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Fragment Energy and Velocity Measurements in Fission of
Uranium by 2.9-6eV Protons*
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Fission of uranium induced by 2.9-GeV protons was studied with semiconductor detectors and velocity-
measuring devices. The angular correlation between members of fission-fragment pairs as well as the energies
of the two fragments and the velocities of one were determined. Fragment masses were thus ascertained.
From these data, deductions were made about excitation energies and momenta of the 6ssioning systems.
The results show that although there is a much broader mass spectrum of fissioning nuclei produced at 2.9
GeV than is present at lower bombarding energies, the fission mechanisms in the two cases are indistinguish-
able. Mean fragment velocities are found to be very nearly independent of fissioning-system mass, in agree-
ment with calculations based on a liquid-drop model.

I. INTRODUCTION

1ISSION of uranium induced by high-energy protons
. . has been studied for many years by a variety of
techniques. ' Radiochemical and mass-spectrometric
cross-section measurements have been used to obtain
charge-dispersion curves at individual product masses' ~;

these curves have been integrated to obtain mass yield
distributions, which are broad, symmetric peaks centered
at A 110.' For bombarding energies above ~1 GeV,
the charge-dispersion curves broaden with increasing
mass and become double-peaked for A &110. Thick-
target, thick-recoil-catcher experiments at these energies
have shown that the neutron-deficient products have
considerably smaller momenta than do the neutron-
excess products. "' Both this result and the double-
peaked charge-dispersion curves suggest that more
mechanisms than one contribute to the formation of
products in the fission-mass region at high incident
proton energies. Double-diff erential cross sections
d'o/dQdE measured for selected products at various
angles in thin-target, thin-catcher recoil experiments
have recently been interpreted to indicate that at
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2.2 GeV there is only one general fission mechanism
operative, and that there is a small contribution in the
fission-mass region from a nonfission spallationlike
mechanism '0

While radiochemical techniques can yield product
charge and mass distributions and even double-differen-
tial cross sections for individual products, they cannot
provide direct evidence for the presence or absence of a
major partner fragment. Dielectric detectors can be
used to register track pairs produced by the major
fragments in fission; total cross sections for fission, for
breakup into three major fragments, "' as well as more
detailed information such as track-length ratios and
angular correlations, have been obtained with this
technique. " Little or no information on the energy,
mass, or charge of fragments is obtainable, however.

Semiconductor detectors have been employed in the
study of low- and medium-energy fission to measure the
energies and, by means of conservation laws, the masses
of coincident fragments. '4 This technique has been
extended to the study of fission induced by 156-MeV
protons"" but, since the momenta of the fissioning
nuclei were not known, conservation laws could not be
used and only fragment energies and angles could be
determined.

In the study of the fission of uranium by 2.9-GeV
protons described herein, semiconductor detectors were
used, but, in addition to the energies and angles of both
members of fragment pairs, the velocity, and hence the

~o V. P. Crespo. J. B. Cumming, and A. M. Poskanzer, Phys.
Rev. 174, 1455 (1968).

»R. Brandt, F. Carbonara, E. Cieslak, M. Dakowski, Ch.
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M. Sowinski, and J. Zakrzewski, Nucl. Phys. A90, 177 (1967)."J.Hudis and S. KatcoiI, Phys. Rev. 180, 1122 (1969l.

»M. Debeauvais, R. Stein, J. Ralarosy, and P. CCier, Nucl.
Phys. A90, 186 (1967).

~4 See, for example, J. S. Fraser and J. C. D. Milton, Ann. Rev.
Nucl. Sci. 16, 379 (1966)."L.Kowalski, C. Stephan, H. Langevin-Joliot, and P. Rad-
vanyi, Phys. Letters 2, 356 (1962).
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mass, of one of the fragments was obtained. "This was
accomplished by measuring the time difference between
the arrival of the fragments at their two respective
detectors, one located as near as possible to the target
and the other, on the opposite side, far away. With a
correction for the approximate flight time of the frag-
ment going into the near detector, this time interval is
the flight time of the fragment going into the far detec-
tor, which yields the velocity of that fragment directly.
These experiments were carried out with the near
detector fixed at 90' to the beam direction and with the
far detector at various angles, both in and out of the
plane defined by the beam and the center of the near
detector. The angular correlation was thus mapped, and
the energies of both members of fragment pairs as well

as the mass of one were measured for individual events
at the various angles. Single-fragment-mass distribu-
tions and mass-energy correlations were obtained at
these angles, but only the mean values of the total
masses of fragment pairs could be obtained.

Crespo et a/. "have measured angular distributions of
various products from the fission of uranium by 2.2- GeV
protons. For each product, the differential cross section
at 90' was found to be approximately equal to its total
cross section divided by 4m, regardless of whether the
angular distribution is peaked forward or nearly iso-

tropic in the laboratory system. This was also the case
for the production of Xa' from bismuth" and Tb'
from gold, "which presumably do not represent fission.
Thus, the fragments observed at 90' are expected to be
an unbiased sample of all products in the Qssion-mass

region.

G. EXPERIMENTAL PROCEDURE

Experiments were performed in a 1-m-diam scattering
chamber placed at the focus of an external 2.9-GeV
proton beam from the Brookhaven Cosmotron. This
beam was transported through a vacuum pipe and
focused to an approximately round spot such that
~50% of the beam intensity was contained in a 6-mm-

diam circle, as determined by foil activation. A diffuse
horizontal tail, which severely affected the background
counting rates, was largely eliminated by a 75-cm brass
collimator placed where the beam left the Cosmotron
and a 60-cm lead collimator located just in front of the
scattering chamber. Considerable care was taken to
ensure that the collimator near the chamber did not
intercept any of the central beam spot. Even so, it was
found necessary to provide additional lead shielding
inside the chamber to screen the detectors from the

'7 Experiments similar to those described herein are being done
at a proton energy of 12 GeV by investigators at the Argonne
National Laboratory."J.B. Cumming, R. J. Cross, Jr., J. Hudis, and A. M. Pos-
kanzer, Phys. Rev. 134, B167 (1964).

"V. P. Crespo, J. B. Cumming, and J. M. Alexander (unpub-
lished).

upstream edge of the lead collimator, which intercepted
the diffuse tail and was thus a source of secondary
particles. Immediately beyond the scattering chamber,
the protons passed through an ionization chamber beam
monitor and also through a thin fluorescent screen,
which was viewed by television to monitor the position
and shape of the beam spot. The beam was then trans-
ported in vacuum several meters downstream. Through-
out the course of the experiments the beam intensity
varied between 2 and 6)&10'0 protons per pulse with a
pulse rate of 1 per 4.5 sec. Each beam pulse was about
200 msec in duration, and there was generally no great
variation of intensity within this period. The beam
entered and left the chamber, which was evacuated
to a pressure of (10 4 Torr, through 250-p, Mylar
windows; these were changed whenever they showed
signs of radiation damage.

The target, located at the center of the chamber,
consisted of a 5-mm-diam disk of UF4 which was
vacuum-deposited to a thickness of 200 pg/cm' on
a 3)&4-in. Formvar backing 60 pg/cm' in thickness. It
was oriented at an angle of 40 with respect to the beam,
and the UF4 deposit faced the distant detectors.

Silicon surface-barrier fission-fragment detectors"
with resistivities ranging from 400 to 1000 0 cm were
used throughout these experiments, and care was taken
to ensure that they were operated at bias voltages within
the charge collection plateau and below the onset of
charge multiplication. "The near detector at 90' had
an active area 5.6 mm in diameter and was located
4.9 cm from the target center. An aluminum collimator
with a diameter of 4.4 mm was fastened to the front of
this detector in order to el'iminate resolution-degrading
edge effects."On the opposite side of the chamber, four
detectors were located 40 cm from the target so that
data at four angles could be obtained simultaneously.
These detectors were mounted on a remotely control-
lable arm which could be rotated about the center of
the chamber; each had an active area 27.6 mm in
diameter and each was covered with an aluminum
collimator with a diameter of 25.4 mm. The target-to-
detector distances were measured with an accuracy of

0.5 rnm and the various detector angles were measured
with an accuracy of 0.3'. lt is very diS.cult to calcu-
late the angular-correlation resolution function, but the
function is roughly bell-shaped with a full width at half-
maximum of 5'. Two 20-mm-diam detectors were
located on the diameter of a 10-cm-radius circle centered
on the target. This diameter was at an angle of 60' with
the beam direction, and the detector pair, in coincidence,
served as a 6ssion monitor having a response propor-
tional to the product of the number of protons passing
through the target and the uranium thickness. With the

'0 Detectors were obtained from Ortec, Inc.
' H. W. Schmitt and F. Pleasonton, Nucl. Instr. Methods 40,

204 (1966).
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FIG. 1. Schematic diagram of scattering chamber, detectors, and data acquisition system. Meanings of the symbols are as follows:
CT, charge terminator; TPO, time pickoff; PA, preamplifier; FO, fan out; FI, fan in; HLM, high-level mixer; ADC, analog-to-digital
converter; 1, 2, 3, 4, 5, leads from fission-fragment detectors; A„B, leads from fission monitor detectors; LA, linear amplifier; FSC,
fast-slow coincidence; D, discriminator; C, coincidence; TAC, time-to-amplitude converter; and LG, linear gate.

monitor information, data from the various sets of
measurements could be normalized.

The electronic equipment consisted of "slow" elec-
tronics for processing the pulse-height information
from the detectors and "fast" electronics for the time
information and also for control logic. A slightly
simplified block diagram of this apparatus is shown in
Fig. 1. Because of the requirement of a time resolution
less than 1 nsec, time information was extracted from
pulse-transformer time pickoffs22 inserted directly
between the detectors and the preamplihers. These
devices, which include a variable threshold discrimi-
nator, provide nearly jitter-free, leading-edge timing
pulses. Time pickoffs, preamplihers, and charge ter-
minators for insertion of pulser signals were located at
the scattering chamber, and the signals were sent to
the remainder of the electronics system via 10-m cables.
Timing pulses from the four distant detectors were
combined so that only one time-to-amplitude converter
(TAC) and one coincidence circuit for gating the TAC
were necessary. An identification signal indicated which
one of the four detectors was associated with the co-
-incidence and also opened only the linear gate associated
-with that detector. A pulse-pileup inspector, essentially
.a pulse-pair indicator, was used with the near detector,

' C. W. Williams and J. A. Siggerstaff, Nucl. Instr. Methods
.25, 370 (1964).

which had the highest counting rate. Coincidence events
in which pileup was indicated were tagged for rejection
during later analysis. Once during each beam burst a
mercury-relay pulser was triggered to provide reference
signals for digital gain stabilization. The pulser events
were tagged and the stabilization was carried out off-
line.

Pulse heights corresponding to the two energies and
the time difference were digitized and recorded on
computer-compatible magnetic tape by a Nuclear Data
Series 160 buffer-tape multiparameter analyzer. One of
the modifications made to the analyzer for these experi-
ments was the addition of a 10-bit monitor register,
each bit of which could be set independently from a
front-panel connector. This register was used just like
an additional 10-bit ADC. A patch panel was also added
to select the 36 bits recorded for each event from the
total of 50 available from the four ADC's and the
monitor register. The identifying pulses associated with
the four distant detectors, and the labeling pulses from
the pulser and the pileup inspector, were each connected
to one bit in the monitor register. The output of the
monitor coincidence circuit set one bit in the monitor
register and was also used to initiate processing of the
monitor count. Gating logic was such that equal frac-
tions of both monitor counts and real events were lost
by analyzer dead time.

Several calibration procedures were necessary for
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both energy and time measurements. The energy calibra-
tions were based on CP52 fission-fragment pulse-height
spectra and the mass-dependent energy calibration
scheme of Schmitt et al."Corrections for energy losses
in the UF4 target and Formvar backing were deter-
mined from measurements of the energy lost by Cf"'
fission fragments in passing through the backing alone
and through the target plus backing; the loss through
the target alone was obtained by difference. To a very
good approximation dB(dx for fission fragments in any
particular medium is proportional to the square root of
the fragment energy and nearly independent of the
fragment mass. '4 The energy loss of a given uranium
fission fragment was thus taken to be proportional to
the square root of its energy with a proportionality
constant determined from the Cf2'2 data. Corrections
thus calculated for one-half the target thickness and for
the backing plus one-half the target were multiplied by
the appropriate trigonometric factors and applied to
fragments leaving the front and back, respectively.
These corrections were usually 3—4 MeV for one-half
the target and 8—10 MeV for the backing plus one-half
the target.

The time system required three different calibrations:
one for the zero-time channel, or intercept; one for the
slope of the time versus channel-number curve; and one
for the slewing correction. " The time (slope) calibra-
tion was based on the Cf'" fragment velocity spectrum
of Schmitt et al.23 Both the time and energy calibrations
were determined with a precision of 1%.

The data on magnetic tapes were processed event by
event on either an IBM 7094 or a CDC 6600 computer.
In order to save computer core space, the processing was
divided into two phases. The data tape was read in the
first phase, and all the events from a particular one of
the four detectors were sorted into energy and time
pulse-height spectra and also into energy-energy and
energy-time two-parameter distributions. Events in
which the inspector bit or more than one detector bit
was set were rejected as they were read, although they
could also be sorted into various spectra, if desired.
Various criteria were applied to the pulse heights to
reject events which could not have arisen from two
coincident fragments. These were (a) upper and lower
limits on the time pulse height to eliminate negative
Aight times and to keep the accepted events within the
linear region of the TAC and (b) an egective lower
limit on the sum of the two energy pulse heights to
eliminate events in which both energies were low. (This
limit was always less than a corresponding limit on the
sum of the two computed energies which was applied
later. ) The remaining, accepted events were written
event by event on a scratch tape or disk for the second

"H. W. Schmitt, W. E. Kiker, and C. W. Williams, Phys. Rev.
137, B837 (~964).

'4 J.B.Cumming and V. P. Crespo, Phys. Rev. 101, 287 (1967).
'5 Methods for making these calibrations were developed by

L. P. Remsberg and F. Plasil.

phase of the processing, in which they were converted
to energies and masses and sorted into various spectra
and two-parameter distributions.

Inspection of the pulser events through the course of
the measurements showed that, since drift in the energy
systems was less than 0.3%, no stabilization was neces-
sary for the fragment energies. The drift in the time
system was sometimes as much as 1% and, because the
delays were such that the zero-time pulse height was
near the full-scale output of the TAC, the error intro-
duced into the Right-time measurement by this drift
was as much as 5%, depending on the actus, l flight
time. The drift was found to be common to all four
distant detectors and thus must have been introduced
by some common element. It was established from
calibrations before and after experiments that the drift
was entirely in slope, or gain; the zero, or intercept, was
stable. Digital gain stabilization was performed as
follows. As the data tapes were read, the average pulser
peak position was computed for every 200 pulser events.
A gain correction factor was calculated from this average
pulser peak position, and, if it was significantly different
from the current correction factor, it was entered into a
table of correction factors to be applied to the pertinent
sets of events during the second phase of data processing.
This method introduces no broadening due to statistical
fluctuations. It would have introduced some broadening
if a large drift had occurred during one of the 200 pulse
intervals; however, such drifts were rarely observed,
and the width of a gain stabilized pulser peak from a
run of several days duration during which large drifts
did occur was only insignificantly greater than that
obtained in a 20-min calibration.

The pulse heights were converted to energies, velocity,
and mass, event by event, in the second phase of the
data processing. A random number, distributed between
—0.5 and +0.5, was added to each pulse height to
eliminate binning fluctuations in the various trans-
formed spectra. The time pulse height was corrected
for gain drift and time walk (slewing), and the time
diff erence ht was obtained by subtraction from the zero-
time position. An iterative procedure was necessary to
transform the pulse heights into energies, mass, and
one velocity. Energies were calculated from the Schmitt
mass-dependent calibration formula"

E;,„=(a;+a M;,„ i)X;+b;+b,'M,
,„ i, (1)

where the subscript i refers to the fragment in detector 1
or detector 2 (detector 1 is always the near detector and
detector 2 is always the distant detector) and the
remainder of the subscript refers to the pass number.
The symbols a;, a, b;, and b are calibration constants,
X; is the pulse height, and 3f; „~is the fragment mass
from the previous iteration. For fragment 2 the velocity
is obtained from

(2)
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where d~ and d2 are the distances from the target to the
detectors. The term in the square brackets is a correc-
tion for the Right time to the near detector. If the
momenta of the two fragments were always equal and
opposite in the laboratory system, the mass ratio in the
correction factor could be replaced by the more accur-
ately known energy ratio. Fragment masses were ob-
tained from

M~, ~ = 2~2,n/ V2,n'

and

where M is an estimated average total mass of the two
fragments. The calculation was repeated until

Convergence was usually achieved in 3—6 passes.
Finally, the energies were corrected for losses in the
target and backing with the equation'4

(5)

where k; are correction factors obtained from the meas-
ured losses of Cf'" fission fragments passing through
the target and backing. Note that the fragment masses
are obtained from the energies of the already degraded
fragments and are not subject to error or dispersion
from the target energy-loss correction.

As mentioned above, 3f& is obtained by subtracting
M~ from an estimated total mass M. The actual total
mass Mi+M~ for any given event is, of course, not
known, and thus the use of an average value M intro-
duces an uncertainty into E& because of its dependence
on Mi and also into V2 (and thus M~) because of the
presence of Mi in the correction term in Eq. (2). An
error of 10% in the estimated total mass M introduces
an error of 2% in Ei and an error of 2 amu in M~,
independent of the value of M~. The estimated total
mass M was adjusted to be twice (M2) at each detector
angle because of the symmetric nature of the detection
system and the near-symmetric angles. Thus the average
values of E& and M2 are nearly free of error due to this
effect, and the limits of the dispersion introduced are
about 3% for Ei a,nd 3 amu for M~.

Initial trial values of the masses M~, o and M~ 0 were
taken to be equal to ~M. The mass ratio M1,0/M2, p in

Eq. (2) was set equal to 2 for the first pass, however.
Because of these inconsistent starting conditions, con-
vergence was not tested for until after the second pass.
This procedure was adopted when it was found that
events with a mass ratio Mi/M2 greater than about 2

converged slowly or not at all because in these cases the
correction term in Eq. (2) is large. Starting the itera-
tion procedure with a fairly large correction term im-
proved the convergence rate of events with large Mi/M2
but had very little effect on the rapid convergence of
events with small mass ratios and thus small correction
terms. Even so, events with a velocity ratio V&/Vi
greater than about. 3, which corresponds roughly to a

mass ratio greater than 3, failed to converge. Events
which gave ridiculous masses, velocities, or energies
were rejected (such events arise from accidents), and
events which did not meet the convergence criterion
were individually listed for inspection in the computer
printout.

Masses and energies for events arising from accidental
coincidences were obtained from data in which the time
channel number was outside the upper and lower limits
of the time pulse height. Time channel numbers from
these events were assigned uniformly within the upper
and lower limits through the use of a random-number
generator, and they were then processed in the same
manner as regular events. The nonlinearity of the time-
to-pulse-height converter was taken into account when
the number of time channels outside the limits was
chosen, so that there would be the same time for
accidental coincidences in both sets of data, and so that
the accidentals could be directly subtracted from the
regular events. As expected, most of these accidentals
were either rejected or failed the convergence test.

The performance of the entire system was checked by
replacing the target with a Cf"' source on a thin support
and accumulating at least 104 events with each of the
four distant detectors. These data were processed in
exactly the same manner as those from the UF4 targets
(except for diferent target-thickness corrections), and
the resulting mass and energy spectra were compared
with published data" on Cf'". These checks, performed
just before and/or just after each run, provided a test
of the proper operation of the experimental apparatus,
the data processing, and the calibration procedures, but
rot the actual calibrations, since they depend on Cf2".

From an assumed energy resolution of 1 MeV and
the measured time resolution of 0.45 nsec, the mass
resolution was calculated to be 4 amu for the entire
fission-product range of masses. This resolution is inde-
pendent of fragment mass because of the varying con-
tributions of time and energy uncertainties between
low-energy slow heavy fragments and high-energy fast
light fragments. The mass spectra of Cf"' obtained with
this system were about as expected on the basis of the
published mass spectrum" and a 4-amu resolution.

III. RESULTS

Parameter Boundary Values

Before presentation of detailed results of these experi-
ments it is useful to analyze the effective threshold
values of the parameters which were determined. There
were actually two conditions which set thresholds for
fission event detection: (a) an upper limit to the frag-
rnent-pair flight-time difference and (b) a data process-
ing limit to the allowable fragment velocity ratio.

The maximum Right-time differences, 71 nsec in one
set of experiments and 80 nsec in the other, correspond
to minimum velocities for fragment 2 of 0.36 and 0.32
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FIG. 2. Geometrical arrangement of beam, target, and detec-
tors for fission fragments in coincidence. Detector 1 was fixed for
all experiments at the 90' angle shown; detector 2 was moveable
both in the in-plane angle 0 and the out-of-plane angle @.

cm/nsec when the velocity ratio V&/V& is 3 and of 0.54
and 0.48 cm/nsec when V2/Vi is 3. Light fragments are
expected to have high velocities; thus the limitation
should affect only the slower heavy fragments. This
was indeed the case; events with velocities near the
thresholds were found only for fragments with masses
greater than 125. Heavy fragments with velocities
between 0.5 and 0.55 cm/nsec were observed in runs
with the longer time cutoff but not in runs with the
shorter time cutoff. The numbers of these events ranged
from 0.5 (in the units of Fig. 3) at the peak of the
correlation to 0.1 in the vicinity of the 30 contour.
Since the number of events per unit velocity is always
decreasing with decreasing velocity in this low-velocity
region, it can be concluded that the threshold in V2

caused a negligible number of fission events to be missed.
The second threshold-setting condition was the failure

of the iteration procedure for values of the velocity
ratio V~/Vi greater than 3. This corresponds, on the
average, to mass ratio Mi/M2 of 3. It is interesting and
useful to note that if the energetics of low-energy fission
are assumed, the threshold in V~ implies a minimum of

0.3, on the average, in the mass ratio Mi/M~. Thus
the two restrictions on fragment velocity produce a
roughly symmetric restriction on the Inass ratio:

—', &Mi/M2 &3.

net counts obtained, except in the region of the contour
lines, where additional data were acquired. Accidental
coincidences, averaging about 1 at all angles, have been
subtracted, giving rise to some negative numbers in
Fig. 3.

The most probable angle in the correlation is 0=89'
and p=0', only I' forward of collinearity. The full
widths at half-maximum (FWHM) of the over-all dis-
tributions both in-pla. ne (summed over the out-of-plane
angles) and out-of-plane (summed over the in-plane

angles) are 13'. The over-all mean in-plane angle is
85.8', or 4.2' forward of collinearity. Since the angular
resolution of the system is estimated to be a roughly
bell-shaped curve with a FWHM of 5', only the detailed
shape at the peak of the correlation is obscured by the
resolution, if there is no fine structure elsewhere in the
correlation.

Both the motion of the fissioning nucleus and recoil
Inomenta resulting from postfission particle evaporation
cause the paths of the two fission fragments to deviate
from collinearity. The momentum of the fissioning
nucleus is the vector sum of the momentum imparted
by the fast cascade and the recoil momenta from all the
prefission evaporated particles. Both the prefission and
postfission evaporated particles are emitted essentially
isotropically in the system of a moving nucleus, and,
except for possible differences in their spectra, they have
the same broadening effect per evaporated particle on
the angular correlation. Broadening due to particle
evaporation and cascade recoil are of similar magnitude
and cannot be separated experimentally. The fairly
large number of events found at angles greater than 90'
can be accounted for by combined evaporation broaden-

ing and experimental angular resolution, so that these
events provide no direct evidence for cascade momenta
in the backwards direction.

Masses, Energies, Momenta, and. Velocities

At several angles near the peak of the correlation large
amounts of information were collected to obtain statis-

-20-

Angular Correlation

The angular correlation between coincident members
of fission-fragment pairs was obtained from measure-
ments of the event rate as a function of the angular
positions of the distant detectors, with the near-detector
proton-beam angle at the target set at 90'. The in-plane
and out-of-plane angles 0 and P are defined in Fig. 2;
the results are shown in Fig. 3. These data, obtained
from several experiments during two running periods,
were normalized by use of the fission monitor. The
normalization was done in such a way that the numbers
in Fig. 3 represent very nearly the actual numbers of

-10-
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20- 2
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I I 1 I

30 60 50 60 70 80 90 100 llO

8, DEGREES

F/G. 3. Contour diagram of coincidence rate observed in the
fission of uranium by 2.9-GeV protons as a function of the angles
8 and @ subtended by detector 2 at the target. Detector 1 was
always Axed, as shown in Fig. 2. Numbers are approximately the
measured number of events at each angular setting.
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TABLE I. Properties of fragments from Gssion of uranium by 2.9-GeV protons at various fragment-pair correlation angles 0 and P
defined in Fig. 2. Listed are mean masses (Ms), mean momenta (Ps), and mean velocities (Us) for single fragments and mean total
kinetic energies for fragment pairs (Zr). In parentheses, following each quantity, is the standard deviation of the distribution.

4 («g)Xs («g) 70 80 90 100

20
10
0

20
10
0

20
10
0

20
10
0

100.1(23.7)

145.2(19.5)

117.6 (14.7)

1.235(0.292)

95.5(22.0)
99.2(19.8)

106.4(20.4)

145.1(18.4)
149.1(17.0)
154.2(16.9)

115.1(16.5)
119.5(13.6)
126.6(13.8}

1.262(0.284)
1.249(0.252)
1.228(0.228}

100.7(24. 1)
110.2(20.2)
110.5(19.7)

142.3(18.S)
1s3.s(17.3)
162.0(15.4)

118.0(16.8)
128.1(14.4)
131.1(11.5)

1.225(0.271)
1.197(0.223)
1.225(0.214)

103.2(21.6)

148.1(17.3)

121.1(15.6)

1.212(0.246)

(amu)

(Pr)
(MeV)

(Ps)
I (MeV amu)'"g

'(U2)
I (MeV/amu) "'j

tically significant distributions of the various param-
eters. The mean values and standard deviations of these
distributions are given in Table I, and the distributions
at two angles are plotted in Fig. 4. At all other angles
the shapes of the distributions are much the same as
those at 0= 80', &=0'; however, the means and widths
(standard deviations) do change, as shown in Table I.
Statistical uncertainties of the means in Table l are all
about 1% or less and those of the standard deviations
of the distributions range from 1 to 5%. Over-all un-
certainties in the mean values, which include the statis-
tical uncertainties, uncertainties in the calibrations, and
allowances for possible systematic effects, are estimated
to be 2—3%.

The mass spectrum at 0= 90', &=0' shows a distinct
contribution from asymmetric fission, not seen at any
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Fro. 4. Spectra of mass, velocity, momentum, and kinetic
energy for single fragments from the fission of uranium by 2.9-
GeV protons. Also shown is the distribution of total kinetic
energy of both fragments. The upper curve in each case is for
collinear events; the lower is for events at g=80', @=0'.
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FIG. 5. Contour diagrams of coincidence event rate in Gssion
of uranium by 2.9-GeV protons as a function of the two variables:
Ep= E~+E2, the sum of the kinetic energies of the two fragments,
and 312, the mass of a single fragment. The upper plot was ob-
tained at the detector angles 8=80', pe =0'; the lower plot is for
0=90, @=0'.
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FiG. 6. Fragment properties observed in the fission of uranium
by 2.9-6eV protons as a function of mass of one fragment. I or
single fragments the individual plots show mean values of veloc-
ity, momentum, and energy. Also shown is the dependence of
mean total kinetic energy on mass of one fragment. In each case
variances are given. Closed circles are data for detector. angles
/ =90', p =0'; open circles are for angles 8 =80', p =0'.

of the other angles. Asymmetric fission in heavy nuclides
is predominant only at relatively low excitation energies,
and fission fragments from low-excitation-energy events
are nearly collinear because low excitation energy is

associated with low momentum transfer in the cascade
as well as in a relatively small evaporation sequence.

In Fig. 5 there are shown for two 0, p angles the
number of fission events as a function of two parameters:
total fragment kinetic energy and mass of one fragment.
The interesting and unusual shape of the 0= 90', &=0'
distribution undoubtedly results from fissions repre-
senting a broad range of excitation energies. The lower

energies lead to predominantly asymmetric fission with
total kinetic energy averaging 170 MeV and fragment
masses centered at 135 and 95; higher excitation
energies lead predominantly to symmetric fission cen-

tered on the average at mass 105 amu and total
energy of 155—160 MeV. Properties of this higher-
excitation-energy component of the fission may be seen
relatively isolated in the 80', 0' contours. Inspection
of the 90, 0' contours shows that mass distributions
at constant E~+E2 have pronounced double-humped
shapes for all total energies above 170 MeV. No such
structure at high total energies is observed in the
M—Ez contour plots at any of the other angles.

Means and variances of the distributions of E2, EI+
E2, V2, and P& for 5-amu bins in M2 are shown in Fig. 6
for the same two angles. Again, the data at all the other
angles resemble those at 8= 80', @=0' except for shifts
to lower values of M2, E2, etc. , as indicated in Table I.
The contribution from asymmetric fission at 9=90',
@=0' is clearly evident in each of the four distributions
as maxima or at least inflection points at masses of 95
and 135. That the mean total energies and momenta

are not reflection-symmetric about some mean mass can
be explained qualitatively with the quite reasonable
assumption that there is a distribution in total mass of
fission-fragment pairs. There should be a weak cor-
relation between the mass of a fragment and the mass of
both fragments, i.e., light fragments tend to be associ-
ated with a low average total mass and heavy fragments
with a higher total average mass. The lack of reflection
symmetry in plots of mean total energies and momenta
follows directly from the positive correlation between
the over-all mean total energy or momentum and the
mean mass, as shown in the data of Table I. Except for
the effects of the distribution in the total mass, the data
in Figs. 5 and 6 are very much like similar data from
fission in. bombardments at much lower energies 5

It is interesting to compare data from this work with
the 90' momentum spectra of the nuclides Mo", Pd"',
Ba"', and Ba" produced in the irradiation of uranium

by 2.2- GeV protons. These spectra, measured by Crespo
et at. ' with a radiochemical differential range technique,
in effect represent integrals over the entire angular
correlation with all partner fragments and include as
well any contributions from nonfission processes. They
are shown in Fig. 7 along with two momentum spectra
at each mass from this work, one representing events
near collinearity and one representing events which are
quite noncollinear. For the latter curves, data from
three angles with about the same degree of noncollinear-
ity and the same mean momenta (0=90', &=20'; |I=
80', 1' = 10'; and 8= 70', &=0') were combined in order
to have a sufficient number of events to define the
shapes of the spectra reasonably well. Each mass was
taken as a bin 5 units wide, centered at 99, 103, 131, or
140. All of the curves were normalized to the same are-t. .
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"See, for example, J. P. Unik and J. R. Huizenga, Phys. Rev.
134, 890 (1964); several references to other results are given in
Ref. 16.
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FIG. 7. Fragment momentum spectra observed from uranium
irradiated with protons. Solid lines represent the radiochemical
data of Crespo et al. (Ref. 10) obtained with 2.2-GeV protons
for the nuclides indicated. Other sets of lines are 6ssion data of
these experiments, in each case a mass group 5 amu wide, at the
appropriate mass value. Dashed curves are for collinear events,
g=90', @=0'; dot-dashed curves represent a composite of non-
collinear events. All of the curves are normalized to the same
area.
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The Mo" spectrum is closely matched by the counter
data. This is the most favorable case for comparison
since Mo", as a cumulative yield on the neutron-excess
side of stability, represents 70% of the total yield at
3=99. The spectrum for Pd"' is centered at a lower
momentum than the counter data; however, the cumula-
tive yield of the neutron-deficient nuclide Pd'0' is only

10% of the total cross section at A =103, and thus
the Pd'0' spectrum is not inconsistent with the low-

momentum tails of the counter spectra. In the heavy-
mass region, the spectrum for Ba', which represents

3 of the yield at mass 140, matches the spectrum for
collinear events very well; this suggests that Ba"' is
primarily associated with asymmetric fission. The Ba"'
spectrum differs from the counter spectra in both the
shape and position of the peak; the yield of the neutron-
deficient nuclide Ba"' represents ~~ of the total yield
at A = 131, and although an accurate normalization of
these spectra is not feasible, an approximate normaliza-
tion makes it clear that the low-momentum components
are not found in the counter spectra.

IV. DISCUSSION

Angular-Correlation Distribution and
Low-Momentum Events

It is of importance to consider what types of fission
or fissionlike events may not have been detected in these
experiments. Though one detector was always at an
angle of 90' to the beam direction, it was concluded
earlier that the observations were made with a nearly
unbiased sample of all fissions producing fragments of
any plausible masses. There are observed (Fig. 3) a
few events far from the peak in the angular correlation.
The number of these was suAicient to determine only
that they satisfied the experimental threshold require-
ments. In order to estimate the fraction of all events
sufficiently correlated to be well characterized, the
volume under the surface contained within the circle in
Fig. 3 was obtained by integration using a form of
Simpson's rule. Approximately one-third of the total
volume was found under the surface from the peak to
the 150 contour, approximately one-third under the
surface between the 30 and 150 contours, and the
remaining one-third under the surface between the 30
contour and the circle. The average counting rate at
the circle is about 2 in the units of Fig. 3 and about 1
for those data points at some distance from the circle.
If the counting rate over the entire hemisphere outside
the circle is taken to be 1 and the integration is carried
out over the entire hemisphere, the volume increase
amounts to 17% of that inside the circle. However, the
counting rate would be expected to continue to decrease
below the level of 1, particularly in the backwards
direction; and the fraction of all events found within
the circle is therefore probably somewhat greater than
the lower limit of 1/1.17 or 86%.

Experimental data from 15 angles outside or near the

circle in Fig. 3 were combined in an attempt to obtain
improved statistics on these events. Almost one-half of
the total were accidental events, and the best that can
be said about the rest is that they do not appear to be
anomalous. A particularly careful search was made for
evidence of events with low kinetic energy, 100)Ei+
E~&50 MeV. No such evidence was found.

Failure of these experiments to detect all of the low-

momentum components of Ba"' found in the radio-
chemical recoil experiments cannot be attributed en-

tirely to experimental thresholds. The momentum cut-
off, as determined by the lower limit of the velocity, is
70 (MeV amu) 'I' and is rather sharp, and the momen-
tum spectrum for Ba"' decreases relatively slowly in
this region. One is thus led to the conclusion that at
least some of the low-momentum Ba"' fragments have
no partner fragments detectable in this experiment;
indeed, Crespo et al. io did estima. te that 18% of the Bai3'

is produced by a nonfission process. This conclusion,
however, does not rule out the possibility that low-

momentum nuclei in this mass region could be produced
through some breakup mechanism characterized by
mass ratios exceeding 3 or by fragment-pair velocities
quite substantially smaller than those associated with
low-energy fission. It needs to be emphasized, the fore-

going notwithstanding, that the fragment velocity
thresholds given earlier did indeed permit the detection,
had they been produced with partners of reasonable
mass, of fragments having momenta considerably smaller
than anything actually observed. For example, at mass

130, as may be seen in Fig. 7, the event rate drops very
rapidly at momenta below the most probable, and there
is no evidence that any substantial fraction of events is
associated with fragments having momenta in the
vicinity of the threshold, about 70 (MeV amu) "', equiv-
alent to an energy of 38 MeV.

Correlation Angle and Fission-Mass Division

An obvious feature of the data, remarked upon
previously, is the significant contribution of asymmetric
fission to the events at 8= 90', P = O'. The mass spectrum
of collinear events can be resolved into two components:
one, contributing about 3, in the form of a symmetric
peak like that at 0= 80', &=0', and the remainder from
a double-peaked distribution such as would be expected
from asymmetric fission. Predominantly asymmetric
mass division is characteristic of the fission of heavy
nuclides (A &225) at low excitation energies, whereas
symmetric mass division predominates in the fission of
lighter fissile nuclides and also in the fission of heavy
nuclides at higher excitation. The excitation energy
above which symmetric fission predominates depends on
both Z and A, but for nuclei near stability it ranges froiTi

~20 MeV for Z=-89 to ~50 MeV for Z= 93 ""Thus,

"H. C. Britt, H. E. Wegner, and J. C. Gursky, Phys. Rev.
129, 2239 {1963).

'8 E.Konecny and H. W. Schmitt, Phys. Rev. 1'72, 1213 (1968).
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at least 3 of the events with 0= 90', &=0' result from
cascades imparting less than 50 MeV of excitation to
the residual nucleus. Further, the absence of any indica-
tion of asymmetric fission at other angles indicates that
nearly all fission events which follow cascades of low
deposition energy are essentially collinear. An upper
limit of 10% may be estimated for the contribution of
asymmetric fission to all fission events. This does not
relate directly to the cascade deposition energy spec-
trum, however, since symmetric fission competes with
asymmetric fission even at deposition energies below
50 MeV. In addition, as the work of Pate and Poskanzer
indicates, spallation competes especially effectively with
fission when the cascade deposition energies are low, at
lea,st for deposition energies up to 200 MeV.

Cascade Deposition Enexgy

Average cascade deposition energies can be estimated
from the mean fragment masses in Table I. Since both
members of fragment pairs are always detected at or
not very far from 90' to the incident beam direction, the
mean total mass of fragment pairs at a given angle is
twice the mean mass of the coincident fragments de-
tected in one detector. This mean total mass varies
from 221 at collinearity to 191 at 0= 80', &= 20', and
the difference between the target mass and the mean
total fragment mass can be related to the cascade
deposition energy. For 1.8-6eV protons on U"8, the
Monte Carlo calculations of Metropolis et al.30 yield an
average cascade deposition energy of 50 MeV per
cascade nucleon emitted, and evaporation calculations"
indicate that, for highly excited heavy nuclei, the
energy is dissipated at the rate of about 12 MeV per
nucleon lost. Thus for each nucleon lost in a cascade
about four nucleons are subsequently evaporated; this
gives the result that the average cascade deposition
energy corresponds approximately to 10 MeU per nu-
cleon emitted. Deposition energies, derived in this
manner from the difference between the target and
fragment-pair masses, should be reduced by about 30
MeV; this reduction is the nuclear binding energy
released as fragment excitation in the fission act, which
results in the loss of about three nucleons. Average
cascade deposition energies thus obtained range from
140~40 MeV at collinearity to 440&80 MeV at 0= 80',
&=20; the error estimates are comprised of contribu-
tions from the cascade and evaporation calculations and
from the mass measurements. Such an analysis is in-
sensitive to the choice of point in the evaporation chain
at which the excited nucleus undergoes fission because
the excitation energy is dissipated in evaporated par-
ticles from excited fission fragments at very nearly the
same rate as from excited heavy nuclei.

"B.D. Pate and A. M. Poskanzer, Phys. Rev. 123, 647 (1961).' N. Metropolis, R. Bivins, M. Storm, J. M. Miller, G. Fried-
lander, and A. Turkevich, Phys. Rev. 110, 204 (1958).

3'I. Dostrovsky, P. Rabinowitz, and R. Bivins, Phys. Rev.
111, 1659 (1958).

It is interesting to note that, although the contribu-
tion to collinear events from asymmetric fission indi-
cates that at least 3 of the collinear events have deposi-
tion energies less than 50 MeV, the average deposition
energy for these events turns out to be 140 MeV. That
the deposition energy spectrum even at this correlation
angle is very broad and extends to quite high energies is
not surprising; although the relation between cascade
momentum transfer and deposition energy tends to
restrict low-deposition-energy fission events to angles
near collinearity, high-deposition-energy cascades are
followed by a large evaporation sequence, which broad-
ens considerably the correlation angle distribution. This
broadening is of such magnitude that numbers of events
having large cascade deposition energies and forward
cascade momenta can appear at collinearity and even
backwards. Moreover, the correlation found in the
Monte Carlo calculations between momentum transfer
and deposition energy is not strong, and some high
deposition energies are associated with low momentum
transfer. "

The over-all average mass of fission fragments, esti-
mated by weighting the average masses in Table I with
the angular correlation shown in Fig. 3, is 101 amu,
with an uncertainty of 3—4 amu. This corresponds to an
average number of nucleons removed from the target of
36 and thus an average excitation energy of 330&70
MeV. A second estimate of the average excitation
energy for all fission events can be obtained from the
average value of p~~/p;„„ the fraction of the incident
proton momentum transferred in the cascade which

appears as momentum component of the excited nucleus
parallel to the beam direction. This quantity can be
derived from the mean value of 0 because the evaporated
particles only broaden the angular correlation and do
not much aA'ect fragment velocities. Thus, one may
write

where ~'~~ is the laboratory velocity component parallel
to the beam direction of the fragment in detector 2 and
the other quantities have been defined. For the fragment
in detector 1 at 90' to the beam, n&~~ =0; consequently,

(vii) —', (v, ii/V )(V ) —', cos(8)(U ). (6)

Here (v~~) is the average velocity component along the
beam direction of the cascade products which eventually
yield fission fragments. As may be seen in Table I and
in Fig. 8, (Vz) varies only little with 8, and with the
values (V~)= 1.23 (MeV/amu)"' and (0)=85.8', (w~~)

becomes 0.044 (MeV/amu)'~'. If one uses a value of
230 amu for the average mass of the residual nuclei after
the cascade, (p~~) becomes 10.1 (MeV amu)'" and the
ratio (p~~)/p;„, is equal to 0.084. The relationship
E~/L, =0.75 (p ~ ~

)/p;„„obtained from Monte Carlo
cascade calculations, has often been used to calculate

+ N. T. Porile, Phys. Rev. 120, 572 (1960).
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E*values from various radiochemical recoil data'; with
this equation and the value 0.084 one obtains an excita-
tion energy average of 240~40 MeV, to be compared
with the value 330~70 MeV calculated by the different
method mentioned earlier.
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FIG. 8. Mean velocity of fragments from fission of uranium by
2.9-GeV protons as a function of average fragment mass observed
in all fissions occurring at a given correlation angle. Relation
between mean cascade deposition energy (E*) and (M ) is given
in the text. The upper part of the figure shows the standard
deviations in the velocity distributions. Each point in the figure
represents all data taken at one individual correlation angle.

Analysis of Mean Velocities of Fragments

The mean total energies and mean fragment momenta
in Table I decrease from their maximum values at
collinearity in direct proportion to the mean fragment
masses. In other, more striking words, the mean frag-
ment velocity is nearly the same at all angles.

Mean fragment velocity is a very useful parameter
for characterizing high-energy fission because it is not
changed appreciably either by particle evaporation or,
for fragments emitted at or near 90' to the beam direc-
tion, by the cascade momentum transfer. It has already
been mentioned that velocity components contributed
to fission fragments by particle evaporation, either
before or after fission, have the effect of increasing the
width of the fragment velocity distribution, but very
nearly cancel in the mean velocity; the same is true for
perpendicular components of cascade-imparted veloc-
ities. The velocity given to the fragments by p~~ does
not cancel, but, since most fragments are detected not
very far from 90', the increase in the resultant mean
velocity will be of the order of 1%.

Close examination of the data in Table I does indicate

that some correlation exists between mean fragment
velocity, as measured at the several angles, and mean
fragment mass. These mean velocities are plotted as a
function of their corresponding mean masses in Fig. 8;
the straight line was obtained by least-squares fitting.
If mean fragment masses are related to mean cascade
deposition energies, as described above, the straight line
in Fig. 8 can be transformed directly into the expression

(V) = 1.19+(1.5&0.5) X 10 4(E*), (7)
where (V) is in the units (MeV/amu) 'i' and (E*)is the
mean cascade deposition energy in MeV. The slope,
which amounts to a 1% increase in mea, n velocity for
80-MeV increase in mean excitation energy, can at least
partially be accounted for by the increase in both the
number of evaporated particles and (p~ ~) with increasing
excitation energy. The standard deviations of the veloc-
ity distributions, also plotted in Fig. 8, increase with
decreasing mean fragment mass or increasing mean
excitation energy. This broadening of the velocity dis-
tributions is expected from increasing widths of the
mass distributions as well as from increasing numbers
of evaporated particles.

Fragment velocities determined in these experiments
may be compared with average fragment velocities
measured in fission of various nuclei at lower excitation
energies. Average fragment velocities in the thermal-
neutron fission of U"', U"' and Pu'" are 1.21, 1.21, and
1.22 (MeV/amu) '~s, respectively. "The 13-MeV proton
fission of Ra"' yields a well-known triple-peaked mass
distribution, and the average fragment velocities of the
asymmetric and symmetric components were found to
be 1.24 and 1.18 (MeV/amu)"', respectively. "Fission
of Bi'" induced by 53-MeV o. particles has been inves-
tigated by Plasil et u/. '4; only symmetric fission was
observed, with a mean fragment velocity of 1.18
(MeV/amu)"'. It appears that asymmetric fission is
characterized by a mean fragment velocity of 1.22
(MeV/amu) 'is and symmetric fission by a mean velocity
of ~1.18 (MeV/amu) '"

In Eq. (7), the constant term 1.19 (MeV/amu)'t'
may be interpreted as the mean fragment velocity in
the moving system of the fissioning nucleus; within
experimental uncertainty it is identical with the value
1.18 (MeV/amu)'~' for the average fragment velocity
in low-energy symmetric fission. This supports strongly
the notion that the fission process in high--energy proton
reactions is essentially the same as that which occurs
with low-energy projectiles.

Comparison of Experimental Results with
Liquid-Drop-Model Predictions

The dynamic liquid-drop theory of Nix and Swiatecki'5
reproduces the gross features of low-energy symmetric

"J.C. D. Milton and J. S. Fraser, Can. J. Phys. 40, 1626
(&962).

'4 F. Plasil, R. L. Ferguson, and H. L. Schmitt (private com-
munication) .

35 J. R. Nix and W. J. Swiatecki, Nucl. Phys. 7'1, 1 (1965).
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90

deformation model. "The total fragment kinetic energy
in such a model is given by

w 80

Er rx ZiZs/(Ai"'+As'") (8)
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A= 180
I I

110
I I
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I I

150 140
(V) Z /2A ' '. (9)

which is a statement that the total kinetic energy is
directly proportional to the Coulomb energy of two
charged spheres in contact. Equation (8) gives the
mean fragment velocity relationship"

Fn. 9. Z,E plot showing loci of nuclei having equal values of
mean fission-fragment velocity, as calculated on the basis of the
Nix-Swiatecki liquid-drop model (Ref. 35). Loci (solid lines)
are shown for three indicated values of the velocity. Lines (dashed)
oi constant fissility parameter x (defined in text) and the line
(dottt. d} of P stability are also given.

fission very well. Certain approximations employed in
the calculations should restrict the application of the
theory to values less than 0.68 for the fissility parameter
x= (Zf /A f)/50 13 "Ne.ver. theless, Crespo et a/. " have
used the Nix-Swiatecki theory to reproduce average
center-of-mass velocities of various fission products from
the 450-MeV proton fission'~ of U"', in which case the
value of x for the average fissioning species is 0.72.
According to the Nix-Swiatecki theory, there is very
little dependence of average fragment velocity on the
Z and A of the fissioning species for rea, sonable Z/A
ratios. This is illustrated in Fig. 9, in which there are
drawn several lines, each representing the Z, E function
for the set of fissioning species that has a constant mean
fragment velocity; for the calculation of these lines, the
Nix-Swiatecki theory in the anharmonic approximation
was employed. "The lines, essentially parallel to the line
of P stability, show that there is a very small increase in
mean fragment velocity with increasing neutron defic-
iency. Such an increase may account, at least in part,
for the increase in mean fragment velocity with increas-
ing cascade deposition energy, because the average
neutron deficiency of the fissioning species is expected
to increase with increasing cascade deposition energy.
Nix-Swiatecki theory predicts the mean fragment veloc-
ity to be essentially independent of the excitation energy
of the fissioning nuclide.

It is interesting to note that the variation, calculated
from liquid-drop theory, of mean fragment velocity with
Z and 3 of the fissioning nucleus is smaller than that
calculated from what may be described as a "constant

The constant 50.13 in this expression for the fissility param-
eter is the old value used by Nix and Swiatecki (Ref. 35).

37 N. Sugarman, H. Munzel, J. A. Panontin, K. Wielgoz, M. V.
Ramaniah, G. Lange, and E. Lopez-Menchero, Phys. Rev. 143,
952 (1966) ~

'8 An improved version of the dynamic liquid-drop calculation
has recently become available: J. R. Nix, University of Cali-
fornia Lawrence Radiation Laboratory Report No. 17958 (un-
published). Its application is not expected to alter significantly
the conclusions to be drawn from Fig. 9.

Variations of (V) with Zr and Af, i.e. , cI(V)/BZr and
B(V)/cIAr, from Eq. (9) are about twice as large as
corresponding values from the Nix-Swiatecki liquid-
drop calculations. This implies that the average separa-
tion distance between fragment charge centers for
liquid-drop shapes at the scission point increases with
decreasing 1V/Z ratio at a given A.

Hogan and Sugarman" have interpreted the results
of their thick-target, thick-catcher recoil measurements
of heavy fragments (A 140) produced in the 440-MeV
proton fission of uranium as indicating that the effective
charge-center separation distance at scission increases
with increasing excitation energy of the fissioning
nucleus. The mean fragment velocity is inversely pro-
portional to the square root of the separation distance;
thus, the 10% increase in separa. tion distance deduced
by Hogan and Sugarman for an excitation energy of

250 MeV should correspond to a decrease of 5%
in mean fragment velocity, relative to that in low-
excitation-energy fission. In a sense, this is opposite to
the result of these experiments, which show that the
mean fragment velocity increases with increasing mean
excitation energy. There may be no contradiction
between the two results, however. In the 2.9-GeV
proton fission of uranium, average cascade deposition
energies are high, and the fission is nearly all of the

symmetric variety. In only one point of Fig. 8 is there
an appreciable contribution from asymmetric fission,
so that the constant 1.18 of Eq. (7) should apply.
Deposition energies associated with 440-MeV proton-
induced fission of uranium are much lower; there should
be a substantial contribution from asymmetric fission at
low excitation energies, while the higher excitation
energies produce only symmetric fission. The decrease
in mean fragment velocity ascribed by Hogan and
Sugarman to increase in separation distance with excita-
tion is about the same as the difference between the
mean fragment velocities of asymmetric and sym-
metric fission given by the two values for the constant
of Eq. (7).

From all the considerations above, one overriding
conclusion emerges: Fission of uranium induced by

3 J. Terrell, Phys. Rev. 113, 527 (1959).
J. J. Hogan and. N. Sugarman, Phys. Rev. 182, 1210 (1969).
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2.9-Gev protons appears to proceed by mechanisms
indistinguishable from those operative at much lower
bombarding energies. Any other essentially two-body
breakup mechanism which can operate to produce
fragments in the mass region studied in these experi-
ments must produce fragment pairs having large mass
ratios or very low velocities or both; and, moreover,
such mechanisms cannot merge in a continuous way
with fission.
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The differential cross sections for elastically and inelastically scattered 13.0-MeV protons from '"Pd have
been measured for 26 groups to levels below ~3 MeV. Optical-model parameters were obtained from a fIt
of the elastic data. A comparison of the predictions given by the distorted-wave theory with the experimental
results for the strongly excited 2+ level at 0.374 MeV and 3 level at 2.038 MeV yielded values of 0.241 for P2

and 0.134 for P3, where Pz is the deformation parameter of multipolarity ) . The coupled-channel theory was
used to calculate cross sections for the two-quadrupole, the one-octupole —one-quadrupole, and the 6+ three-
quadrupole phonon states. It was only possible to explain the strong diffraction pattern for the cross section
of the second 2+ state by admixing the one- and two-quadrupole phonon states. Coupled-channel predictions
suggest tentative spin parities of 1-, 3 or 5—,3-, and 3—for states at 2.135, 2.193, 2.446, and 2.778 MeV,
respectively. For the 6+ three-quadrupole phonon state, the calculated cross sections are similar to those for
proton groups exciting the 1.713- and 1.933-MeV states.

I. INTRODUCTION

ECAUSE inelastic scattering by direct nuclear in-
'

~

~

~

~

~

~

~

~

teraction preferentially excites collective states, it
has been used extensively to investigate the quadrupole
and octupole deformations of many nuclei through ex-
citation of the collective 2+ and 3 states. The scatter-
ing to these states has been interpreted principally in
terms of the first-order, distorted-wave (DW) theory. '
However, because it is first-order, it is restricted to
analysis of states which can be reached by a one-step
process. One theoretical approach that goes beyond the
DW treatment, but that is still in terms of a macro-
scopic description of the nucleus, is the coupled-channel
theory. This has been treated in considerable detail by
Tamura. ' He has developed an extensive computer pro-

f Research sponsored by the U. S. Atomic Energy Commission
under contract with Union Carbide Corporation.

~ Present address: University of Texas, Austin, Tex.
f. On leave to the Niels Bohr Institute, Copenhagen, Denmark.
~ W. Tobocman, Theory of a~rect Nuclear Reactions (Oxford

University Press, New York, 1961);R. H. Bassel, G. R. Satchler,
R. M. Drisko, and E. Rost, Phys. Rev. 128, 2693 (1962); N.
Austern, Selected Topics in Nuclear Theory (International Atomic
Energy Agency, Vienna, 1963); N. Austern and J. S. Blair, Ann.
Phys. (N. Y.) 33, 15 (1965); F. G. Percy, in Nuclear Spin-
Parity Assignments, edited by N. B. Gove and R. L. Robinson
(Academic Press Inc. , New York, 1966}.

'T. Tamura, Rev. Mod. Phys. 37, 679 (1965); Oak Ridge
National Laboratory Report No. ORNL-4152, 1967 (unpub-
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gram that can calculate the differential cross sections
for inelastic scattering from up to six states simultane-
ously. With this program, one can predict the differen-
tial cross sections for exciting higher members of rota-
tional bands and states due to more than one-phonon
vibrations of the nucleus. We have experimentally
addressed ourselves to inelastic scattering studies of
medium-weight nuclei whose results can be compared
to calculations made by this coupled-channel program.
Our purpose has been to examine to what degree some
of the higher states can be explained in terms of the
phonon model. Earlier we published results of the in-

elastic scattering of 13-MeV protons from "'"'Pd, '
"'Ag, ' and '~ '"Cd.' The present paper deals with '"Pd.

The differential cross sections for 26 proton groups
exciting states below 3 MeV in '"Pd are reported.
The very strong groups exciting the first 2+ and 3
states are fitted by both the DW and coupled-channel
theories. The coupled-channel theory was also used to
predict the cross sections for the two-quadrupole
phonon states and one-octupole —one-quadrupole pho-

3 R. L. Robinson, J. L. C. Ford, Jr., P. H. Stelson, and G. R.
Satchler, Phys. Rev. 146, 816 (1966).

4 J. L. C. Ford, Jr. , C. Y. Kong, T. Tamura, R. L. Robinson,
and P. H. Stelson, Phys. Rev. 158, 1194 (1967).' P. H. Stelson, J.L. C. Ford, Jr. , R. L. Robinson, C. Y. Kon«,
and T. Tamura, Nucl. Phys. A119, 14 (1968}.


