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Fission product yields for 38 masses were determined for the fission of ?**Th with essentially
monoenergetic neutrons of 2.0, 3.0, 4.0, 5.9, 6.4, 6.9, 7.6, and 8.0 MeV. Fission product activities were
measured by Ge(Li) y-ray spectrometry of irradiated 2**Th foils and by chemical separation of the fission
product elements followed by B counting. The mass yield data for 2**Th(n,f) show a sensitive increase of
fission yields in the near-symmetric mass region (valley) with increasing incident neutron energy E, and a
pronounced dip in yield at the onset of second-chance fission just above the neutron binding energy (at ~ 6
MeV) where the excitation energy is lowered by competition with neutron evaporation prior to fission. The
effect of second-chance fission is also seen in the yields of asymmetric peak products. A distinct third peak
is observed at symmetry in the valley of the mass distribution, and enhanced yields are observed in the
asymmetric peaks at masses associated with even Z (proton pairing effect). The fission yeilds of 232Th(n,f)

are compared with those of 2*U(n,f) and 2**Th(y,f).

[NUCLEAR REACTIONS, FISSION %Th(n,f) E,=2.0, 3.0, 4.0, 5.9, 6.4, 6.9,
7.6, and 8.0 MeV; measured mass yields.’

I. INTRODUCTION

Examination of the literature reveals a lack of
data on the characteristics of fission product mass
distributions for monoenergetic-neutron-induced
fission of 2*>Th, particularly as a function of in-
cident neutron energy E,. Ford and Leachman®
determined the yields of four fission products in
the near-symmetric (valley) mass region (**°Pd,
HiAg 2Pd; and ''°Ag) at five E, values in the
range of 9.1-18.1 MeV. Dubrovina et al.? meas-
ured the fission yield ratios for seven fission
products relative to ®°Sr at nine neutron energies
between 1.5 and 17.7 MeV. Somewhat more com-
plete mass-yield data obtained for E,=3 and 11
MeV are summarized in the compilation by
Crouch.® Much more extensive data for “fast” re-
actor neutron fission and for E, =14 MeV are given
in Ref. 3 and in the compilation by Meek and Rid-
er.*

The present work was undertaken to determine
in detail the characteristics of the mass distribu-
tion for #2Th(n,f) as a function of E, over the
range of 2-8 MeV with particular emphasis on the
question of structure in the valley of the mass-
yield curve and on the effect of the onset of sec-
ond-chance fission near E,=6 MeV. For this
purpose reasonably complete mass distributions
(38 masses) were obtained at E, values of 2.0, 3.0,
4.0, 5.9, 6.4, 6.9, 7.6, and 8.0 MeV.

II. EXPERIMENTAL
A. Neutron irradiations
Targets for the neutron irradiations were 2.54-

cm diameter by 0.0254-cm-thick disks of thorium
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metal with an average weight of 1.3 g. The atten-
uation of neutrons in the energy range of 2—-8 MeV
by a target disk was about 0.5%. Irradiations were
made at the Argonne Fast Neutron Generator Fa-
cility® in the manner described by Smith and Mead-
ows.® The targets were attached to a low-mass
fission chamber containing a thin, standardized
deposit of 2*®U to monitor the fission rate. This
assembly was positioned about 3 cm from the neu-
tron source. Neutrons with energies below 5 MeV
were produced by the "Li(p,n)"Be reaction; neu-
trons of higher eneréy were produced by the
®H(d,n)*He reaction.

Details of the monoenergetic neutron beam char-
acteristics have been given in a previous publica-
tion.” Spread in the principal neutron energy
ranged from 4-8%. Beam intensities averaged
about 3x107 cm™%sec™?, and fission rates in a
target disk were typically 2x10% sec™®, Also pres-
ent were small contributions to the fission rate by
neutrons of other energies arising from the "Li
(p,n)"Be* reaction, from deuteron stripping re-
actions (primarily in the deuterium target cell),
and from elastic and inelastic scattering by the
room environment. Small corrections (1 to 8%)
were made for the effects of these neutrons on
the fission yields of masses that are strongly sen-
sitive to neutron energy (4 =103 to 127). To en-
sure adequate intensities of fission product activ-
ities the targets were irradiated for periods of
14 to 15 h.

B. Fission yield determinations

Fission yields were determined by high-resolu-
tion y~-ray spectrometry of an irradiated thorium
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target or by chemical separation of a fission pro- TABLE I. Fission product gamma decay data used in
duct element followed by B counting. The two ra- fission yield measurements.
diometric methods are designated herein as the
y and RC-B methods, respectively. For the meas- Nuclide  Half-life E, (keV) 1, (%) Ref.
urement of the low intensities of fission product Bg e . a
activities in the valley mass region (103 to 127) o 226 min  856.7 68.6 1
d for A dAs. it ¢ ] Brf 31.8 min 881.6 42 £ 4 12
and for "As ax? . s, it was necessary to employ 1897.6 14.9 + 1.9 12
the more sensitive RC~B method. The y method 85gcpm 448h 151.2 75.5 + 0.6 12
was used for all other determinations. 304.9 - 140 = 0.5 12
For chemical separation of the fission product 8Ky 76.3 min 402.6 495 = 1.6 12
elements, the irradiated thorium metal targets ¥Kkr 2.84h 196.3 263 + 1.6 12
were dissolved in concentrated hydrochloric acid BB b S 1529.8 111+ 0.7 12
containing small quantities of nitric and hydro- (“Rb) 178 min  898.0 145 + 1.0 12
£1 . ids and iers for the elements of in 1836.0 221 + 1,5 12
uoric acids and carriers fo ents of in- 9RD 15.2 min  1031.9 59 & 6 12
terest. The elements were then separated, chem- 1248.1 43 + 4 12
ically purified, and samples prepared for g count- Agr 95h 652.9 11.1 = 1.0 12
ing according to the procedures compiled by 749.8 23.1 + 1.2 12
Flynn.® The samples were counted in a calibrated oo b 1024.3 33,5 % 0.7b 12
low-background (0.5 count/min) 8 proportional (92Y"') 49.7 min 557.6 604 = 2.1° 12
counter® equipped with an automatic sample %S" 2.71 h, 1383.9 90 ai 11 12
. . - Sr 7.3 min 168.5 34,5 11
changer. The radioactive purity for each sample 590.2 g7.72 1
was verified by following its de?cay over an ex- By 1021 h 266:9 6:8 + 04 12
tended period of several half-lives. Decay curves 947.1 1.94+ 011 12
were analyzed with the least-squares computer Yy 19 min 919.2 49 = 2¢
program CLSQ.° The observed 8 counting rate at :ZZI' . 16.9h : .
the end of irradiation for each fission product was (%) 60 sec 743.4 92.8 & 0.9° 12
then corrected for chemical yield, counting effi- (asNb") 72.1 min 657.9  105.9 + 1.1% 12
ciency, deca; enetic relationships, and degree Mo 66.0 h 140.5 5.7 = 0.5 12
y, decay, genet. 1atl ps, & 181.1 6.52+ 0.19 12
of ‘satura.tlf)n during irradiation to give the satur- 739.5 13.0 + 0.4 12
ation activity A.. (®Tc™®  6.02h 140.5 84.9 + 0.9° 12
For y counting the irradiated targets were 10pe 141 min 306.9 88 + 6 12
mounted on flat stainless steel plates and placed 129gy, 435h 812.6 4352 11
in a computer-controlled sample changer designed :Z:I 8.04d 364.5 81.2 = 1.1 12
to ensure reproducible positioning of samples. e 78.2 hh 228.2 88.2 £ 0.2 12
The y-ray spectrometer system was based on an "D 2.30 2(25?; 1(1)‘13'3 i g'fb ig
80-cm 11th1un.1-dr1fted germamun} Ge(Li) detector 772.6 78.5 + 1.9° 12
with a resolution of 2.1 keV full width at half max- 1331 20.8 h 529.9 87.3 + 0.2 12
imum (FWHM) for the 1.33-MeV y-ray of °Co. 134pg 41.8 min 180.9 17.9 + 1.0 12
Details of this system and the y counting method 278.0 21.2 £ 1.0 12
are given in a previous publication.” To enhance 566.0 18.8 = 1.0 12
statistical accuracy in the determination of the 742.6 14.7 + 0.7 12
fission product y-ray activities, a large number 135 6.61h lzgg'g 23'3 i 8‘2 1:
(74.0) of y-?ay spectra were recorded over a suf- 1131.5 295 + 0.8 12
ficient period of time (~1 month) to encompass the 1260.4 28.6 + 1.0 12
wide range of half-lives involved. These complex 1457.6 8.6 = 0.3 12
spectra were then analyzed with the computer pro- 1678.0 95 = 0.4 12
gram GAMANAL ' to obtain the intensities of the 1791.2 7.70% 0.25 12
resolved photopeaks. (::zxd")b 15.3 min 526.6 140 + 0.5° 12
The fission product y decay data selected for use Xe 14.2 min 1?2:‘2 iéi i %)3 ig
in thes.e measureme.nts are presente('i with refer- 138G 32.2 min 462.8 307 £ 07 12
ences in Table I. Since the largest single source 1009.8 29.8 + 0.7 12
of error in the y counting method lies in the values 1435.9 76.3 + 1.6 12
taken for absolute y emission intensities 7, (listed 1Z§Ba 83.0 min 165.9 22 o+ 1°©
as photons per 100 disintegrations in Table I), the Wpa 12.79d 537.3 24° 1
(M'La)®  40.22h 487.0 49.5 + 0.2° 12

values were checked by application of the method
to thermal-neutron-induced fission of 23°U and
comparison of the observed fission yields with the

815.9 25.9 + 0.8° 12
1596.5 110.0 = 0.2° - 12
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TABLE I. (Continued.)

Nuclide  Half-life E, (keV) 1, %) Ref.
g, 18.2 min 190.2 46 + 4 12
277.0 23.3 + 2.0 12
304.2 25.2 + 2.2 12
343.7 142 + 1.3 12
Uice 32.5d . 1454 48.0 + 2.0 12
279 92.7 min 641.2 46 + 2°
894.9 94 + 1.2 12
1901.3 8.7 + 0.8 12
Wce 33.0 h 293.3 434 + 2.0 12
Ubce 14.2 min 218.3 21,52 11
316.8 552 11
WINg 11.06 d 91.1 279 + 0.5 12
531.0 13.1 + 0.8 12
149Nq 1.76 h 114.3 18.8 + 2.0 12
211.3 27.3 + 1.8 12

3Uncertainty of £10% assumed.

®In equilibrium with parent nuclide.

¢I, from measurement of fission yield in 85U (n, f)
(see text).

well-known values given in the compilations of
Refs. 3 and 4. With the exceptions of **Y, '3°Ba,
and ***La, it was found that the use of /, values
from Refs. 11 and 12 given in Table I resulted in
satisfactory agreement. For °*Y, '*°Ba, and '**La,
the empirical values of /, determined in ***U(x, 1)
are used in the present work.

The measured fission product y-ray activities
from the GAMANAL™ program were analyzed by
the decay program CLSQ® to obtain the activities at
the end of irradiation. Further corrections were
made as required for counting efficiency, cascade
coincidence losses,” absolute y emission intensi-
ties (Table I), genetic relationships, and degree of
saturation during irradiation to give the saturation
activity A ...

Values of A, determined by the methods just
described are related to fission yields by the ex-
pression

fission yield=A,/fission rate. @

Since a suitable 2*2Th monitor for the fission
chamber was not available, a ***U monitor was
used to provide an approximate fission rate. The
fission yields were then placed on an absolute
basis by normalization of the complete mass dis-
tribution to 200%total yield, the undetermined
yields being interpolated or extrapolated from
measured yields. As only ~30% of the total yield
was undetermined, the uncertainty (1 o) in the fis-
sion rate obtained by the normalization procedure
is only 2% when a 20% error is assigned to all in-
terpolated or extrapolated values.

III. RESULTS AND DISCUSSION

The results of the fission product yield deter-
minations are presenfed in Table II and depicted
graphically as mass-yield curves in Fig. 1. Also
shown for comparison in Fig. 1 is the mass dis-
tributionfor £, =14 MeV based on the average of
the fission yield data compiled in Refs. 3 and 4.
Uncertainties (1 o) in the fission yield values were
obtained by consideration of all known sources of
random and systematic error with the usual rules
of error propagation. For fission yields meas-
ured by the y method, o values fall typically in
the range of 3 to 10%. Larger uncertainties rang-
ing from 10 to 25% are associated with the yields
measured by the RC - method. An assessment of
possible error in determination of the mass yield
due to direct formation in fission (independent
yield) of chain members beyond the one measured
was made using the charge distribution system-
atics of Wolfsberg.’® For the E, range of 2—8
MeV, calculated cumulative yields for the fission
products in Table II are > 99% with the exception
of **Te (92 to 95%). The data in Table II contain
no corrections for possible charge distribution
effects.

The salient features apparent from the mass
distributions shown in Fig. 1 are (1) the strong de-
pendence of fission yields in the valley mass re-
gion on E, (increased probability of near-symme-
tric fission with increasing excitation energy), (2)
the existence of a definite symmetric fission peak
(around A =115) in the valley, and (3) the appear-
ance of fine structure, presumably caused by the
proton pairing effect,'* near masses 90, 96, 134,
and 140, where yields are enhanced for even atom-
ic numbers Z =36, 38, 52, and 54. Both the sym-
metric peak and the fine structure appear to “wash
out” slowly with increasing E,.

Since the literature data®* on fast neutron fission
of #**Th leave considerable uncertainty as to the
existence of a third peak at symmetry in the mass
distribution, a special effort was made in the
present work to outline carefully the valley region.
The results are shown in Fig. 2, where mass
yields are plotted for E,=4.0 and 5.9 MeV. For
the isomers *°Cdf and '*'Snf, the total chainyields
were obtained by assuming isomer ratios ¢n+g)/g
of 1.11+0.05 for **Cd* (average value for several
fissioning systems in Ref. 4) and 1.16+ 0.11 for
1219r¢ (Ref. 15). The peak at symmetry is clearly
apparent and is seen to diminish with the increase
of E, from 4.0 to 5.9 MeV. Data of poorer quality
obtained at 2 and 3 MeV are consistent with the
curves shown in Fig. 1. The peak is still apparent
to a slight extent at E, =14 MeV (see Fig. 1).

Some mass distribution characteristics derived
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FIG. 1. Mass-yield curves for monoenergetic-neutron-
induced fission of 2**Th.

from the fission yield data for monoenergetic-neu-
tron-induced fission of 2*?Th are presented in
Table III. The mean mass (first moment) of the
light fission product group is seen to remain es-
sentially constant over the E, range of 2-8 MeV,
while the mean mass of the heavy group decreases
by ~1 u, indicating that the increase in neutron
emission per fission 7 with increasing excitation
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FIG. 2. Valley mass yields for »2Th(x, f) showing third
peak at symmetry.

energy is primarily from the heavy fragment., Val-
ues of 7 calculated from the mean masses are in
reasonable agreement with experimental values
based on direct measurement by fission-coincident
neutron counting,®

Yield values for several valley fission products
from the present work, combined with data from
the literature, are plotted as a function of E, in
Fig. 3. Our data show clearly the effects of ex-
citation energy on near-symmetric fission yields,
i.e., the very sensitive increase in yield with in-
creasing neutron energy, and distinct dips follow-
ing the onset of second-chance fission (near E,
=6 MeV), for which excitation energy is lowered
by competition with neutron emission prior to fis-
sion. The latter effect was first seen by Bowles
et al.'” in proton-induced fission of **Th.

In contrast with the valley region, the yields of
fission products in the asymmetric peaks of the
mass distribution are not strongly dependent on
incident neutron energy, but the effect of second-
chance fission is nevertheless clearly apparent in
the yield data plotted for several complementary
asymmetric masses in Fig. 4, Distinct breaks in
the yield vs E, curves are seen for several masses
in both the light and heavy peak regions.

Compared in Fig. 5 are the fission yields of a
peak (}**Ce) and a valley (*°Cd) product as a func-
tion of E, for *2Th(xu,f) and ***U(x,f). Data for
2381y are taken from our previous publication.”
Also shown (at the bottom of the figure) are the
cross section curves for neutron-induced fission.
Arrows indicate the approximate positions where
second-chance fission (z,nf) becomes energetically
possible. The more sensitive increase of valley
yield with increasing E, and the more pronounced
effect of the onset of second-chance fission for
232Th are clearly visible,

TABLE III. ®*Th{,f) mass distribution characteris-
tics.

Peak-to- Mean mass (u)
valley Light Heavy
E, ratio group  group va 7P

2.0 1600 90.9 139.8 2.3 2.20
3.0 300 91.2 139.4 24 2.35
4.0 70 91.3 139.1 2.6 2.50
5.9 25 91.9 138.4 2.7 2.78
6.4 30 91.1 138.9 3.0 2.86
6.9 35 90.5 139.1 3.4 2.94
7.6 25 90.8 138.9 3.3 3.04
8.0 20 90.9 138.8 3.3 3.10
14.7 5 93.3 135.8 3.9 4.11

2Calculated from conservation of mass.
®Evaluated from experimental measurements by fis-
sion-coincident neutron counting (Ref. 16).
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TABLE IV. Calculated and measured !°Cd yields for 6.9-MeV neutron-induced fission of

232Th and 238U.

Fissioning o Y, (E,)" Tt V(B —€,)¢ Y(E,) (b) Y(E,) %)
system of %) of %) cale exp

B2Th(, f) 0.38 0.50 0.62 0.011 0.20 0.20 +0.03

28U (n,f) 0.61 0.15 0.39 0.009 0.101 0.116 +0.012°

aoﬁ determined by extrapolating o from the region of first-chance fission.

b Y, determined by extrapolating the fission yields from the region of first-chance fission.
€0sy= 0y~ 0y, Where oy is the fission cross section at E,=6.9 MeV.

4E,~€,=2.5 MeV for 282Th(z,f) and 1.5 MeV for #%U(x,f).

¢ Data from Ref. 7.

yields is associated with the slopes of the yield

vs E, curves for the two fissioning systems. Once
second-chance fission becomes energetically pos-
sible, the observed yield Y at energy E, is given
by the equation ‘

Y(E) =21y (E)+ 22 Y, (B, -¢,). (2
"o 0,
f f

The relative amounts of first- and second-chance
fission yields are given by the ratios of first- and
second-chance fission cross sections to the total
fission cross section at E,. The first-chance fis-
sion yield is evaluated at E,, and the second-
chance fission yield is evaluated at E, —¢,, where
€, is the amount of energy removed from the ex-
cited compound nucleus ?**Th or #*°U, by the emis-
sion of a neutron, and correction is made for the
difference in fission thresholds between the first-
and second-chance fissioning nuclei. If it is as-
sumed that the yields of the second-chance fission-
ing nuclei ***Th or ***U behave in the same manner
with E, as the yields of the compound fissioning
nuclei, then Y,(E, —¢,) for #32Th is reduced rela-
tively much more for a valley fission product than
is the yield for #*®U. Examples of the calculated
115Cd yields for ***Th(s, f) and #**U(x,f) with 6.9
MeV neutrons are given in Table IV. This type of
analysis accounts well for the yields of fission
products found in the heavy-mass groups for both
#2Th(n,f) and #**U(x, f), but not too well for the
yields of fission products found in the light-mass
groups. The reason for this is that the yields of
the heavy-mass fission products for 23?Th or 238U
fission do not change appreciably from those for

#33Th or %3°U fission, provided the.excitation ener-
gy above the fission thresholds is the same for
either ***Th and ***Th or ?*®*U and #**U. However,
there is a shift of yields in the light-mass groups
such that the average mass of this group is ~1 u
less for 232Th than for #**Th. A similar phenom-
enon is observed for **U and 2%°U.

The shift in yield with fissioning mass in the
light-mass group and the relative constancy of the
heavy-mass group is illustrated in Fig. 6 in which
the mass distributions for 2 MeV neutron-induced
fission and 9 MeV photofission of #**Th are plotted.
Photofission data are taken from the paper by
Hogan et al.*®* The ***Th compound nuclei are ex-
cited to ~7 MeV.*® The 2**Th nuclei that undergo
photofission have initial excitation energies from
the fission threshold to 9 MeV. However, because
of the enhanced photofission cross section at 6
MeV, most fission events occur in nuclei excited
to this energy.'® Thus the initial excitation ener-
gies of the fissioning ?*3Th and ?*?Th nuclei are
comparable to within ~1 MeV. The difference in
excitation energies may account for some of the
observed increase in 233Th fission yield for the
heavy side of the light-mass group and the light
side of the heavy-mass group. Other similarities
in the two mass distribution are the fine-structure
peaks at masses 134 and 140-141, but the fine-
structure peak at mass 93 reported for 2**Th (y, f)
(Ref. 18) is not observed in 2**Th(z, f).
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