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Symmetric-to-asymmetric mass ratios for proton-induced fission of Th and U
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- Fragment-energy and specific-luminescence spectra from the fission of '"Th and "'U were measured by a
two-dimensional display of coincident signals from a solid state detector and a thin-film organic scintillator'
detector. Symmetric-to-asymmetric fission ratios and peak-to-valley ratios were determined as a function of
bombarding energy. Discontinuities in the ratio curves, observed in some previous experiments but not in

others, were mapped out in detail. The major discontinuities were found to occur near fission thresholds.

NUCLEAR REACTIONS: FISSION Th (p,f ), U (p,f ), F. = 9.5—17.0 MeV;
measured E, specific luminescence spectra of single fragments; Si detector
coin thin-film plastic scintillator detector; deduced symmetric-to-asymmetric

mass ratio trends, competing reaction threshoMs.

'The excitation functions for proton-induced
fission of "'Th and "'U, as well as of other
uranium isotopes and of '"Pu, have been deter-
mined by several groups at incident proton ener-
gies f rom 3 to 55 MeV. ' ' Most symmetric- to-
asymmetric (Nz/N~) or peak-to-valley (P/V) ratios
of fission fragments as a function of incident pro-
ton energy show distinct breaks at certain ener-
gies' "'~' that have been interpreted as the open-
ing of another reaction channel, such as fission
following emission of one or two neutrons (second-
or third-chance fission). Some of the observed
breaks, however, have been rather weak, and in
one study' no definite breaks were observed at all
over the range of incident energies investigated.

'The objective of the present study was to deter-
mine the existence and position of such breaks
with a more sensitive detector system than was
previously used. 'The fission of '-"Th and '"U in-
duced by 9.5-17.0 MeV protons was studied.
Ratio curves were determined from single-para-
meter spectra and contour plots of the coincident
response of a thin-film detector (TFD) and a solid
state detector (SSD) to the fission fragments.

Natural "'Th and "'V targets (0.3 mg/cm'
"'ThF, and 0.01 mg/cm' "'U,O, deposited on
0.1 mg/cm' nickel supporting foil) were bombarded
with protons from the Florida State University FN
tandem accelerator. 'The target chamber is de-
scribed in Ref. 7. The TFD/SSD assembly used in
this work was positioned at 140, and the normal-
to-the-target plane was 156 with respect to the
beam. The beam current was held to 30-150 nA,
resulting in 'TFD-SSD count rates of the order 1

to 10' counts per second, depending on proton
energy and target material.

'The basic features of the TFD have been de-
scribed previously. ' " Its response n1easures
the luminescence produced by an energetic ion
passing through a thin plastic scintillator film.
'This response has been shown to be a function of
nuclear charge and velocity. '" The 'TFD's used
in this experiment were made of NE-102 plastic
scintillator laminated to a thickness of 100 p. g/cm'
and supported on a thin rectangular celluloid frame.
The solid state detector was of the silicon sur-
face-barrier type designed for fission fragment
detection. Coincident 'TFD-SSD signals, as gated
by a logic pulse generated by the SSD, were
digitized and passed through a CAMAC interface
to an on-line computer. Further details of the
experimental setup and of the associated elec-
tronics are given in Ref. 13.

Dual-parameter plots of the 'TFD-SSD response
to fission fragments were recorded as a function
of incident proton energy from 9.5 to 17.0 MeV at
125 to 500 keV intervals. For comparison, '"Cf
spontaneous fission contour plots were recorded.
Two different TFD's of comparable thickness were
used and exhibited P/V ratios of 2.5 and 4.5,
respectively, to "'Cf fission fragments. Repre-
sentative contour plots for '"Th and "'U fission
induced by 18.0 MeV protons and for '"Cf spon-
taneous fission" are shown in Figs. 1(a), l(b), and

1(c), respectively. Note that the SSD signal res-
ponse is proportional to fission fragment kinetic
energy and the TFD signal response is a measure
of the (ionic) fission fragment specific lumine-
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FIG. 1. Hepresentative contour plots of TFD-SSD
system response to fission fragments. The - 45 solsd
line follows the locus of minima between the two main

peaks and is used as an arbitrary separation line be-
tween the purely asymmetric fission events (upper peak)
and mixed symmetric/asymmetric fission events (low-
er peak). Note the change in peak position for the dif-
ferent isotopes. The contour lines are draw n at 10 30
40, and 80$, respectively.

scence. In the range of fission fragment energies,
this latter parameter has been shown to be ap-
proximately proportional to the square of the
fragment velocity and to increase with increasing
nuclear charge. " 'Typical. single-parameter TFD
and corresponding SSD response data are shown
in Fig. 2 for "'Th fission. Similar data were ob-
tained for "'U fission.

In the single-parameter response data, the
lower (left-hand) response peak is in general due
to the less energetic heavy fragment and the higher
response peak to the light fragment from asym-
me tric fission events. F ragments f rom syrn-
metric fission are recorded in the valley between
peaks and the slope just to its left and may be
attributed largely to the lower total kinetic energy
release for symmetric fission (- ll MeV less at
13 MeV proton energy") that accompanies near-
symmetric mass division. The P/V ratios taken

I I j I I I I
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FIG. 2. (a) TFD and (b) SSD fission-fragment single-
parameter spectra from Th fission. The filling-in-
of-the-valley region observed in going from 12 to 14
MeV in Fig. (a) is not as pronounced for the 16 MeV
data and results from third-chance fission competition
(see text).

from these spectra should, therefore, be indica-
tive of the ratio of asymmetric-to-symmetric
fission, even though, at first glance, little varia-
tion is evident over the 4 MeV range of incident
proton energy.

A more sensitive measure of symmetric vs
asymmetric fission competition may be derived
from the two-parameter contour plots [e.g. , Figs.
l(a) and l(b)]. The locus of minima (solid,
straight line) between the two peaks separates the
asymmetric events (A, ) accumulated in the upper
right-hand peak from the asymmetric plus
symmetric events (A, ) registered in the lower
left-hand peak. The criterion for this separation
foll.ows from the previously noted fact tha.t sym-
metric fission events will be recorded pre-
dominantly in the lower response peak and valley
region. Hence the number of symmetric events
recorded is equal to the difference A, -A„and
the number of asymmetric events registered during
the same time is K4, . A measure of the sym-
metric-to-asymmetric fission ratio is then given
by
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This ratio is not taken as an absolute measure of-
the symmetric-to-asymmetric fission ratio but is
only used to indicate trends in the relative con-
tributions. This limitation arises not only from
the inherent instrumental resolution, but also
from both the gradual transition between sym-
metric vs asymmetric mass division and the
somewhat arbitrary manner of isolating the two
modes on the contour plot. A compa, rison of the
symmetric vs asymmetric trends as indicated by
the P/V and Ns/N„ratios is shown in Figs. 3 and
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Assuming a two-mode fission hypothesis, " the
P/V and Ns/N„ratios have been interpreted in
terms of a symmetric vs asymmetric fission mode
competition at different incident proton energies.
Symmetric fission becomes more probable with
increasing excitation energy, " thereby decreasing
the P/V ratio and increasing the Ns/N„ratio.
Abrupt changes observed in the slope of the ratio
curves at certain bombarding energies are inter-
preted as resulting from the onset of second- or
third-chance fission, i.e. (P, nf) and (P, 2nf), or
of competing reactions. Since those residual nuclei
that undergo second- or third-chance fission do so
from a lower excited state, an increase in the
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FIG. 4. (a) N~/NJ, ratios and (b) P/V ratios vs inci-
dent energy for U+p

P/V ratio and a decrease in the Ns/N„ratio is
expected as the bombarding energy passes above
the threshold leading to this process. In the case
of competing reactions which do not lead to fission
but which reduce the fractional fission cross sec-
tion, one might expect a smaller effect. The dis-
continuities observed in this and in previous work
are listed in 'Table I.

I or proton- induced fis sion of "'Th, evidence
for a major discontinuity is clearly present [de-
crease in Ns/N„ratio, Fig. 3(a) and increase in
P/V ratio, Fig. 3(b)], but it occurs at a lower
energy (13.5 MeV) than the break previously mea. -
sured by radiochemical methods (14.0 MeV). ' This
discontinuity is interpreted as arising from the

35-
o - 'tgt

232yp+p

This work Ref. 1 Refs. 2, 3, and 5

TABLE I. Observed reaction onsets, E~= 9,5-17.0
Me V.

2.0-

232Th+p 11 25+p 1p'
13.5 ~0.2
16.2 + 0.3

U +p 10.5 +0.2
13.5 + 0.3

~ ~ ~

14.0 + 0.5
~ 0 ~

13.0 + 0.5

11.25 + 0.2

c
10.6 ~0.1
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FIG. 3. (a) Nz/Nz ratios and (b) P/V ratios vs inci-
dent energy for Th+p.

Minor discontinuity.
Inconclus ive evidence.
Outside of range of that experiment.
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onset of third-chance fission. A detailed study
was made in the energy range from 10 to 12 MeV
in search for a decrease in the N~/N„c ur ve at
11.25 MeV, where a break had been observed pre-
viously. "' Only a slight decrease was found in the
otherwise smoothly increasing curve. The authors
of the previous studies considered the possibility
that this discontinuity is due to the (p, P'n) or
(P, 3n) reaction onset. ' But the Q value for the

(P, P'n) reaction is —6.43 MeV and the most pro-
bable kinetic energy for an emitted proton is
1.1 MeV, " so that the energy left for the proton
is quite low compared to the Coulomb barrier.
The (P, 3n) Q value is -13.6 MeV, which is too
high to cause the 11.25 MeV break. A more likely
candidate for that threshold v ould be a break that
may be present near 16.2 MeV [Fig. 3(a)j.

For "'U proton-induced fission, similar though
less distinct breaks occur in the N~/N„and P/V
ratio curves (Fig. 4). A definite discontinuity is
observed again near 13.5 MeV, confirming the
existence of a discontinuity near 13 MeV suggested
by radiochemical data and assigned to the onset
of third-chance fission. A break in the vicinity of
13 MeV was also reported in Ref. 6. A previously
reported minor break near 10.5 MeV is only weakly
suggested in our Fig. 4 and also in the data of
Ref. 4. As in the case of the 11.25 MeV break in
the ""Th+p curves, the (P, p'n) and (P, 3n) reac-

tion onsets considered in Refs. 2, 3, and 5 (Q
=- -6.10 and -13.03 MeV, respectively) are unlikely
causes of the discontinuity.

In comparing the data of Figs. 3(a) and 3(b) and
also the data of Figs. 4(a) and 4(b), it is seen that
for a given number of recorded events the N~/N„
curve is more sensitive than the P/V curve for
distinguishing trends in symmetric vs asymmetric
fission yields and thus is a more precise measure
for locating abrupt changes in this ratio.

The observed trend that the breaks in the U

data are consistently less clearcut than i.n the
h data can be understood as follows: As the

mass of the fissioning target nucleus increases,
the positions of the two response peaks tend to
converge, and the sensitivity of the P/V or Nz/N„
ratios for following two-mode fission patterns de-
c reases correspondingly.

To summarize, the major breaks in both the
""Th and the "'V excitation functions for proton-
induced fission from E&=-9.7 to 17 MeV are as-
cribed to the onset of third-chance fission. (The
first- and second-chance fission onsets" are
below the lower limit of the present study. ) The
other observed breaks could not be assigned
definitively to reac tion thre sholds.
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