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Cross sections, parallel and perpendicular momentum transfers, charge loss, and velocity systematics
are presented for fission following reactions of Fe and Nb projectiles at 50-100 MeV/nucleon on targets
of Ta, Au, and Th. Data are compared to simple models for peripheral heavy ion collisions.

PACS number(s): 25.70.Jj, 25.70.—z, 25.85.Ca

I. INTRODUCTION

The fission of a compound nucleus or target residue
formed in a heavy ion collision provides a useful probe
for investigating reaction dynamics. Fission is a well-
defined collective mode which occurs toward the end of
the reaction and the distinctive fragment Coulomb ener-
gy systematics are easily recognized. Measurement of the
correlated momenta (or the folding angle) of the two frag-
ments gives an estimate of the parallel and perpendicular
momentum imparted to the fissioning source. The sum of
the masses or charges of the fragments gives an estimate
of the mass of the source. In turn, the mass loss and
parallel momentum transfer can be used to estimate the
initial excitation energy. For residue sources in the mass
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range 150 to 200, the probability of fission decay is a sen-
sitive function of both the initial excitation energy and
angular momentum.

Previous experiments on heavy ion induced fission at
bombarding energies above 10 MeV/nucleon have shown
that only part of the initia1 momentum and mass of the
projectile is transferred to the fissioning source. At ener-
gies of 50-100 MeV/nucleon, the parallel momentum
transfer per projectile nucleon decreases with both in-
creasing mass and momentum of the projectile (see Ref.
[1] for a review). This result is taken as evidence for the
increasingly peripheral nature of the collisions feeding
the fission channel. However, until recently very little
data have been available in this higher energy regime for
projectiles with masses greater than about 20.

In this paper we present data from a series of experi-
ments at the Lawrence Berkeley Laboratory (LBL) Be-
valac designed specifically for a systematic investigation
of fission from intermediate energy heavy ion collisions
with heavy projectiles. Results are presented for the re-
actions Nb+Au, and Fe+Ta, Au, Th at energies of 50,
75, and 100 MeV/nucleon. These systems span a wide
range of projectile energies (2.8 to 9.3 GeV) and momenta
(17 to 41 GeV/c). Furthermore, the three targets Ta, Au,
and Th have vastly different fissilities (Z /A), so that
fission is expected to sample different regions of excita-
tion energy deposition and linear momentum transfer.
For the 100 MeV/nucleon data presented in this paper a
detailed comparison has been made to a model [2] com-
bining a fast initial collision described by an intranuclear
cascade model followed by a statistical decay of the tar-
get residue.
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II. EXPERIMENTAL DETAILS

A. Apparatus

To measure the correlations among the extremely wide
range of reaction products encountered at intermediate
energies one needs a detector system with a large
geometric coverage and a wide dynamic range in energy
and particle type. Relatively slow moving highly ionizing
fission fragments and target residues must be recorded
simultaneously with low ionizing fast moving light parti-
cles. We have designed such a detector system for use at
the LBL Bevalac low energy beam line. The detector sys-
tem is called PAGODA and Fig. 1 shows a schematic of
the installation at the Bevalac. A detailed description of
the detector components and their responses is given in
Ref. [3].

The apparatus consists of eight identical gas modules,
six arrays of nine phoswich scintillator detectors behind
the most forward six gas modules, and a 34 element
phoswich projectile hodoscope. Each gas detector con-
tains an 8 cm X 16 cm position sensitive multiwire pro-
portional counter (MWPC) followed by a low pressure
proportional counter (PC), and a second MWPC with an
active area of 16 cm X 16 cm. These first three elements
are operated in a common volume of isobutane at 2.5
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Torr. Each MWPC provides submillimeter position reso-
lution and a fast timing signal with a width of 400 ps.
The difference between the two MWPC timing signals
gives the time of flight (TOF) over the PC drift region (18
cm). Combined with a dE/dx measurement in the PC,
this provides fragment charge and velocity identification
over a large range of fragment energies. Since the anode
and position eSciencies for light ions are reasonably
high, timing information is available for essentially all
fragments with Z & 5 and energy greater than about 200
keV/nucleon. The final element of each gas module is an
ionization chamber (IC) located immediately behind the
second MWPC. For fission fragments, Z identification is
done exclusively with the TOF and PC information, 'the
IC's and phoswich arrays are not used.

The eight gas modules, covering approximately 13% of
4m, are arranged around the target in a cylindrical
geometry between 24' and 158' in the beam plane and
+12' out of plane. In addition, the front MWPC's ex-
tend the coverage out of plane to +25' (an additional
10%%uo of 4m.) but with significantly lower resolution for
particle identification. The targets were self-supporting
foils of Au, Ta, and Th with thicknesses of 1.34, 1.86, and
1.10 mg/cm, respectively. They were always positioned
at 90' relative to the beam.

The thirty-four elements of the forward hodoscope are
fast/slow plastic phoswich detectors. The array covers
an angular range from 2' to 10' horizontally and from 2
to 14' vertically. Since the energy thresholds for particle
identification are 9 MeV for protons and about 40
MeV/nucleon for Nb, this array is sensitive to the entire
range of projectile fragments at the beam energies used in
our experiments. The charge resolution for these
modules is excellent. We observed unit Z resolution
through the projectile charge for the Fe data; for the Nb
data, the resolution was two Z units above Z =20.
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(b) Schematic Diagram of a Pagoda Module
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FIG. 1. (a) The PAGODA detector layout at the LBL Be-
valac low energy beam line. The center lines of the modules are
at 36, 72, 108, and 144' on either side of the beam. The
hodoscope is located in the wedge-shaped target chamber exten-
sion. (b) A detailed layout of a single PAGODA module.

B. Calibration and particle identiScation

Excellent charge resolution for relatively slow particles
could be obtained with the PC and TOF, whereas the IC
was most useful in combination with the phoswich detec-
tors for the identification of more energetic particles. To
take advantage of the excellent PC resolution, we
developed an identification scheme based on a series of
calibration measurements made at the LANL Van de
Graaff accelerator. A number of light and heavy ion
beams (C, 0, S, Br, and I) at energies between 0.5 and 5.0
MeV/nucleon were scattered from different target foils
(Ti, Zr, Dy, and Au) into a detector module mounted at a
polar angle of 30'. Using the scattered projectiles as well
as the recoiling target nuclei, a nearly continuous range
of TOFs and PC energy losses was measured. At these
energies, the scattering is elastic so we were able to obtain
energy and time-of-flight calibrations for both the scat-
tered beam particles and the target recoils. After corn-

paring the calibration data with various energy loss codes
[4—6], we concluded that the codes do not adequately
reproduce the measured energy loss and charge depen-
dences. Therefore, we decided to construct an empirical
charge and velocity calibration utilizing the extensive
data set.
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We combined the results of the calibration measure-
ments and the easily identified charge bands for Z &10
from our initial 100 MeV/nucleon Nb+Au experiment
to generate two-dimensional grids of measured PC pulse
height and TOF. One grid provided the particle charge
with approximately unit Z resolution for intermediate
mass fragments (Z &20) and a resolution of three units
for fission-mass fragments. The second grid provided the
fragment velocity with a resolution of 0.05 cm/ns. Both
grids were constructed independently of any dE/dx code.

Cf fragments were used to gain match and time align
the experimental data from each module to the grid cali-
bration. We tested this algorithm by analyzing fission
fragments from a thin two-sided Cf source and were
able to reproduce accurately the known mean values for
both the charge and the velocity distributions [7].

Using this scheme, Z identification is possible for parti-
cles with incident energies between 0.5 and 2.7
MeV/nucleon and Z &54. There are virtually no fission
fragments above this energy and charge cutoff; however,
a significant number have energies less than 0.5
MeV/nucleon. For these slow fragments we distinguish
only between heavier and lighter fragments because the
PC resolution again becomes quite poor. However, we
still have velocity information down to energies as low as
0.2 MeV/nucleon and in most cases a low velocity frag-
ment has a higher velocity binary partner which allows
the event to be identified as fission.

In order to increase the experimental solid angle and to
maximize our acceptance for perpendicular momentum
transfer we have defined two classes of fission data. In
class I events, both fragments reach the second MWPC
(out-of-plane angle ~P~ &12') and are fully identified us-

ing the PC-TOF grid. For class II events, one fragment
is fully identified but the other is in the angular range
12' & ~P~ & 25 ' and is therefore only detected in the first
MWPC. For the latter fragment we have only the posi-
tion and a crude mass identification using the MWPC
anode signal (which is roughly proportional to the PC).
However, as the incompletely detected fragment is in
coincidence with a fully identified fragment from the
PC-TOF grid, we get the event start time from the fully
identified fragment and can evaluate the velocity of the
out-of-plane fragment from its single MWPC timing sig-
nal. Although the MWPC anode resolution is relatively
poor for the out-of-plane fission mass fragments, the data
can still be separated into several mass regions, allowing
some kinematic evaluations beyond the calculation of the
folding angle and the distribution of relative velocities.

C. Acceptance calculations

In order to estimate the total fission cross section and
to transform the experimental observables into distribu-
tions that can be compared to theories or models, it is
essential to understand the acceptance of the PAGODA
array. Since our analysis shows that the data from both
the Fe and Nb induced fission can be completely de-
scribed by low energy fission systematics [8] (see Sec. III
below), we used a parametrization of these systematics to
create a simulation of our acceptance for fission events.

The simulation assumed relative velocities from fission
systematics [8], symmetric fission with a Z distribution
having a FWHM of 26 units and a fragment angular dis-
tribution that was isotropic in the rest frame of the
fissioning system. To avoid large errors due to energy
loss and scattering both in the target and in the detectors,
and to avoid any influence due to target absorption, we
excluded fission fragments with polar angles between 72'
and 108' relative to the beam axis both from the analysis
and the simulation. We also excluded fragments that hit
the outermost 5 mm of the x and y planes of all detectors
and took into account the transmission of the MWPC's
(94% each). Extensive testing showed that the detection
probability was independent of the mass split. With
reasonable assumptions concerning the relation between
Pr) and Pj it was also found to be almost independent of
the fragment angular distribution. Therefore, the accep-
tance depended primarily on the total linear momentum
transferred to the fissioning nucleus and on the correla-
tion between the parallel and perpendicular components
of the linear momentum.

The calculated two-dimensional acceptance —relative
to a 4~ geometry —of the gas detectors for fission events
as a function of P~~ and P~ of the fissioning system is
shown in Fig. 2 for class I and class II events. The accep-
tance in Pi is primarily related to the P coverage. Events
with small perpendicular momentum transfer have small
relative azimuthal angles. So, having one of the frag-
ments detected with an out-of-plane angle &12', the
second one will most likely be found in the same angular
region, i.e., the event will be in class I. Events with large
perpendicular momentum transfer have on the average
larger relative azimuthal angles and therefore a higher
probability to be in class II. Thus, the probability for
detecting class I events is largest for small values of the
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FIG. 2. Acceptance of the PAGODA array for class I (both
fragments with ~P~ &12 ) and class II (one fragment with
12'& ~p~ &25 ) events as a function of PI, Pi. The solid con-
tours represent an acceptance of 2.5%, 5.0%, etc., while the
dashed contours show steps of 0.5%. The closed solid contours
in the bottom panel show 5% acceptance; in the upper panel,
the 5% contour appears near the origin and for P~~ &4 GeV/c
and P~ (1GeV/c.
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D. Identification of fission events

We can easily identify the fission events using the
correlation between the charges of the coincident frag-
ments, shown in Fig. 4. As can be seen from the figure
the events separate clearly into a fission and a nonfission
region; moreover, there are no coincident events in the
fission region between detectors located on the same side
of the beam axis. On the other hand, it is clear that we
cannot distinguish between the different processes which
produce fragments in the fission mass region without us-
ing coincidence information. Both binary fission of the
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FIG. 3. Detection probability for fission events as a function
of folding angle for both class I (solid) and class II (dashed)
events. The arrows indicate the mean angles between diferent
detector module combinations {72,108, 144', 180, and 216').

perpendicular momentum transfer, whereas the accep-
tance for class II events is very small for small Pj,
reaches a maximum for Pi —1.5 GeV/c, and then de-
creases with further increasing perpendicular momen-
tum. The acceptance for parallel momentum transfer on
the other hand is primarily sensitive to the 8 coverage
which is roughly the same for both classes of events,
therefore leading to similar dependences on P~~.

To deduce the acceptance for a given folding angle
from the two-dimensional acceptance, the correlation be-
tween the parallel and perpendicular momentum com-
ponents was taken from the data. As this correlation de-
pends on the target/projectile combination (see Secs. III
and IV), the resulting detection probabilities are slightly
different for the different systems investigated, but the
gross features do not change. In Fig. 3, the detection
probability versus the folding angle for both classes of
events is shown for the system Nb+ Au at 100
MeV/nucleon. For zero parallel momentum transfer
(folding angle 8~~=180') the detection probability for
class I fission events is given by the solid angle of the
eight detectors. It should be noted that excluding the
data between 72' and 108' reduces the solid angle of the
gas modules to 6% of 4m. With increasing momentum
transfer —i.e., decreasing folding angle —the acceptance
shows modulations due to the gaps between the detectors.
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FIG. 4. (a) Contour plot of ZI vs Z& for coincidence events
in which both fragments are detected on the same side of the
beam. (b) The same plot except that Z& and Z& are now detect-
ed on opposite sides of the beam. The contours represent an in-
crease in yield by factors of 2; the system is 100 MeV/nucleon
Nb+ Au.

target residue and multiple fragment emission contribute
to the inclusive distributions in the fission mass range.
For further discussion see Ref. [9]. Similar results have
been shown previously by Warwick et al. [10] and by
Klotz-Engmann et al. [11].

Additional insight into this problem and, therefore,
into the centrality of the reactions can be obtained from
the correlation between projectile fragments and target-
like fragments. For a large class of events we find no
binary partners in the gas modules. We believe that a
large fraction of these are not true binary fission events in
which one fragment is not detected, but are the result of
more violent collisions which leave a single hot residue in
the fission mass range. The distribution of the largest Z
seen in the forward hodoscope, Z"',„', in coincidence with
two fission fragments detected in the gas modules is
shown in Fig 5(a). W. hen a single fragment in the fission
mass range is detected in the gas counters, the distribu-
tion of the coincident Z";„' is bimodal as in Fig. 5(b).
The peak at large Z values arises from peripheral col-
lisions in which one of the fission fragments is not detect-
ed while the peak at low Z is due to hard collisions in
which only a residue in the fission mass range remains.
This behavior is consistent with previous results from
Warwick et a1. [10] who observed contributions from
binary fission and "deep spallation" processes in the same
mass interval for 200 MeV/nucleon Ne bombardments of
Au.

The complete kinematic analysis of fission events can
only be done if the charges and the velocities of both
fragments are known. This restricts us to events where
both laboratory velocities are between 1.0 and 2.3 cm/ns;
outside this range we do not get Z information from the
PC masks. The velocity distributions of the fission frag-
ments in the laboratory frame have their most probable
values at or below 1.5 cm/ns. Less than 1% of the frag-
ments have velocities greater than 2.3 cm/ns indicating
that we lose very little fission data due to this upper limit.
The 1ower limit, on the other hand, excludes approxi-
mately one-half of the data, depending slightly on the tar-
get. However, because the relative velocity of the two
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FIG. 5. (a) The ratio between coincidence and inclusive spec-
tra of the largest fragment detected in the hodoscope for a coin-
cidence with two fission mass fragments in the gas modules. (b)
The same ratio except that now the coincidence is with only a
single fission mass fragment.

FIG. 6. Angular distribution of coincident fission fragments
from 100 MeV/nucleon Nb+Au reactions detected on opposite
sides of the beam with laboratory velocities less than (open sym-

bols) and greater than (closed symbols) 1.0 cm/ns.
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that the subset of data based on the coincidence of two
fast fragments is a representative ensemble for all pro-
cesses that lead to fission.

In order to extract the rnomenta from the experimen-
tally determined quantities in events with two fast frag-
ments, we must make an assumption concerning the rela-
tion between the charges of the detected fission fragments
and the charge of the fissioning system. The deexcitation
of the excited fission fragments is dominated by the eva-
poration of neutrons, so using Z,„=Z,+Z2 as the
charge of the fissioning system is a good approximation.
The evaporation of neutrons does not change the mean
values of the velocity distributions, but it does lower the
mean values of the momenta.

The determination of the masses is more complicated.

fragments is sharply peaked it is almost always true that
when one fragment falls below this lower limit the other
will be above it. In this case a clear fission identification
is obtained. Fission fragments detected at backward an-
gles are especially susceptible to the lower velocity limit.
This is demonstrated in Fig. 6 which shows the angular
distribution of fission fragments from binary coincidence
events detected on different sides of the beam with labo-
ratory velocities below and above 1.0 crn/ns for the sys-
tem Nb+Au at 100 MeV/nucleon. The fast fragments
are peaked forward whereas the slow fragments show an
enhancement at backwards angles. To ascertain that this
is indeed a purely kinematic effect, we compared the
acceptance-corrected folding angle distributions for the
two groups (two fast fragments versus one fast and one
slow) and found that they are identical within experimen-
tal errors for all systems investigated. As an example, the
distributions for the system Nb+ Au at 100
MeV/nucleon are shown in Fig. 7. Therefore, we believe
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FIG. 7. Acceptance-corrected folding angle distributions for
fission events from 100 MeV/nucleon Nb+Au reactions. The
solid curve shows the distribution in which both fragments have
velocities greater than 1.0 cm/ns (fast/fast); the dashed curve
shows the distribution in which one of the fragments has a ve-
locity less than 1.0 cm/ns (fast/slow). The shapes of the two
distributions are identical.
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Since the energy loss of a heavy particle in matter de-
pends only on its charge and not on its mass, we have to
make an assumption about the correlation between the
atomic number and the mass of a detected particle. Two
reasonable assumptions in the case of fission are that ei-
ther the two fission fragments or the fissioning system it-
self are in the valley of stability. In both cases the masses
can be estimated using the measured Z values. Due to
the neutron excess in heavier nuclei the two possibilities
give values for the momenta which are different by 10%
to 15%. Since velocity is the primary quantity measured,
this discrepancy can be avoided by calculating the
momentum per nucleon instead of the total momentum,
in which case both methods give to first order the same
results. By using the momenta with the position informa-
tion we can construct the complete kinematics of the
fissioning source, i.e., calculate PII, P~, and the pointing
angle on an event-by-event basis.

III. RESULTS AND DISCUSSION

A. Mean values
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FIG. 8. (a) Average parallel and (b) average transverse
momentum of the fissioning system as a function of projectile
energy for the different systems investigated (open symbols) ~

The solid symbols for the Ne+Au data are taken from Ref.
[10]. The dotted curves in (a) show the dependence on the in-

verse square root of the projectile energy; the dotted curves in

(b) are drawn to guide the eye.

Figure 8(a) shows the acceptance-corrected mean
values of the PII distributions for all the systems we have
studied and for previous Ne+Au data at higher energies
[10]. A comparison of the Nb+ Au data with the
Fe+Au data shows that the parallel momentum
transferred to the target nucleus is essentially indepen-
dent of the entrance channel. The decrease in mean PII
with increasing target mass is a result of the rapid in-
crease in fissility from Ta to Th. In particular, fission of
Ta requires relatively high excitation energies and/or an-
gular momenta which are correlated with the largest PII
transfers. Further discussion and a comparison to pre-
dictions of a simple intranuclear cascade model with sta-

tistical decay of the target residue are presented in Ref.
[2].

For a given projectile/target combination the mean
momentum transfer decreases with increasing beam ener-

gy. If fission occurs in a narrow range of excitation ener-
gies independent of the projectile energy and if the energy
is deposited through the direct transfer of nucleons from
the projectile to the target, then the most probable
momentum transfer would decrease as the inverse of the
square root of the beam energy. This simple dependence
is shown by the dotted lines in Fig. 8(a). Our data exhibit
such an energy dependence for all systems investigated.
If the Au target results are extrapolated to higher ener-
gies we get a good fit to the previous Ne+Au measure-
ments at 250—1050 MeV/nucleon [10,12].

Figure 8(b) shows the acceptance-corrected mean
values for the Pj versus the incident energy per nucleon.
Pj depends only on the projectile nucleus and on its ener-

gy, and shows a slight decrease with increasing energy.
This trend can be reproduced by assuming that the
momentum transfer is caused by the absorption of a few
nucleons during a grazing collision. As Fig. 2(a) shows,
the fission fragment acceptance for P~ =2 GeV/c is still
approximately 25% of the maximum value. This means
that the measurement of P~ is not significantly restricted
by limitations of our geometry.

Most previous experiments have utilized the fission
fragment angular correlation technique [13] to estimate
the parallel momentum transfer to the fissioning system.
In this method the mean parallel momentum transfer is
calculated from the mean folding angle. Systematics with
a broad spectrum of energies and projectile masses have
been obtained (see Ref. [1] for review). From these re-
sults, it is clear that fission at lower energies has large
contributions from compoundlike processes while at
higher energies peripheral reactions dominate. There is a
broad transition in the 20—100 MeV/nucleon region de-
pending on the mass of the projectile. For example, there
is still a large compoundlike contribution for 25
MeV/nucleon Kr+Au but by 45 MeV/nucleon this con-
tribution has completely disappeared and only peripheral
fission remains [14]. Clearly our data for Fe and Nb pro-
jectiles are in the bombarding energy region where peri-
pheral collisions dominate.

Based on limited previous data for 6 & A „;(40 it has
been suggested [15] that there might be a universal rela-
tionship between Pi/A~, » and E/A~, » which can de-
scribe the high energy heavy ion data for all projectiles.
Conversely, the data could also be parametrized on the
basis of a limiting average excitation energy of the fission-
ing nucleus. Saint-Laurent et al. [16]extracted from this
parametrization a numerical value of 160 MeV for this
average excitation energy in thorium nuclei. This num-

ber is based on the linear relation between fractional en-

ergy deposition and fractional momentum transfer [17]:

0 75 II

EcN P IIcN

where E*/EcN and PII/PIIcz denote the excitation ener-

gy and the parallel momentum of the fissioning system
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and the compound nucleus, respectively. The additional
factor of 0.75 is not expected from the naive assumption
that energy deposition and momentum transfer are
caused by direct transfer of nucleons from the projectile
to the target (see discussion of Fig. 8, above), but stems
from INC calculations described in Ref. [17].

In our model calculations, presented in Ref. [2], it is
shown that since fission is a slow process occurring near
the end of the deexcitation cascade, only excitation ener-
gies up to a few hundred MeV produce a fissionable resi-
due. At higher excitations, the equilibrated target resi-
due becomes too light to fission. This trend may be ac-
centuated by the onset of intermediate mass fragment
emission which leads to even lighter target residues.
However, our calculations yield a direct dependence of
the fractional energy deposition on the fractional momen-
tum transfer, i.e., without the additional factor of 0.75.

In Fig. 9 we present our Fe+Th data together with
previous results. It is clear that our data are most con-
sistent with the limiting energy concept, which leads to
the QEb„energy dependence discussed above. Using
our relation between the energy deposition and the
momentum transfer we obtain a limiting average excita-
tion energy of 220 MeV. The value is also in good agree-
ment with the results for 0 and Ne projectiles at energies
above 30 MeV/nucleon. Unfortunately no data exist for
ions in the mass range between alpha particles and 0 for
projectile energies above 50 MeV/nucleon, but above 200
MeV/nucleon even the results for alpha-induced fission
are not inconsistent with the limiting energy concept.

There has been a lot of speculation about the parame-
ters that limit fission in high energy nuclear reactions.
Since fission is a complex process and the fission probabil-
ity is affected by competing phenomena like preequilibri-
um emission, incomplete fusion, intermediate mass frag-

ment production, and prefission nucleon evaporation, it is
not a priori clear that data from a wide range of projectile
masses and projectile energies follow a common sys-
tematics. But from the previous discussion we conclude
that in the high energy region the most important param-
eter is the energy deposit into the nucleus. Our calcula-
tions indicate that one reaches the "natural end of
fission" because nuclei with higher excitation energy
deexcite via a fast cascade and finally end up with vanish-
ing fission probability.

Figure 10 shows the distributions of the charge loss,
Z=zt. ,g —Z.. . for all the systems investigated

Again the inhuence of the very different fissility parame-
ters is obvious. Thorium fission is dominated by peri-
pheral reactions with very low momentum transfer and
little charge loss while a gold nucleus needs a higher
momentum transfer to fission and we see the expected
higher mean charge loss due to the deexcitation via parti-
cle evaporation. The AZ distributions for Nb+Au and
Fe+Au are identical for both energies which means that
the entrance channel does not determine the properties of
the final fissioning systems as the parallel momentum dis-
tributions have already demonstrated. For tantalum, the
mean values of the hZ distributions are shifted to still
higher values indicating the high linear momentum
transfer (excitation energy) necessary for fission. Howev-
er, a high Z loss leaves a residual nucleus which is no
longer highly fissile. Both effects together result in a hZ
distribution which is less sharply peaked than the Au and
Th distributions.

B. Total Sssion cross sections

We can calculate the total number of fission events
from the folding angle distributions of all fission events
(class I and class II) with the acceptance corrections de-
scribed in Sec. II 3 (see Fig. 7). The resulting fission cross
sections are presented in Table I and Fig. 11. The large
error in the evaluation of the fission cross sections is
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FIG. 9. Average parallel momentum per projectile nucleon
as a function of projectile energy per nucleon for the fission of
thorium and uranium by various projectiles. The solid triangles
(protons), solid circles (deuterons), solid boxes (alphas) and open
symbols ( Li, ' C, ' N, ' 0, and Ne) are data taken from Ref.
[1]. Our Fe+Th fission data at 50 and 100 MeV/nucleon are
included as the solid diamonds. The solid line indicates full
momentum transfer while the dashed lines are drawn to guide
the eye through the lighter projectile data. The dotted lines
show the momentum transfer limitation due to the excitation
energy limitation as discussed in the text and Ref. [16].
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FIG. 10. (a) Fission charge loss distribution for Fe+Ta, Au,
Th, and Nb+Au at 100 MeV/nucleon. (b) Fission charge loss
distribution for the same systems but for a projectile energy of
50 MeV/nucleon. The gold data for the two projectiles are vir-
tually identical; the upper gold curve in both panels is the
Nb+ Au reaction.
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TABLE I. Fission cross sections.

Beam

II I I I I IIIII I I I I IIIII2 II I I I I IIIII I I I I IIIII

Reaction

Nb+ Au

Fe+Ta

energy
(MeV/nucleon)

50
75

100

50
100

Fission cross section
(mb)

400+60
271+60
150+50

52+17
32+11
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FIG. 12. (a) Fission excitation functions for thorium and
uranium. (b) Fission excitation function for gold. The open
symbols are taken from Refs. [18-24]; the solid circles and
squares are our Fe and Nb induced fission data, respectively.
The dashed lines are drawn to guide the eye.

mainly due to uncertainties in the integrated beam. We
divided the estimated fission cross sections, 0 f,„,by the
geometric cross sections, o „,given by

2
+geo mR graz 1 Ec.m.

(2)

with

~ 10s
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FIG. 11. Total fission cross sections for all systems investi-

gated. The dashed lines are drawn to guide the eye.

Here R „, is the interaction radius, Vc,„& the Coulomb
repulsion, and E, is the total center-of-mass energy.
The data can then be compared to previous measure-
ments with lighter projectiles. First we compare our tho-
rium fission cross sections to the results of other experi-
ments which used uranium and thorium targets and a
wide variety of bombarding energies and projectiles with
masses between 1 and 40. In Fig. 12(a) we show the
fission probabilities versus the total energy of the projec-
tiles [18—20]. It can be seen that the fission probability
decreases with increasing energy almost independently of

the size of the projectile from values near 100% for low
projectile energies to approximately 20% at 10 GeV.

In Fig. 12(b), we show the results for the Au target
[19,21 —24]. The trend is very similar to that for the
fissile U and Th targets, but as the gold nucleus is not
highly fissile, the angular momentum of the projectile in
the entrance channel is an important quantity. The in-
herently low angular momentum transfers available in

proton and alpha particle bombardments are qualitatively
consistent with the low fission probabilities in these cases.

C. Relative fragment velocities

From our complete binary measurements we can con-
struct the relative velocity (~v, +v2~) of the fission frag-
ments in the rest frame of the fissioning system and then
compare to known systematics for low energy fission [8].
It is of particular interest to look for possible higher
fission velocities at the highest excitation energies (or
b,Z). Such effects have been reported for other systems
[25,26] and could be a signal for a nonequilibrium fast
fission process. In Fig. 13, we show the distribution of
the relative velocities of binary events as function of hZ
for the system Nb+Au at 100 MeV/nucleon. We find a
narrow distribution centered at a value which is approxi-
mately 10%%uo below the Viola velocity [8] for all events
with AZ(30. The deviation of these events from the
Viola systematics can be completely attributed to energy
loss in the target. For larger values of hZ, the mean
value of the velocity starts to shift, and, more important-

ly, the distribution starts to broaden significantly, which
is a clear indication that the reaction process for these
events is not binary. This is also consistent with Fig. 4,
where we showed the separation into a fission and a
nonfission region in the Z& Z2 plane. Collisions which

lead to a total charge loss of more than 25 charge units
clearly fall in the nonfission region.

For further evaluation of the data for consistency with
the fission systematics, we also analyzed the folding an-

gles as a function of the momentum transfer as derived
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the mass loss (b A = A~,s
—Af) before fission. The value

for 6A is estimated from the measured hZ =Zt
g Zf,

as discussed earlier. We compare the experimental distri-
bution to a Monte Carlo simulation in which we take the
detector geometry into account, assume Viola's velocity
systematics [8], a symmetric Z distribution and isotropic
emission in the rest frame of the fissioning system. For
all systems the data fall on top of each other and within
the experimental errors they agree with the simulations

up to the highest values of momentum transfer. This
means that in contradiction to Ref. [25] we observe no
deviations from the low energy fission systematics [8] up
to momentum transfers of 6 GeV/c, which is at least
10% of the total momentum in the reaction.

FIG. 13. Contour plot of the relative fragment velocity from
binary events as a function of the charge loss for the reaction
100 MeV/nucleon Nb+Au. For values of hZ less than about
25, the velocities are tightly distributed around the Viola value

[8]. For larger hZ, the distribution of velocities begins to
broaden significantly. The contours represent an increase in

yield by factors of 2.

from the velocity measurements. This provides a
stringent test because the errors in the determination of
the angles are significantly smaller than those for the ve-
locities. The inhuence of a nonzero momentum of the
fissioning nucleus is given by a velocity transformation in
the laboratory frame and any deviation in the energy
released during the fission process and, therefore, in the
relative velocities of the fission fragments produces a cor-
responding deviation in the folding angle distribution. In
Fig. 14, we plot the mean folding angle versus the parallel
momentum transfer divided by Af, where Af is the es-
timated mass of the fissioning nucleus taking into account

D. Systematics as a function of momentum transfer

Since we measure the momenta and charges for both
fragments, it is possible with this data to study exclusive
correlations that are not generally available from folding
angle experiments. In particular, in our data the most in-
teresting correlations are between parallel momentum
transfer, perpendicular momentum transfer, and charge
loss. We expect these to lead to further insight into the
fission process and the limiting conditions for fission.

The distributions in P~~ and P~ for the systems studied
are shown in Figs. 15 and 16. In the low energy tail of
the P~~ distribution, the sum of the parallel momenta of
the two detected fragments may become negative due to
particle evaporation during the deexcitation of the target
residues. Therefore we also accumulated data for small
negative P~~.

First we discuss the behavior of the perpendicular
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FIG. 14. Folding angles plotted as a function of P~~ per nu-
cleon of the fissioning system, Af, for all systems studied in this
work. The dashed curve is the result of a simulation based on
Viola's [8] fission fragment velocity systematics and described in
the text. The open symbols are the 100 MeV/nucleon projectile
data and the closed symbols are the 50 MeV/nucleon projectile
data; the single set of points are the 75 MeV/nucleon
Nb+ Au data.
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FIG. 15. Acceptance-corrected parallel momentum distribu-
tions for all systems investigated. The hatched and the open
distributions show the 100 and 50 MeV/nucleon projectile data,
respectively. The two spectra for a given system have been nor-
malized to an equal number of counts to simplify the shape
comparison.
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FIG. 16. Acceptance-corrected transverse momentum distri-
butions for all systems investigated. The hatched and the open
distributions show the 100 and 50 MeV/nucleon projectile data,
respectively. As in Fig. 15, the two spectra for a given system
have been normalized to an equal number of counts; however,
the 50 MeV/nucleon spectra have been offset by an additional
factor of 5.

momentum with increasing parallel momentum. Figure
17 shows that the perpendicular momenta of the fission-
ing nuclei are essentially independent of P~~ for all sys-
tems and energies investigated. Like the mean values of
P~ shown earlier in Fig. 8, these distributions show a
small decrease with increasing projectile energy and an
increase with increasing projectile mass. The error bars

show the variances of a11 the P~ distributions and these
widths also do not depend significantly on PI~. These
trends suggest that the transfer of perpendicular momen-
tum is not strongly coupled to the transfer of parallel
momentum. This result seems surprising at first since
most models based on INC or incomplete fusion tend to
predict that for the heavy residues left after the direct or
preequilibrium reaction stage, the perpendicular and
parallel components of the momentum transfer are
roughly proportional. However, a detailed statistical cal-
culation [2] which includes both INC and fission decay
does reproduce the experimental results at 100
MeV/nucleon that are presented in this paper (see Ref.
[2], Fig. 8).

Figure 18 shows the charge loss of the fissioning nu-
cleus as a function of parallel momentum transfer. The
results are approximately independent of projectile mass
and energy. The difference in slope for different targets is
consistent with the dependence expected due to the fissili-

ty differences between Ta, Au, and Th. The very simple
correlation described below demonstrates the internal
consistency of these results. The increase in hZ at low
and negative P~~ can be qualitatively understood as due to
the tail of evaporation products originating near the peak
of the P~~ distributions for each target.

In order to look for possible projectile and target
dependences we compare all of our data in a very simple
parametrization that is similar to that used to interpret
earlier Ar data [27]. We assume that the linear momen-
tum transfer can be attributed to the absorption of a few
projectile nucleons by the target. The number of ab-
sorbed nucleons, m, can then be estimated using the
linear momentum transfer to the fissioning system as
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FIG. 17. Perpendicular vs parallel momentum transfer for all
systems studied. The open and the solid symbols show the 50
and 100 MeV/nucleon projectile data, respectively. The (3) sym-
bols in the upper left panel are the 75 MeV/nucleon Nb+Au
data. The dashed lines are drawn to guide the eye.

FIG. 18. Charge loss of the fission nucleus as a function of
the parallel momentum transfer. The open and solid symbols
show the 50 and 100 MeV/nucleon projectile data, respectively.
The symbols in the upper left panel are the 75 MeV/nucleon
Nb+ Au data.
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Nb+Au; squares: Fe+Au; triangles: Fe+Th. The dashed
lines are calculated using the model discussed in the text.

P
m =Ap II

where A is the mass of the projectile and P; the incident
linear momentum. The excitation energy, E', for this in-
cornplete fusion process is then given by

PII Ap+ AT' ""P, -+A, (4)

where EzF is the excitation energy for complete fusion.
If we assume that the emission of a nucleon lowers the
excitation energy on the average by 15 MeV, we can cal-
culate the number of evaporated particles, b A'"', for a
given momentum transfer using

g A calc

15

On the other hand, we can also determine the number of
emitted particles from the experimental data according to
the relation

LA'" =A +m —I'"
T T

The mean mass observed for a given momentum transfer,
MT", is calculated using the mean charge loss. The com-
parison of the 5A"" and 6A'"& is shown in Fig. 19 for
the projectile energies 50 and 100 MeV/nucleon. The
agreement is remarkable for the Th and Au targets. The
Ta data show deviations from the calculation which is
not surprising. It should be emphasized that we are
analyzing only fission events and that these are expected
to be a representative subset of the whole data at a given
momentum transfer only for systems with a reasonably
high fissility. This is certainly the case for thorium and
also to some extent for gold at not too high values of
linear momentum transfer. Indeed we see deviations
from the calculation in the case of gold for the largest
momentum transfers due to the fact that high momentum
transfer and subsequent high charge loss will lead to a

system that is no longer highly fissile. In the case of tan-
talum, we can expect only the mean value for the mass
loss corresponding to the mean parallel momentum of the
inclusive momentum distribution to agree with the calcu-
lation-, which is indeed the case.

IV. SUMMARY

In this paper we present results on the systematic be-
havior of fission from intermediate energy heavy ion reac-
tions on heavy targets. The reactions studied are
Nb+Au and Fe+Au, Ta, Th at beam energies of 50—100
MeV/nucleon. Inclusive and exclusive results are
presented on the cross sections, parallel and perpendicu-
lar momentum transfer, and charge loss.

Detailed results are presented on the momentum
transfer (P~~ and Pj ) and total charge of the fissioning sys-
tem as well as the relative velocities of the fragments.
The result agrees qualitatively with previous systematics
with respect to both parallel momentum transfer and Z
loss. A simple relation exists between the mass loss and
parallel momentum transfer. This correlation is a result
of the strong coupling of parallel momentum transfer to
excitation energy. The apparent saturation of the per-
pendicular momentum transfer is reproduced in a de-
tailed statistical treatment of these reactions presented in
Ref. [2].

The results suggest a limiting excitation energy for re-
actions leading to fission in this energy regime. Such a
limit can result from the lack of a target residue heavy
enough to have an appreciable fission branch in cases
where the initial target residue has an excitation energy
above 1 GeV and emits many preequilibriurn nucleons.
This limit could alternatively result from the onset of
multifragmentation processes. The present data are un-
able to distinguish the two possibilities. A more detailed
model of these reactions in terms of a fast cascade fol-
lowed by statistical decay is given in a companion paper
[2].

The fission cross sections are consistent with previous
systematics and show a decrease with increasing projec-
tile energy. This behavior is also consistent with a limit-
ing excitation energy for residues that subsequently
fission.
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