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Total cross sections for incomplete fusion followed by fission have been measured for the reaction
160+232Th at 140 MeV. In-plane and out-of-plane measurements were made of cross sections for
beamlike fragments in coincidence with fission fragments. The beamlike fragments were detected
with a Bragg curve spectrometer which is position sensitive in the polar direction. The beamlike
particles observed in coincidence with fission fragments were He, Li, Be, B, C, N, and O. One fission
fragment from each reaction was detected by one of three surface barrier detectors using time of flight
for particle identification. The measured cross section due to fission following incomplete fusion is
747+112 mb, or 42% of the total fission cross section. The strongest incomplete fusion channels
were the He and C channels. The average transferred angular momentum for each incomplete
fusion channel was predicted using the Qopt model of Wilczyniski so that the K distribution could
be estimated from the rotating liquid drop model. The experimental angular distributions were
fitted using the saddle-point transition state model, with the transferred angular momentum J and
the dealignment factor ao as free parameters. The saddle-point transition state model is found to
adequately describe the observed angular correlations for fission following incomplete fusion. The
fitted parameter J showed systematic deviations from the Qopt model predictions, suggesting that
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the average impact parameter is larger than expected for heavy projectile fragments.

PACS number(s): 25.70.Jj, 25.70.Hi

I. INTRODUCTION

Heavy ion induced nuclear fission has been studied ex-
tensively (see for example, R. Vandenbosch et al. [1], P.
David et al. [2], W. Schroder et al. 3], L. C. Vaz et al. [4],
R. Freifelder et al. [5]), and the saddle-point transition
state model (STSM) [6] has been successful in predicting
fission fragment angular distributions for systems which
are not extremely fissile. Back et al. in 1981 [7] reported
fission fragment angular distributions from reactions of
328 on 197Au, 232Th, 238U, and 248Cm targets and, in
some cases, the anisotropy of the observed angular dis-
tributions was smaller than anticipated from STSM cal-
culations. It was argued by several authors [8-12] that,
for vanishing fission barriers, only partial equilibration of
the compound nucleus occurs prior to fission, therefore
the K distribution at the saddle point cannot be pre-
dicted by equilibrium compound nucleus models. On the
other hand, Bond [13,14] and Rossner [15,16] put forward
models in which it is assumed that an equilibrated com-
pound nucleus is found, but that the K distribution is
not frozen at the saddle point but keeps evolving until
the scission point is reached.

In the analyses of fission fragment angular distribu-
tions discussed above, it has been assumed that incom-
plete fusion contributions were negligible, or they have
been estimated using models which are of questionable
reliability for this purpose. There is very little data for
fission following incomplete fusion, and no measurements
of total cross sections. Therefore the role of incomplete
fusion in determining fission fragment angular distribu-
tions is so far rather poorly understood. In order to study
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the importance of incomplete fusion in determining fis-
sion cross sections, we have measured cross sections for
incomplete fusion followed by fission for the reaction of
140 MeV €0 with 232Th. The major goals were to mea-
sure the total fission cross sections corresponding to the
incomplete fusion channels, to study the fission fragment
angular correlations, and to compare them with existing
models. The 1*0+232Th reaction at 140 MeV was chosen
because inclusive data are available [17], and because this
reaction was studied by Bond [14] in some detail. Trans-
fer induced fission has been studied for this reaction at
energies near the Coulomb barrier by Lestone et al. [18],
who measured integrated cross sections, and by Videbaek
et al. [19].

For the transformation of the cross sections from the
laboratory frame to the frame of reference of the recoiling
fissioning nucleus, Wilczyniski’s Qopt model [20] was used
to estimate the excitation energy of the fissioning nucleus,
needed to calculate the necessary kinematic quantities.
Viola systematics [21] were used to estimate the kinetic
energy of the fission fragments assuming symmetric fis-
sion.

II. EXPERIMENT
A. Experimental setup

The 140 MeV 80 beam from the Florida State Uni-
versity superconducting linear accelerator bombarded a
ThF, target whose thickness was 370 ug/cm?. The tar-
get was evaporated on a 50 pg/cm? C foil. Fission frag-
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ments were detected with three surface barrier detectors.
The beamlike fragments observed, ranging from He to
O, were detected with a Bragg curve spectrometer. Sig-
nals produced by H are below the noise threshold of the
Bragg curve spectrometer, therefore the H cross sections
were not observed. The scattering chamber and Bragg
curve spectrometer are shown schematically in Fig. 1.
Not shown is a movable slit which was used to calibrate
the position signal from the Bragg curve spectrometer.
The down-beam side of the scattering chamber consists of
a hemispherical cap supporting four slightly overlapping
ports. The Bragg curve spectrometer can be mounted on
any port, allowing it to detect scattered particles emit-
ted at angles of up to 60.5° with respect to the beam
axis. The cap, mounted on a sliding O-ring seal, can be
rotated by 27 about the beam axis. The rotating seal ap-
paratus is mounted on the scattering chamber via a G10
fiberglass ring, which electrically isolates the detectors
and electronics from the beam line. Only the second,
third, and fourth ports were used for this experiment.
The range of fgcs covered was 14.2° to 60.5°.

Two arms, located at the top and bottom of the scat-
tering chamber, supported the Bragg curve spectrometer
position calibration slit and the fission detector array,
respectively. These supporting arms are able to rotate
about the target position. A desired fission fragment
detector angle or Bragg curve spectrometer position cal-
ibration slit angle could be set within two tenths of a
degree. This accuracy was determined by comparing re-
sults of low energy elastic scattering measurements with
Rutherford scattering calculations of the angular distri-
bution.

The beam energy, energy spread, and the product of
the target thickness and beam current were monitored
during the experiment using a silicon surface barrier de-
tector. The monitor detector was mounted on the hemi-
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spherical cap near the Faraday cup, at approximately
15.6° from the beam axis. A tantalum collimator limited
the solid angle of the monitor detector to 0.43 msr.

The fission fragments were detected by an array of
three identical silicon surface barrier detectors and were
identified by measuring the time of flight relative to the
pulsed beam from the linac. The detectors were 30° apart
at a distance of 10 cm from the target. The detectors in
this array were able to cover polar angles between 10° and
170° in the horizontal plane. Figure 2 shows the fission
fragment detector geometry. The thickness of the fission
fragment detectors was 300 pm, sufficient to stop all par-
ticles of interest including elastically scattered °O, and
the total active area was 150 mm?2. Circular tantalum
collimators placed just in front of the detectors limited
the solid angles to 14.5 msr for the second and third de-
tectors:. For measurements at angles > 10°, the solid
angle was set at 9.7 msr for the first detector. For mea-
surements at 10°, where the count rates are considerably
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FIG. 2. Fission fragment detector array.
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higher, the first fission fragment detector had its solid
angle reduced to 2.4 msr. In addition to the tantanlum
mask, which defined the detector solid angle, a cylin-
drical collimator placed in front of each fission fragment
detector served as a shield from possible stray particles
scattered by the beam line collimation system and the
target holder, and also as a support for a pair of ceramic
magnets which were placed on the top and the bottom
of each of the cylindrical collimators. The magnet pairs
created a magnetic field of a few thousand Gauss, which
suppressed § electrons from the target. Without the-mag-
nets, § electrons caused the fission fragment detectors to
be very noisy.

The Bragg curve spectrometer [22] is a gas ioniza-
tion chamber having large acceptance and high stopping
power. It provides complete Z identification for ions
heavier than H, and for particle energies above approx-
imately 1.75 MeV per nucleon, but it does not provide
mass identification. The detector gas is P-10 and the
active detector depth is 60 cm. The anode, the Frisch
grid, the field shaping rings, and the entrance window
are spherical segments with their centers located at the
target. The voltages of the 14 field shaping rings are set
by a resistive chain to produce a radial electron collection
field, so that all electrons from a given incident particle
are collected at a point on the anode. In order to prevent
the incoming electrons from inducing a charge on the an-
ode until they are close to it, a grounded Frisch grid is
placed 0.75 cm in front of the anode. The 7.6 pum thick
aluminized Kapton entrance window is supported by a
stainless steel mesh of wire thickness 0.0045 inches and
mesh size 0.1 by 0.1 inches, resting on aluminum vanes
which prevent the window from collapsing as a result of
the up to 2.5 atm pressure difference between the Bragg
curve spectrometer gas volume and the scattering cham-
ber. For the operating pressure used here of 2 atm, the
entrance window is at —20 KV, with the Frisch grid at
ground potential. At 2.0 atm the detector stops o parti-
cles of up to 44 MeV, and heavier ions at all energies of
interest in this experiment.

A mask 17° long in the polar (6gcs) direction by 4.9°
wide was installed in front of the Bragg curve spectrom-
eter entrance window, hence the Bragg curve spectrom-
eter solid angle was 25 msr. The entrance window of
the detector is located 39 cm from the target. The an-
ode is a rectangular strip of resistive C evaporated onto
a fiberglass spherical segment. The C strip has 1.1 KQ
resistance along the fpcgs direction. The charge collected
at each end of the strip is measured to obtain the po-
sition and hence the fgcs value. The resolution of the
0Bcs measurement varies from 0.5° to 1.5° depending on
the location on the resistive strip. A 666 volt potential
was used between the Frisch grid and the anode.

The time dependence of the signal detected by the
Bragg curve spectrometer reflects the shape of the Bragg
curve. The maximum height is characteristic of the Z of
the detected particle, the width is a measure of the range,
and the area under the Bragg curve is proportional to the
energy.

The position information obtained from resistive
charge division in the Bragg curve spectrometer anode

was used to divide the Bragg curve spectrometer anode
into seven angle bins, each bin being 2.4° wide. The bin
boundaries were determined with the Bragg curve spec-
trometer on port 2 by placing a 1.5 mm wide vertical slit
in front of the Bragg curve spectrometer at angles cor-
responding to the six bin boundaries and recording the
position spectrum resulting from 140 MeV 80 reactions
on a Au target. The charge collected from the forward
end of the Bragg curve spectrometer anode divided by
the sum of the charge collected from both ends of the
anode defines the position. The position peak centroids
that resulted from the above measurements were used as
the position bin boundaries.

During off-line analysis, the bin boundaries were deter-
mined independently for each Z detected in the Bragg
curve spectrometer in order to determine whether the
bin boundaries were dependent on the detected particle
Z, and it was concluded that the position bin boundaries
were independent of the detected particle Z.

The purpose of this experiment is to detect beamlike
particles in the Bragg curve spectrometer in coincidence
with fission fragments in the fission fragment detectors.
However, the fission fragment detectors and the Bragg
curve spectrometer all detect fission fragments, beamlike
particles, and recoiling residues from reactions with C
and F in the ThF, target. Therefore there are many
true coincidences between the Bragg curve spectrometer
and the fission fragment detectors which are of no in-
terest in the present experiment. This large number of
uninteresting true coincidences could be rejected only by
having good particle identification, particularly of the fis-
sion fragments. In order to establish coincidences with
fission fragments, a set of gates was drawn around the fis-
sion fragment group in the fission fragment detector en-
ergy versus time-of-flight spectra. An example is shown
in Fig. 3.

During the coincidence measurements, a BCS count
rate of approximately 5000 counts per second was main-
tained in order to control the number of rejected events
due to pileup in the detector electronics. At 5000 counts
per second, the rejection rate was approximately 12%.
A detailed discussion of the electronics is presented in
[22]. A LeCroy model 2262 waveform digitizer was used
to record the signals from the Bragg curve spectrometer,
sampling them into 316 channels. In software analysis of
the digitized signals, the Bragg peak height was deter-
mined by integration of the area under a narrow window
around the peak of the pulse, and the range of the par-
ticle was determined from the length of the pulse. The
position was determined by the ratio of the total area un-
der the Bragg curve spectrometer position signal and the
total area under the summed Bragg curve spectrometer
signal. With the exception of the Bragg curve spectrom-
eter signals, all other signals, such as the fission fragment
detector energy signals, were processed by peak sensing
ADCs.

In order to establish a coincidence event, the follow-
ing scheme was employed. When one of the fission frag-
ment detectors fired, a TAC window was opened. The
TAC was stopped by the occurrence of a Bragg curve
spectrometer event or after 14.9 us. If a Bragg curve
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spectrometer signal occurred within the TAC window, a
strobe signal was produced, and the event was recorded
as a coincidence event.

The product of the target thickness and the detector
solid angle was determined by comparing the yields of
low energy 68 MeV 160 ions elastically scattered into
the first fission fragment detector from the target with
the predictions of the Rutherford scattering cross section
formula. The relative solid angles of the other two fission
fragment detectors were measured by setting all three de-
tectors at the same laboratory angle and recording elastic
scattering yields relative to the fixed monitor detector.
The relative solid angle of the Bragg curve spectrometer
was estimated from the physical dimensions of the Bragg
curve spectrometer mask and the collimator in front of
the first fission fragment detector.

III. MEASUREMENTS

Inclusive fission fragment yields were measured from
10° to 170° in steps of 10° using the fission fragment
detector array. These measurements were made for com-
parison with the angular distribution and the total cross
section previously reported by Back et al. [17]. Only one
of the fission fragments was detected.

Coincidence cross sections were measured at 75 com-
binations of Bragg curve spectrometer angle and fission
fragment detector wedge angle. The angles at which
the Bragg curve spectrometer was positioned for the
coincidence measurements are shown in Table I. The
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FIG. 3. Typical fission fragment time of flight versus en-
ergy spectrum. The location of the fission fragment group
makes it easily identifiable. Time of flight decreases with in-
creasing channel number.

TABLE I. Bragg curve spectrometer angle settings.

Port No. fBcs $BCS
2 22.7° 0°,45°,90°,135°,225°
3 37.3° 0°,22.5°,45°,67.5°, 90°
112.5°,135°,157.5°, 202.5°
4 52.0° 0°,22.5°, 45°, 67.5°, 90°

112.5°,135°, 157.5°, 202.5°

¢Bcs = 0° direction is beam left, and the ¢pcs = 90°
direction is vertically up in the laboratory frame, i.e.,
perpendicular to the plane of rotation of the fission frag-
ment detectors. The value of fgcs in Table I corresponds
to the center of the Bragg curve spectrometer, which sub-
tends +8.5° in fgcs. The fission fragment detector polar
angles were varied from 10° to at least 90° in steps of 10°
for each setting of fgcs and ¢pcs.

As will be discussed in Sec. IV, after conversion to
the recoiling fissioning nucleus center-of-mass reference
frame, symmetry about § = 90° and ¢ = 0° and 90°
was invoked. Assuming that these symmetries hold, it
would have been redundant to measure data with the
Bragg curve spectrometer below the plane of the fission
fragment detectors, or with the fission fragment detectors
backward of about 90° in the lab. Some measurements
were made with the Bragg curve spectrometer below the
plane of the fission fragment detectors and with the fis-
sion fragment detectors behind 90°, to verify that the
assumed symmetries were observed. The results are dis-
cussed in Sec. IV.

There were no data taken at ¢pcs = 180° because
in this configuration when the fission fragment detector
wedge was set at forward angles it blocked the Bragg
curve spectrometer mask. The ¢pcs step size for port
2 was twice that for ports 3 and 4 because of the large
coverage of ¢pcs at each Bragg curve spectrometer angle
setting on port 2 relative to ports 3 and 4.

IV. DATA REDUCTION

The inclusive fission fragment yields were obtained by
gating on the fission fragment group in the inclusive fis-
sion fragment energy versus time spectra (Fig. 3). The
fission fragment yields were then converted to different
cross sections in the laboratory frame of reference, and
are shown in Fig. 4.

In order to compare our results with those of a pre-
vious experiment [17], the differential cross sections in
the laboratory frame were converted to the fissioning nu-
cleus center-of-mass system, assuming complete fusion
followed by fission. The results are shown in Fig. 5. Vi-
ola systematics [21] were used to estimate the kinetic en-
ergy of the fission fragments from the mass and charge of
the compound nucleus, assuming symmetric fission. Note
that the results of the present experiment show clearly
that the assumption of complete fusion is not valid.

The digitized Bragg curve spectrometer signals were
analyzed to obtain the Bragg peak height, the energy,
the range, and the position of each event. The digitized
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FIG. 4. Inclusive differential cross sections in the labora-
tory frame for **0+232Th leading to fission.

signals were examined for evidence of pulse pileup by
looking for multiple leading edges. When evidence of
pulse pileup was observed the event was rejected, and
statistics were kept to allow the yields to be corrected
for the losses due to pileup.

The range of the particle detected in the Bragg curve
spectrometer is related to the time length of the pulse.
The time at which the first electrons reach the anode is
complementary to the time length of the pulse. The sum
of the two always equals 11.2 us, the time required for an
electron to drift from the entrance window to the anode.
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FIG. 5. Inclusive differential cross sections from this work
(filled circles) for *0+232Th leading to fission, after transfor-
mation to the rest frame of the recoiling fissioning nucleus by
(incorrectly) assuming complete fusion followed by symmetric
fission. Data from Ref. [17] have been renormalized to yield
a total cross section of 1790 mb and are shown (open circles)
for comparison.

Figure 6 shows an example of a two-dimensional scat-
ter plot of the range (the length of the digitized pulse)
versus the range TAC signal (the difference in time be-
tween the signal from the fission fragment detector and
that from the Bragg curve spectrometer). Events along
the diagonal line fulfill the complementary relationship
between the two signals; therefore, they represent true
coincidences. The accidental coincidences are uniformly
distributed in the range TAC direction. True coinci-
dences were selected by drawing a gate around the true
coincidence locus and accidental coincidence yields were
sampled using a second gate which did not include the
true coincidence locus. A spectrum of the Bragg peak
height versus energy in coincidence with fission fragments
is shown in Fig. 7. All of the ejectiles are easily identi-
fiable, with energies which are considerably higher than
the particle identification threshold. We did not observe
any incomplete fusion products heavier than O.

The number of events in the background gate was sub-
tracted from the number of events in the true coincidence
gate, and the net yields were calculated for each Bragg
curve spectrometer position bin, for each beamlike ejec-
tile in coincidence with a fission fragment. The net yields
were converted to double differential cross sections in the
laboratory frame.

Figure 8 shows energy spectra for each ejectile in co-
incidence with fission fragments, summed over all runs
with ¢cs = 0° on ports 2-4, and for all fpr angles be-
tween 0° and 90°. The most intense channels are He and
C. The high energy end of the He spectrum is truncated
because the range of He ions exceeds the detector depth
for a particles above 44 MeV. The loss of He yield was es-
timated for each port by drawing a smooth curve through
the spectrum and reconstructing its missing part. Since
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FIG. 6. Range versus range TAC spectrum used to sepa-
rate true and accidental coincidence events.
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FIG. 7. Two-dimensional scatter plot showing Bragg peak
height versus energy for Bragg curve spectrometer events in
coincidence with fission fragments. The data were summed
over ports 2, 3, and 4, with ¢scs = 0° and frr between 0°
and 90°.

the He yield loss was lowest on port 4 the shape of the
spectrum obtained from this port was used as a guide in
the reconstruction of the spectra from ports 2 and 3. The
resulting correction factors were then fitted as a function
of Ogcs. Corrections to the He yields were then obtained
from the fit on a bin by bin basis at the angle correspond-
ing to the center of each bin. These corrections ranged
from 4.8% for port 4 to 16% for port 2.

When converting the double differential cross sections
from the laboratory reference frame to the frame of the
recoiling fissioning nucleus, the following estimates and
assumptions were made:

(1) The incomplete fusion stage was assumed to be a
binary reaction.

(2) Since the Bragg curve spectrometer provides no
mass identification for the projectile fragment, it was as-
sumed that each Z group detected in the Bragg curve
spectrometer could be represented by a single isotope.
The isotopes chosen were “He, "Li, °Be, 1B, 2C, %N,
and 0.

(3) Wilczynski’s Qopt model [20] was used to estimate
a representative kinetic energy for each projectile frag-
ment group, and the corresponding excitation energy of
the incomplete fusion residue (i.e., the fissioning nucleus).
These quantities were used in the calculation of the kine-
matic transformation. The arrows in Fig. 8 show the
ejectile energies predicted by the Q,p¢ model.

(4) It was assumed that there was no prefission particle
emission, that all fission events were symmetric in the
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mass of the fission fragments, and Viola systematics [21]
were used to estimate the fission fragment kinetic energies
in the rest frame of the fissioning nucleus.

The first assumption is regarded as reasonably safe
at the present relatively low beam energy. The conse-
quences of the second assumption will be discussed later.
The effect of the third and fourth assumptions has been
tested by calculating the kinematic transformation us-
ing a range of reasonable values for the projectile frag-
ment energy and fission fragment mass asymmetry. It
was found that the estimated center-of-mass frame an-
gles were within 3.5° of the actual angles in the worst
case.

In the recoiling nucleus center-of-mass frame as it is
shown in Fig. 9 [23], the angle 6 is defined as the angle
between the fission direction and the axis perpendicular
to the plane of the incomplete fusion reaction. The angle
between the projection of the fission direction onto the re-
action plane and the recoil axis is defined as ¢. Assumed
symmetries about § = 90° and ¢ = 0° and 90°, based
on the assumption of compound nucleus decay, are used
to move all of the data points into the region bounded
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FIG. 8. Energy spectra of the incomplete fusion prod-
ucts in coincidence with fission fragments summed over all
¢Bcs = 0° runs on ports 2-4, and over all fpr between 0°
and 90°. The He group is cut off at higher energies because
the range exceeds the detector thickness. Arrows indicate
the ejectile energy predicted by the Qopt model. The peak
near 140 MeV in the O spectrum is due to accidental coinci-
dences between fission fragments and the very intense elasti-
cally scattered beam particles. These accidental coincidences
were excluded from the coincidence yields.
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FIG. 10. Results of the coordinate transformation when C
is the incomplete fusion product, corresponding to the central
Bragg curve spectrometer bin in port 3, without folding and
with folding about assumed lines of symmetry. When ¢égcs
was set to 135°, Opr varied from 0°-170°. Otherwise Opp
varied from 0°-90°.

by 8§ = 0° and 90° and ¢ = 0° and 90°. The trans-
formation to the recoiling nucleus center-of-mass frame
was performed separately for the data corresponding to
each Bragg curve spectrometer position bin, using the
geometric center of the bin as the assumed angle of emis-
sion of the incomplete fusion product. As an example,
Fig. 10 shows the distribution of data points in # and
¢ before and after invoking the symmetries mentioned
above, for a C ejectile detected in the center bin of port 3.
Each branch of the distribution corresponds to a different
azimuthal angle of the Bragg curve spectrometer, while
each data point corresponds to a fission fragment detector
position. The validity of the assumptions of symmetry
about 8 = 90° and ¢ = 0° and 90° is supported by the
data in Figs. 11 and 12, both of which show subsets of the
angular correlation data for He and C incomplete fusion
ejectiles averaged over all Bragg curve spectrometer posi-
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FIG. 11. Cuts through the fission fragment angular corre-
lation data perpendicular to the 8 axis, showing symmetric
behavior about ¢ = 0° and 90°. The solid curves are calcula-
tions using the best fit parameters for port 3 from the fits to
the angular correlations.
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tion bins for port 3. Figure 11 shows cuts perpendicular
to the 6 axis, made before folding the data about ¢ = 0°
and 90°. The solid curves are calculations based on the
fits to the angular correlations discussed in Sec. IV, and
serve to illustrate the symmetries about ¢ = 0° and 90°
expected from the theory. Figure 12 shows subsets of
the data corresponding to ¢pcs = 157.5° and 202.5°,
projected onto the 6 axis before folding the data about
6 = 90°. As can be seen in Fig. 10, the locations of the
data points for these two ¢pcs angles are mirror sym-
metric about 8 = 90°, and so the projection onto the 6
axis should show symmetry about § = 90°. Although the
statistical uncertainties are large, the data are fully con-
sistent with the expected symmetries. The data of Dyer
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FIG. 12. Subsets of the fission fragment angular correlation
data corresponding to ¢pcs = 157.5° (below 8 = 90°) and
202.5° (above § = 90°) projected onto the @ axis. The data
should be symmetric about 8 = 90° (see Fig. 10).
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et al. [23] and Steckmeyer et al. [24] for reactions involv-
ing heavier projectiles also display the expected symme-
tries whenever they cross 8 = 90° and ¢ = 0° and 90°.

Multiplying by sin 6 sin fpcs and integrating over all 6
and ¢ gives do/dfpcs for a particular Bragg curve spec-
trometer position bin. There are seven position bins for
each of the three Bragg curve spectrometer ports, so a
total of 147 such integrations were performed correspond-
ing to the 21 position bins and 7 ejectiles. To perform
the integration, the 6, ¢ space was divided into 9 x 3 seg-
ments in 6 and ¢, respectively, and the cross sections of
the data points in a segment were averaged over the en-
tire segment. Figure 13 shows the resulting differential
cross sections for all of the incomplete fusion channels as
a function of the Bragg curve spectrometer position bin
angles. Because the distributions have been multiplied
by sin fgcs they must go to zero at 0°. Each distribution
was extrapolated to zero cross section at large angles for
the purpose of integrating the angular distributions to
obtain the total cross section for that incomplete fusion
channel.

The target thickness was measured with a low energy
160 beam, while the experiment was performed using a
140 MeV %0 beam. It must be assumed that the po-
sition and shape of the beam spot on the target were
different for these two measurements, and so the nonuni-
formity of the areal density of the target across its face
leads to uncertainty in the absolute cross section. The
nonuniformity of the targets used here is unknown, and
it was conservatively decided to adopt a value of 10% for
the overall uncertainty in the absolute cross sections of
the inclusive measurements reported here.

For the statistical uncertainties of the yields corre-
sponding to the stronger incomplete fusion channels,
Poisson statistics was assumed, and the statistical uncer-
tainty of each measurement was taken as the square root
of the yield. There were instances, however, in which one
or more Bragg curve spectrometer position bins had no
events. In the case of the He and C channels, about 20%
and 17%, respectively, of the bins were empty. In the
case of the Li channel, 75% of the bins were empty. In
the cases where one or more bins were empty, and for un-
certainty estimation purposes only, the yields of all seven
position bins were added together, and the uncertainty
was calculated from Poisson statistics based on the mean
number of events per bin. This uncertainty was assigned
to all seven position bins.

During the integration of the coincidence cross sections
in 8, ¢ space, there were sometimes segments which con-
tained no data. The Li channel was the worst case, where
in some extreme cases 30% of the segments contained no
data. In those cases, the value of the cross section ob-
tained from the neighboring segment differing in ¢ was
used. This approximation was deemed reasonable, given
that the angular distribution anisotropy is at its mini-
mum in the area of the sectors without any data. Mainly
for this reason, an estimate of 15% was used for the un-
certainty in the total cross sections obtained from the co-
incidence data. The error bars appearing in the angular
distributions reflect the estimated statistical uncertain-
ties only.
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V. RESULTS spectrometer. These corrections were discussed in Sec.
IV.

Figure 4 shows the inclusive fission fragment angu-
lar distribution in the lab frame. Figure 5 shows the
same data after conversion to the center-of-mass refer-
ence frame by making the (incorrect) assumption of com-
plete fusion followed by symmetric fission, compared with
the results of Back et al. [17]. The present result for the
total fission cross section is 1790 + 180 mb, compared to
1655 + 85 mb reported by Back et al.

The angular distributions shown in Fig. 13 correspond
to the laboratory angular distributions of incomplete fu-
sion products for events which lead to fission. By inte-
grating the area under these angular distributions, the
total cross section for incomplete fusion followed by fis-
sion is obtained for each incomplete fusion product Z.
These cross sections are tabulated in Table II. The total
cross section for all incomplete fusion channels (He and
heavier only) combined is 747 + 112 mb. The He cross
sections have been corrected for loss of high energy parti-
cles which punch through the Bragg curve spectrometer,
and also for loss of He ions which are emitted at angles
greater than the 60° maximum angle of the Bragg curve

TABLE II. Incomplete fusion cross sections.

Ejectile Ototal (mb)

He 285443
Li 1442
Be 29+4
B 56+8
C 220+33
N 85+13
(0} 58+9

Total 747+£112

To obtain data which can be used for comparison with
the theoretical angular distribution formula discussed in
the theory section, it is necessary to start with values of
the double differential cross sections in the frame of the
recoiling fissioning nucleus for a given Z of the incomplete
fusion product. To improve the statistical accuracy of the
data, all data sets from a given Bragg curve spectrometer
port (i.e., seven position bins) were averaged. Cuts were
then made through the data in the 6 (out-of-plane), and ¢
(in-plane) directions, to produce the coincidence angular
distributions shown in Figs. 14-17. The angles cuts were
approximately 15° wide.

VI. THEORY

The saddle-point transition state model (STSM) was
used to fit the coincidence fission fragment angular dis-
tributions. The K distribution was predicted using
the rotating liquid drop model (RLDM) using estimates
of the transferred angular momentum obtained from
Wilczynski’s Qopt model. The RLDM calculations per-
formed here used the J) and J, results of Cohen et al.
[25]. The semiclassical angular correlation theory de-
scribed by Dyer et al. [23] was used because it is compu-
tationally easier and agrees well with the full quantum
mechanical calculation [26]. The reaction plane is defined
as the plane containing the beam axis and the recoil di-
rection of the fissioning nucleus. In the center-of-mass
frame of the recoiling fissioning nucleus, the z axis is de-
fined to be perpendicular to the reaction plane (Fig. 9).
The projection of the transferred angular momentum J
onto the z axis defines M. The projection of J onto the
nuclear symmetry axis defines K. The polar angle 0 is
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referenced to the z axis and the azimuthal angle ¢ is
the angle between the recoil axis and the projection of
the fission direction onto the reaction plane. The angle
B is defined as the angle between the angular momen-
tum direction and the nuclear symmetry axis. Since the
nonrotational component of the angular momentum is
expected to be small compared with J, it was assumed
that M =~ J.

If it is assumed that J is aligned with the z axis, so
that M = J, and the nucleus fissions along the nuclear
symmetry axis, then the fission fragment angular distri-
bution for a given J and K is given by the expression

)
Wik® = (3) @7+ Didi@OF . )

In the case of interest to us, i.e., incomplete fusion fol-
lowed by fission, there are several mechanisms which can
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FIG. 14. Angular correlations in the reference frame of the
recoiling fissioning nucleus for fission fragments in coincidence
with He and Li. The solid curves are fits using the sad-
dle-point transition state model. The numbers in parentheses
refer to Table VI.
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FIG. 15. Angular correlations in the reference frame of the
recoiling fissioning nucleus for fission fragments in coincidence
with Be and B. The solid curves are fits using the saddle-point
transition state model. The numbers in parentheses refer to
Table VII.
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FIG. 17. Angular correlations in the reference frame of the
recoiling fission nucleus for fission fragments in coincidence
with N and O. The solid curves are fits using the saddle-point
transition state model. The numbers in parentheses refer to
Table IX.

cause J not to be perfectly normal to the reaction plane
[23]. The effect on the angular distribution of compo-
nents having M # J is simulated by weighting it with
a distribution in the angle « [23], where « is the angle
between J and the z axis. It is assumed that J lies in a
plane perpendicular to the direction of the recoiling fis-
sioning nucleus [23,26]. The angle 3 between J and the
symmetry axis is given by

B = cos™*(cos @ cos a + sin #sin asin ¢) . (2)

The probability that the nuclear symmetry axis is at
an angle B with respect to the J vector is taken as

Wik0.0)= (3) QI+ DE@F . @

Equation (3) gives the angular distribution for a given
combination of J and K. The weighting factor associated
with the distribution of the angular momentum J is given
by

P(J) o< 3 p(7)(2] +1) (4)
J

where p is the strength with which each J is populated.
The weighting factor associated with the K distribution
is given by

J

P(K) x [Zexp(—Kz/ZKg)] exp(—K?2/2K?) . (5)
—J

The width Ky of the K distribution will be discussed
in detail below. The weighting factor used for the «
distribution is assumed to be Gaussian with width aq:

P(a) « /j e(ﬁ%)da . (6)

The final expression for the fission fragment angular dis-
tribution is [23]

W(0,8) ~ 3 p(I)(27 +1) x
J

« [P praa, @

where the quantity d_‘;K is the Wigner D function with
the general form

2J-2k+M—-K . 3 2k—M+K
(COS %) (sm 5)

dir(B) = V(I + M)(J — M)!(J + K)Y(J — K)!Z(_l)kk!(J MR- K KM iE) (8)
k

It has been observed that the form of the J distribution
has a negligible effect on the fission fragment angular
distribution shape [27,19]. It is the average value of the
transferred angular momentum that is important. Hence
a simplified form for the spin distribution can be used:

p(J) =68(J — Jo) . (9)

This simplification reduces the summation over J to the
single term (2Jo + 1).

The K distribution is determined by the K dependence
of the level density at the saddle point, and it can be given

in a Gaussian form [23] with width K. The quantity Ko
can be written in terms of the effective moment of inertia
and the nuclear temperature, T', at the saddle point [28]:

2 _ t7sph T
Kold) = T2 Fornf T (D) -

The quantities J}/(I)/Jepn and Ty (J)/Tspn for each in-
complete fusion channel were obtained from published
curves calculated using the liquid drop model [25]. Since
the intrinsic spins of the interacting nuclei are neglected,
one can use J = [, where [ is the orbital angular momen-

(10)
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tum in the entrance channel. The nuclear temperature
of the fissioning nucleus, which depends on the intrin-
sic energy per nucleon, is given in an approximate spin
independent form by [28]

T = \/(%) (Bem. + Q — (Brot) — Epp) (11)

where FE,, is the energy in the frame of the recoiling
nucleus of the transferred mass, Q is the Q value of
the reaction in which the mass is transferred, (F,ot) =
h%(J?)/2T.pn is the rotational energy of the fissioning nu-
cleus, and Fy, is the energy removed by any prefission
particle emission (taken to be zero here). Wilczyniski’s
Qopt model [20] was used to estimate the transferred an-
gular momentum J. The transferred angular momenta
are calculated assuming an interaction distance in the
entrance channel which corresponds to the sum of the
half-density radii. The interaction distance of the final
channel was calculated taking into account recoil effects
during the nucleon transfer [29].

The values of the transferred angular momenta were
calculated corresponding to the minimum, Q,p¢ and graz-
ing conditions for each incomplete fusion channel. The
transferred angular momenta corresponding to the lim-
iting and grazing cases are considered to span the range
of plausible angular momentum transfers. The values of
K corresponding to these J values were calculated using
the liquid drop model (see Fig. 11 of Cohen et al. [25]).
It was found that Ky is not sensitive to J over the range
of J values considered for the incomplete fusion channels
studied here.

Having calculated K from the liquid drop model for
the J values corresponding to the optimum @ value, the
angular distribution expression (7) with condition (9) was
fitted to the measured angular correlations for all of the
ejectiles except O. In the case of O the data are compared
with the results of Eq. (7) for J = 0. During these fits
K, was held constant while J and ag were treated as free
parameters. As a check that the K values are sufficiently
insensitive to J, the best fit values of J were used to de-
termine K, once more from the liquid drop model, and
the data were fitted again to determine the optimum val-
ues of J and ag for the new Ky values. It was found in the
case of the He channel (the worst case), that the value of
K, that resulted from the first iteration was within 2% of
the starting Ky value, and subsequent iterations showed
no change. For all incomplete fusion channels the fission-
ing nucleus was predicted to be strongly deformed at the
saddle point, so that the STSM should be valid for these
cases. The fits are shown in Figs. 14-17, and the results
are summarized in Tables III to V. The J, ap, Ko, and
x? per degree of freedom corresponding to each incom-

TABLE IIl. Oavg, Pave; JQopes J, @0, Ko, and x2 for port
No. 2.

Ejectile 0avg ¢avg JQopt J Qo K(] X2
He 45.0° 45.0° 42 57+45 55+ 14 16.758 3.1
C 50.0° 22.5° 12 1242 37 10.733 2.0
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TABLE IV. 0avg, dave, JQoper J5 @0, Ko, and x? for port
No. 3.

Ejectile Oavg  Gavg  Joup I o Ko x°
He  87.5° 10.0° 42 39+4 34416 16.758 2.0
Li 65.0° 22.5° 30 11+9 6+10 13.930 0.6
Be  70.0° 37.5° 23 1846 2+14 12.413 2.2
B 70.0° 37.5° 16 1942 2412 11.141 0.7
C 70.0° 45.0° 12  18+1 349 10.733 1.6
N 72.5° 52.5° 6 1242 5+14 8.243 2.2
0 70.0° 60.0° 0 - - 7.648 0.5

plete fusion channel are given for ports 3 and 4. On port
2, only the He and C channels had good enough statistics
to be worth fitting. For each incomplete fusion channel
the parameters are fitted simultaneously to cuts in the
in-plane and the out-of-plane direction. The column la-
beled 0,z shows the average value of 6 for the in-plane
cut, ¢davg shows the average value of ¢ for the out-of-plane
cut. Tables VI to IX show the fitted parameters.

Figure 18 shows the transferred angular momenta (av-
eraged over all ports) determined from the fits to the
data compared with the transferred angular momentum
predicted by the Qopt model, as a function of the number
of captured nucleons. The vertical error bars on the ob-
served transferred angular momentum represent the un-
certainties in the fitted J values. The assumption made
here that the observed incomplete fusion Z groups can
be represented by a single transferred mass is arbitrary.
To investigate the effect of this assumption on the fitted
J values, the angular correlation data for N and C were
converted to the center of mass and fitted again, assum-
ing several different values for the transferred mass. It
was found that the values of the transferred angular mo-
menta extracted from the data are essentially the same
for N if the transferred mass is assumed to be 1, 2, or 3
nucleons, and essentially the same for C if the transferred
mass is assumed to be 2, 3, or 4 nucleons. Thus the ef-
fect on the transferred angular momenta extracted from
the data if the assumed number of transferred nucleons is
wrong is to move them horizontally. The horizontal bars
on the fitted angular momenta show the effect if the as-
sumed mass transfer is wrong by +1 unit. The values of
the transferred angular momentum predicted by the Qqp¢
model were sensitive only to the number of transferred
nucleons (i.e., the Z of the outgoing projectile fragment
does not matter, only the mass does).

Figure 18 shows that the transferred angular momenta

TABLE V. 0avg, fave, J, JQopes @0, Ko, and x> for port
No. 4.

Ejectile Oavg Pavg JQopt J o Ko X2
He 87.5° 10.0° 42 4947 29+5 16.758 1.9
Li 87.5° 22.5° 30 27+13 2410 13.930 0.2
Be 87.5° 37.5° 23 32+6 40+16 12.413 1.0
B 87.5° 37.5° 16 18+4 4417 11.141 0.6
C 87.5° 45.0° 12 20+2 2945 10.733 2.5
N 72.5° 52.5° 6 16+3 28+12 8.243 1.6
O 87.5° 60.0° 0 - - 7.648 0.8
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TABLE VI. Details of the fits to the He and Li data.

Figure Graph Ejectile Port No. 6 ) Ko ap J
14 1 He 2 -0°-90° 45.0° 16.758 55° 57
14 2 He 2 45.0° 0°-90° 16.758 55° 57
14 3 He 3 0°-90° 10.0° 16.758 34° 39
14 4 He 3 87.5° 0°-90° 16.758 34° 39
14 5 He 4 0°-90° 10.0° 16.758 29° 49
14 6 He 4 87.5° 0°-90° 16.758 29° 49
14 7 Li 3 0°-90° 22.5° 13.930 6° 11
14 8 Li 3 65.0° 0°-90° 13.930 6° 11
14 9 Li 4 0°-90° 22.5° 13.930 2° 27
14 10 Li 4 87.5° 0°-90° 13.930 2° 27

TABLE VII. Details of the fits to the Be and B data.

Figure Graph Ejectile Port No. 6 ) Ko ao J
15 11 Be 3 0°-90° 37.5° 12.413 2° 18
15 12 Be 3 70.0° 0°-90° 12.413 2° 18
15 13 Be 4 0°-90° 37.5° 12.413 40° 32
15 14 Be 4 87.5° 0°-90° 12.413 40° 32
15 15 B 3 0°-90° 37.5° 11.141 2° 19
15 16 B 3 70.0° 0°-90° 11.141 2° 19
15 17 B 4 0°-90° 37.5° 11.141 4° 18
15 18 B 4 87.5° 0°-90° 11.141 4° 18

TABLE VIII. Details of the fits to the C data.

Figure Graph Ejectile Port No. 6 ¢ Ko ap J
16 19 C 2 0°-90° 22.5° 10.733 3° 12
16 20 C 2 50.0° 0°-90° 10.733 3° 12
16 21 C 3 0°-90° 45.0° 10.733 3° 18
16 22 C 3 70.0° 0°-90° 10.733 3° 18
16 23 C 4 0°-90° 45.0° 10.733 29° 20
16 24 C 4 87.5° 0°-90° 10.733 29° 20

TABLE IX. Details of the fits to the N and O data.

Figure Graph Ejectile Port No. 6 ¢ Ko ao J
17 25 N 3 0°-90° 52.5° 8.243 5° 12
17 26 N 3 72.5° 0°-90° 8.243 5° 12
17 27 N 4 0°-90° 52.5° 8.243 28° 16
17 28 N 4 72.5° 0°-90° 8.243 28° 16
17 29 o 3 0°-90° 60.0° 7.648 - 0
17 30 O 3 70.0° 0°-90° 7.648 - 0
17 31 o 4 0°-90° 60.0° 7.648 - 0
17 32 (0} 4 87.5° 0°-90° 7.648 - 0
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captured nucleons. Filled squares indicate the transferred an-
gular momentum values predicted by the Qopt model, open
circles represent the values obtained by fitting the data. The
uncertainty in the horizontal direction shows the effect if the
transferred mass differs from the assumed one by &+ one nu-
cleon. The labels adjacent to the experimental data points
indicate the Z of the incomplete fusion product.

predicted by the Q,p¢ model are in good agreement with
our observations except for the small mass transfers. This
may be a consequence of the fact that the Q,p¢ model
assumes an interaction distance in the entrance channel
corresponding to the sum of the half-density radii. Thus
all incomplete fusion reactions are assumed to occur at
the same impact parameter, regardless of the transferred
mass. This is not necessarily correct. Wilczynski’s “Sum
Rule Model” [20], for example, predicts that smaller mass
transfers will occur at larger impact parameters. If the
smaller mass transfers are assumed to occur at larger
impact parameters, the Qop¢ model predicts larger trans-
ferred angular momenta.

VII. SUMMARY AND CONCLUSIONS

This paper presents the results of measurements for
the reaction'®0+232Th at 140 MeV of total cross sec-
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tions for the incomplete fusion channels in coincidence
with fission fragments. An inclusive angular distribu-
tion was measured, and the total fission cross section,
17904180 mb, was in excellent agreement with a previ-
ously reported measurement [17]. The percentage of the
total cross section due to incomplete fusion, including
only He and heavier incomplete fusion products, was ap-
proximately 42%. The major contributions to the incom-
plete fusion channels were from the C and He incomplete
fusion channels.

Wilczynski’s Qopt model was used to estimate kine-
matic quantities needed to transform the coincidence
data from the lab to the center-of-mass reference frame
of the recoiling fissioning nucleus. It was also used to
estimate the angular momentum transfer in the incom-
plete fusion reactions. These estimates of the transferred
angular momentum were used to obtain predicted K, val-
ues from the rotating liquid drop model, which in turn
were used in the analysis of the measured angular cor-
relation data. The predicted Ky values were insensitive
to the values used for the transferred angular momenta.
The values of Ko found for all of the incomplete fusion
channels indicated that the fissioning nucleus is quite de-
formed at the saddle point, so the STSM shculd be valid.

Angular correlation data were obtained by making in-
plane and out-of-plane cuts through the measured coin-
cidence cross sections in the center-of-mass frame of the
recoiling fissioning nucleus. These were fitted using the
STSM with the width of the K distribution, Ky, fixed
at the values obtained from the liquid drop model. The
transferred angular momentum J and the width g of the
distribution of J around the perpendicular to the reac-
tion plane were used as free parameters in the fits. The
best fit values of J were in reasonable agreement with
the estimates of the transferred angular momenta from
the Qopt model, but tend to be larger than predicted for
the smallest mass transfers. This could be a consequence
of the assumption in the Q,p¢ model that all incomplete
fusion reactions occur at the same impact parameter in
the entrance channel.
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