead to fusion. In this comparison we have scaled
the optical model potential for the 140-MeV He
+ Pb system to U. This exercise yields a
complete fusion cross section comparable to that
of the proximity potential with one-body energy
dissipation.

We interpret the difference between our experi-
mental results and the proximity and opticaL po-
tential model predictions. to be consistent with the
onset of two-body energy dissipation mechanisms
at bombarding energies above 10 MeV jnucleon.
As these processes assume increasing importance
with respect to nucleon-potential scattering (one-
body energy dissipation), the emission of light
(pre- equilibrium) particles becomes increasingly
probable. These processes thus lead to a light-
ion component in the distribution of product nuclei
which exhibits a broadly damped energy spectrum

2000-

l600

2000-

l200-

l000-

0.02 0,~ 0.06 aiba ae
I/EcQMeV )

FIG. 8. Plot of total inelastic cross section versus
1/E, .m for the proton plus lead system; based on data of
Befs. 45 and 46. The solid line represents a calculation
based on Eq. (14), using ro=1.34 fm.

I I

.0P .Oe Q5

(vev)
FIG. 9. Data shown in Fig. 6 are compared with cal-

culations based on the proximity potential. The dashed
line represents the complete fusion cross section pre-
diction of the proximity potential with no energy dissipa-
tion. The dotted line shows the same predictions for a
calculation which includes one-body energy dissipation.
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and yields residual nuclei with large but incom-
plete-linear-mmnentum transfer.

With increasing bombarding energy, these effects
should become increasingly dominant. In the pre-
viously discussed models the specific features of
two-body energy dissipation are omitted. Hence,
collisions in which direct nucleon (or light-ion)
emission occurs-with a concurrent loss in linear
momentum for the targetlike residual —are inte-
grated into the complete fusion process, thereby
yielding too high a calculated fusion cross section.
It is interesting to note that if one considers the
experimental cross section for all events in which
the linear-momentum transfer is greater than

50/o, then rather good agreement with these inter-
action potential calculations is obtained. Hence,
we conclude that there is no serious disagreement
with the present calculations, but that in order to
describe reactions with complex nuclei above 10
MeV/nucleon more completely, one must include

. two-body energy dissipation mechanisms and con-
sider the effect of such processes on the definition
of complete fusion.

In view of the above interpretation, it is of in-
terest to compare the present experimental re-
sults with the predictions of the intranuclear cas-
cade code, which explicitly includes two-body
energy dissipation. The code of Chen et a/. has
recently been modified to permit calculations for
reactions induced by deuterons and alpha particles,
as well as for the existence of d and & clusters
in the target nucleus. ' In Fig. 10 the experimen-
tal fission-fragment angular correlation for 140-
MeV alpha particles incident on 'U is plotted
along with predictions of the intranuclear cascade
code. The calculations assumed one alpha-parti-
cle cluster in the 33U target (not a very sensitive
parameter) and did not allow for refraction and
reflection at. the nuclear surface. Two assump-11

tions were made concerning alpha-particle colli-
sions in the cascade: one which permitted the
alpha particle to break up and the other which
allowed no breakup. F rom the linear-momentum-
transfer distribution and corresponding excitation
energies predicted for the residual heavy nuclei,
the fission-fragment angular correlation was then
calculated. This calculation included dispersion
effects due to neutron emission from the frag-
ments.

Qualitatively, the calculations reproduce the
basic features observed in the data, i. e. , distinct
complete (or nearly so) fusion and peripheral com-
ponents, plus a substantial fraction of events that
are characterized by a large, but incomplete-
linear-momentum transfer. Clearly, the no-
breakup assumption for alpha-particle cascades
provides a better fit to the data. However, since
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the treatment of the ion-ion potential is very ap-
proximate in the intranuclear cascade model, one
cannot expect to reproduce the exact details of the
data with such a calculation, especially at the low

energies for which the model is applied here.
Nonetheless, the calculations do reinforce the
previous conclusion that the effects of two-body
energy dissipation must be incorporated into mod-
els which hope to describe collisions induced by
complex nuclei above 10 MeV/nucleon.

V. CONCLUSIONS

In summary, we have investigated the bombard-
ing-energy dependence of the linear- momentum
transfer in He collisions with heavy nuclei. Above
an energy of 10 MeV/nucleon it is observed that a
significant fraction of the total inelastic cross
section involves reactions in which ther e is in-
complete-linear-momentum transfer from pro-
jectile to target nucleus. This behavior becomes
more pronounced with increasing bombarding
energy up to 35 MeV/nucleon. The distribution of
momentum transfer is a continuous function that
is weighted toward high (&50%), but incomplete,
momentum transfer, indicating a strong projec-
tile-target interaction. The complete fusion
(&95% complete- momentum-transfer) cross sec-
tion decreases slightly above 10-12 MeV/nucleon.
Also, it is noted that at the highest bombarding

I ab
FIG. 10. Comparison of the experimental fission-frag-

ment angular correlations at 140 MeV with predictions
based on the intranuclear cascade model. The solid line
refers to cascades which allow alpha-particle breakup;
the dashed line refers to a no-breakup assumption.
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energies, the total inelastic cross section a„ falls
well below the predicted geometric limit. This
appears to indicate a shrinkage of the interaction
radius at bombarding energies above the Fermi
energy, an effect which needs further investiga-.
tion.

Attempts to account for the fusion (complete-
momentum-transfer) cross section in terms of
a proximity potential model which includes one-
body energy dissipation are unsatisfactory. . The
same is true for other existing models currently
used to account for fusion cross sections in heavy-
ion reactions, as well as with a scaled optical
potential based on elastic scattering measure-
ments. However, both the proximity and optical
models do agree well for events in which there is
greater than 50% linear-momentum transfer, i.e. ,
collisions in which there is a strong target-pro-
jectile interaction. Also, attempts to account for
the linear- momentum-transfer distribution with a
cluster intranuclear cascade model are qualita-
tively reasonable.

This analysis emphasizes the increasing impor-
tance of two-body energy dissipation in interac-
tion above 10 MeV/nucleon, where the energy
equilibration process leads to the ejection of nu-

cleons (and clusters) with a wide range of outgoing
energies. Thus, as the onset of pre-equilibrium
particle emission begins to dominate the inelastic
cross section, one expects to observe a wide
range of momentum transfers to the struck nucleus
and increasingly complex spectra for the emitted
light particles.
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