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ABSTRACT

'Measurements have been made of the velocities of the

two coincident fission fragments emitted in the 25.7- and

230

29.7-MeV He'-induced fission of US33 and Tho3°, the 25.7-

and 29.5-MeV Heu-induced fission of Th232, and the 12,0-

H2 230
and 14.,0-MeV H -induced fission of Th -~ ., Previously un-
published data for the 21.8-MeV Heh-iqduced fission of °33

232 are also included, The resulting distributions

and Th
of fragment mﬁsses and kinetic energies are consistent with
the hypéthesis of two competihg modeé of fission, Compariéon
of the primary mass yields determined in the present work
with the yields determined by radiochemical methods indicates

a dependence of neutron emission on fragment mass, which is

* Work performed under the auspices of the U. S, Atomic Energy Commission,
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consis;ent with the expectatioﬁs of a two-mode neck model,
In the course of correcting the time-of-flight mass distri-
butions for the influence of the prefission neutron emission
aﬁd the detection solid angle, approximate dependences of
the yield of symmetric mass divisiona on the excitation

energy of the fissioning nuclel were estimated.,
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INTRODUCTION

When the measurements reported here were begun, there was

2 thét the average amount of kinetic energy

experimental evidencel’
given to fission fragments was not always & maximum for the most
symnetric mass divisions as is expected from the simplest theory.
Apparently, there was a sudden and large decfease in the kinetic
energy release for somewhat more symmetric mass divisions than
those observed to be most probable. Since data were not available,
however, for cases where the relative yield of symmetric mass
divisions was appreciable, the experimental results were uncertain,
chiefly because of the difficulty in making reliable corrections
under these conditions for thé dispersion of the measufements. Pre-
liminary time-of-flight measurements3 of charged-particle-induced
fission, which give relatively large ylelds of B&mmetric mass
divisioﬁs,’showed that the kinetic energy release is indeed de-
creased by as much as 10 MeV over a large interval of fragment mass
ratios near unity for fission at‘moderate excitation energy.
Recently, double-energy measurements were made with semi-
conductor detectorsu‘of the fission of nuclides of lower fission-
ability where eqpélly probable symmetric and ésymmetric mass
division and even predominantly symmetric mass divisions are ob-
served., These measurements permitted a fairly precise analysish
in terms of two distinct components--cne characterized by unequal

mass divisions and higher kinetic energy releases, and the other,

campeting more favorably at higher excitation energies, by nearly




equal mass divisions and lower kinetic energy releases, The present
measurements investigate.a number of reactions for which significant
numbers of symmetric mass divisions are observed, using two initiel
excitation energies, and provide a further test of the two-mode
hypothesis in the region of the more fissionable nuclides,

It now appears that time-of-flight measurements, as used in this

study, are valuable chiefly because of their ability to measure distri-

butions of fragment masses (and energies) equivelent to the distributions

before the emission of prompt neutrons. It has been realized for some

time that a comparison of initial mass distributions and radiochemical

mass distributions provides information concerning the number of
neutrons emitted, T‘errell5 has recently.devised a convenient way to
make this comparison, so that the dependence of the neutron emission
from indi&idual fragments on the fragment mass can be determined.
(Terrell has also showns how time-of-flight doubie-velocity data can
ﬁe compare& with double-energy data to obtaln similar information
concerning prompt neutron emission, Such a comparison is treated in

8 companion paper.6)

To make the time-of-flight data compatible with the radiochemical

data, in view of the different detection solid angles used, it was

necessary to consider the effects of prefission neutron emission and
the dependence of the mass and angular distributions of the fragments
on the excitation energy of the fissioning nucleus, Approximate de-
pendences of the yield of symmetric mass divisions on the excitation

energy of the fissioning nuclei were determined,




EXPERIMENTAL

Apparatus

A schematic diagram of the detection system, including the
pertinent dimensions, is given in Fig. 1. The detectors and elec-

52 spontaneous

tronic systems were the same as those used for the Cf2
fission measurements.7 The target foil was oriented at hso to both

the cyclotron beam and fragment flight paths, and because of space
limitations the fragment flight paths were shorter than those used

in the spontaneous fission measurements., Electron-lens-type frégment
detectors were placed slightly forward of the target to detect fragment
pairs emitted at approxiﬁately 90o to the beam in the c.mn, system (as-
suming absorption of the incident particles to form campound nuclei),
The terminal detector for fragments passing through the source backing
and initial-lens foil had an 19,7-cm-diameter aperture, and the other
tefminal detector,‘lo.a cm, The numbers of heav; and light fragments
detected in each of the detectors were more nearly equal than was found
in the previoué Cf252 work,7 perhaps because of the larger solid angles,
The time converters were started by pulses from fhe remote fragment

detectors. The trigger rates of the time-converter discriminators

were monitored continuously during the runs,

Targets

2 0

Targets of 0233, Th23 , and Th23 were used., The 11233 target

consisted of ~20 pg/cm? of the fluoride (~99% U233) vacuum-evapofated

6 232 consisted of ~40 ug/cm2 of the

) vacuum-evaporated on 4,0 x 10'6 in, Ni foil;

and the The3C consisted of ~ 20 ug/cm2 of the oxide (90.2% $h23o,

on 2.5 x 10~ in, Ni foil; the Th

fluoride (~100% 332
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9.8% T™332) electrosprayed on 5.0 x 10°° in, Ni foil., (Nickel foil

thicknesses quoted are nominal values,)

Incident Beams

The cyclotron beam was collimated to produce & spot about 3 mm
in diameter at the targets., The beam energies were measured and moni-
tored at frequent intervals by scattering the beam into a semiconductor
detector through a thickness of Al absorber sufficieht to produce the
same pulse height as the 5,lk-MeV alphas from a Pu239 calibration
source, Absolute determination of energy to better than 10,05 MeV
is claimed for the syétem,8 although the energy was allowed to vary
by +0.20 MeV during the present runs, Alpha and deuteron beam intensi-
ties through the targets were held to about 12 nancamperes for all of‘ N
the reactions to prevent excessive counting rates in the initial de-

tector ™

1

Calibration and Velocity Loss Corrections
Interspersed with the particle-iﬁduced fission measurements were

252 in the

a number of measurements of the spontaneous fission of Cf
same apparatus (with the terminal detectors put in line with the source),
It was possible to find a zero-time difference for:.each of ﬁhe two
recording channels which, with an estimate of the vélocity loss cor-
rection in one of the fragment directions, gave cumulated velocity
distributions that were the same as the distribution determined in

252 meaaurements,7 except for an apparently '

the earliexr precision  Cf
slightly larger dispersion., These two zero-time differences were then

used to determine the velocity distributions for all of the particle-



induced fission reactions., Velocity corrections for individual target
foils were determined by comparison of the cumulated velocity distri-
butions in the two fragment directions, the same velocity correction
being used for a given target. It is possible that a small systematic
error is introduced in the calibration through small differences in the

f252

pulse heights from fragments of a given velocity from C and from

the lowen-mass fissioning nuclei studied in this work,

Resolution

Direct measurements of the zero-times, by moving a terminal
detector close to the target, were not made for particle-induced
fissions, and therefore no direct measurements of the actusl time
resolutions are available, Such measurements were ma.d.e,7 however,
with a Cf‘252 sourée before the cyclotron runs, which yielded a stand-
ard deviation of the time distribution for fragments of a given |
velocity o(T) = 0.95 * 0,15 nsec (2.2 * 0.3 nsec fWHM).g Measurements |
wvere made with a Cf252 source in Heh beams of different intensities
and a terminal detector brought up to 26,0 cm from the initial detector
foil, .These measurements, with the electronic systen adjusted for
tolerable counting rates in the detectors, indicated sémewhat larger
time dispersions than those found previously, but almost no dependence
on beam intensity in the range used in the present experiments. On
the basis of these measurements, the time resolution for the particle-
induced fissions is estimated to have been 6(T) = 1.3 + 0.3 nsec
(3.0 £ 0.6 néec FWHM). Therefore, the percentage resolutions o(V)/V
of the heavy and 1light fragment velocity measurements are 0.85 1 0.13%

and 1.2 t 0,2%, respectively, (2.0 t 0,3% and 2.8 + O.4% FWHM); and

i
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the mass resolution, including the effects due to the emission of
4,5 + 1,0 prampt neutrons per fission, is O(AF) =1,2 % 0,2 am (2,8 ¢
0.4 amu FWHM). Instrumenfal effects contributed about the same amount
to the total dispersion of the measuremente as did the effects of
neutron emission,

The method used to remove dispersive effects fram the distributions

18 described briefly in Appendix A,

RESULTS

Table I lists the reactions studied and the means and standard
deviations of the observed distributions, The data obtained in the
previous work3 at 21,.8-MeV incident alpha energy are included, because
these measurements were not repeated in the present work .10

When the data were analyzed into Vl X V2 and El be E2 matrixes, it
was clear that a relatively large background of obirious]y spurious events
occurred even in regions well removed from the bl‘llk of the events, The
presence of these events had an understandably large effect on the
observed standard deviations of the velocity and energy aistributions ;
and, in addition, the dependence of <EK(RA)> was found to suffer un-
reasonable fluctuations, particularly in the regions 'of lower yield at
the larger va.}.ueé of mass ratio. Since these outlying events were much
more uniformly distributed with respect to mass, the mass distributions
" were much less strongly affected, After some trials, it was decided tﬁat
it would be advisable to require all of the data to fulfill the following
requiremeﬁts: 0.72<V< 1.68;‘2.08 v + v, < 2,68; and -1.60 < v, - '
V, < 1.60, in units of cm/nsec, .

Distributions in fragment velocity, mass, and kinetic energies

are shown in Figs. 2 to Ly, Maés-ratio distributions and mass-ratio

8-




dependences of the means and standard deviations of the conditional

total kinetic energy distributions are shown in Figs., 5 to 8.

DISCUSSION

The ma\\ss distributions in Fig. 3 all display the prefereﬁce for
as&mmetric mass divisions expected for these highly fissionable
nuclides, The éverage total fragment kinetic energies in Figs. 7 and
8 show the now accepted decrease toward the symmetric mass ratio,

The alpha-particle-induced reactions show the usual increase 1n'yield'
of the more symmetric mass divisions with an increase of bambarding
energy.ll IWith varying degrees of cértainty, the mass-ratio dependence
of the average total kinetic energy is seen to change with bombarding
energy in fhe region of mass ratios intermediate between the symmetric:
and most pfobable mass divisions; this is in general agreement with |
thé proposal by Britt gﬁ.gi.u of a second distinct mode of fission.
tcharacterized not only by a preference for symmet;ic mass division but
also by a lower total kinetic energy release);which contributes'in-
_creased fission yield as the excitation energy is increased. For each
reaction a peak of somevkind is observed in the widths U(Ek) of the
conditional total kinetic energy distributions, which has been
1nterpretedLL as evidence of overlapping energy distributions frcm4the
two modes in the iﬁtermediate mass-ratio region,

The fragment velocity distributions of Fig. 2 show clearly a
doublé-peaked light fragment group. The smaller peak occurs at lower
velocities and undoubtedly corresponds to events of nearly symmetric
ﬁass division and lower kinetic energy, as ascribed to the symmetric
mass division component, The heavy fragment symmetric mass division

component peak must be largely hidden in the high velocity wing of the
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heavy fragment velocity peak, The dependence of the velocity distribu-
tions on excitation energy is again in accord with the two-mode picture,

The U233 distriputions, vhich show relatively smaller decreases in
<EK(RA)> toward R, = 1, smaller changes in <EK(RA)>-with bombarding
energy, and a more dispersed peak in G(EK), may indicate that asym-
metric mass division is contributing significantly to the symmetric
mass divisions. The smaller most probable mass ratio for U233, which
is the heaviest fissioning nuclide studied here, makes this plausible,
It is also possible that the U233 reaction gives somewhat different
results simply because a larger fraction of the fissions occur prior to
the emission of neutrons and, therefore, at higher average excitation
enefgieé.

The results of the deuteron-induced fission of Th23o

appear to show
less sensitivity to the bambarding energy, and, in fact, show a sligﬁt
reversal of the expected dependence of mass yield and average kinetic
energy release on excitation energy. The yield of symmetric mass
divisions is actually slightly decfeased, and the kinetic energy re-
lease slightly increased, at the higher excitation energy. This is
probably because the lower of the two incident energ;es is at or just
bélow the threshold for the relatively strongly contributing third-
chance fission, while the higher incident eﬁergy is no more than 2,0 MeV

above it, (See Table II.)

Yield of Symmetric Mass Divisions as a Function of Excitation Energy.'

The results obtained in this experiment are complicated by the

fact that in none of the reactions studied do the products come from

-10-
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the fission of a single nuclear species, but in each case it 1is, on
the average, possible for fission to occur after the evaporation of
a neutron, In partiéular, each observed mass digtribution rehulta
from a superéosition of two or more distributions corresponding to
the members of the chain of fissioning nuclides that can be produced
by successive prefission neutron emission, One can expect the super-
posed mass distributions to be different, because the average excita-
tion energy of each successive member of the chain is lowered by the
energy lost to the neutron, and because it is known fraﬁ data obtained
at low initial excitation energies that the shape of the mass distri-
butions (in particular the proportion of symmetric to asymmetric mass
division) is strongly depepdent on the excitation energy. It is also
known that the angular distribution of the emitted fragments with
respect to the incident beam of particles is dependent on the excitation
energy., Therefore, observation in a limited solid angle will, in
general, nbt include the same proportions of first-, second-, and
thi;d-chance fission events. |

In the present section, estimates are made of the dependence of
the yield from symmetric mass division on the excitation energy of the
fissioning nucleus, assuming that this yield is relatively insensitive
to small changes in neutron number, A complete mass distribution for
fission of a given nuclide at a given excitation energy can be generated
by making the further assumption that the distributions can be ana-
lyzed into two component distributions, one of them a normal distri-
bution of a given width with mean value at symmetric mass, the other
with no yield at the symmetric mass.'® This information is then used

in the next section to convert the mass distributions observed in this




experiment (in a small solid angle at 90o to the beam) to those expected
to be found in the total solid angle, so that a comparison can be made
with the various mass distributions determined by radiochemical means.,

The observed total yields of symmetric mass division for each initial

excitation energy E , are given in Fig, 9(b). These yields (at an observed

1

angle 6_ to the beam) can be expressed by y(Ms,eo) =z kiyi(Mg,eo); Zk; =1,

where ki’ i=1, 2, ... are the fractions of the fissions occurring after
the emission of (i - 1) neutrons, yi(Mé’eo) are the corresponding partial
symmetric maés yields corrected for dispersive effects, and the summation
is over the chain of nuclides contributing to fission, The evaluation of

the fission fractions k, is described in Appendix B, Values of the exci-

i
tation energies Ex and the fraction of fissions occurring at each stage
are included in Teble II,

The excitation-energy dependence of the symmetric yield derived
from the measurements is shown in Fig. 9(b). A simpie‘iterative pfocedure
was used to determine the yi(MB,Go). Upper limits to the partial yields .
at excitation energies corresponding to the initial excitation energies
from eaéh measurement can be\obtained if one assumes that all of the
symmetric yield i§ from first-chance fission., Minimum limits to the
jartial yields are then obtained by assuming that the true dependence
of the partial yields is given by a curve drawn through the upper limits
just calculated, The partial yields at excitation energies below the
second-chance fission threshold at about.lz MeV are obtained from

13

the radiochemical data of Ford and Gilmore,™™ which are also given

in reference 1lli, converted to absolute percent yields in Fig. 6., The
u

suggests the use of a similar

lower fission threshold for U233 + He
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curve displaced to smaller excitation energies, This précedure
determines quite uniquely the dependence of each of the partial

ylelds. When the gymmetric ylelds observed a¥ 90° to the beam are
converted in an approximate manner (described in the next section) to
the yields expected in the total solid angle Y'(Ms) , as shown by the
solid curves in Fig, 9(b), the dependences still are not identical

for the various reactions, indicatiné a possible dependence on the
nucleonic constitution of the fissioning nuciide. When the observed
radiochemical yield ratios of Cdlls/Mogg shown in Fig. 9(a) are treated
in the same way, however, the two sets of data‘for the initial compound
nucleus U236* do not agree either, although the shapes of the curves
are quite similsr,

Each mass diétribution can be assumed to be the sum of two distri-
butions. The component that includes the more symmetric mass divisions
is & normal distribution with mean at the symmetric mass M, and meximum |
value equsl to the symmetric mass yield y(Ms) since the othe? component
is assumed to contribute negligibly to the symmetric mass yield., For
a standard deviation of 9.3 amu, the same widtﬁx%s that observed for
the large central component of the mass distribution from the flssion

26 by 11.7-MeV deuterons,h the normalization of the total mass

of Ra?
distribution to 200% yield corresponds to a total percentage central
component yield approximately equal to 23.4 Y(MS) . The maximum possible
yield of the symmetric mass would ve about‘8% (corresponding to no con-
tribution fram the component that includes preddminantly'asymmetric :
mass division)., The indicated leveling-off of all of the partial

symmetric ylelds (Fig. 9) at about 4%, corresponding to approximately

-13-
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equal amounts of the two components, is strongly suggestiive of the
behavior predicted for separate fission barriers for the two modes,
The barrier for the central mode lies at a somevwhat higher energy than

the barrier for the other mode.ls’ 1

Prampt Neutron Emission as a Function of Fragment Mass
‘ Tbrrell5 has shown that the comparison by means of cumulated distri-

butions of the primary mass yields, determined from time-of-flight
measurements, and the secondary mass yields, determined by radiochemical
methods, should permit an accurate determination of the average number
of prompt neutrons emitted from fragments as a function of fhe fragment
mass, This procedure depends, of course, on the availability of suf-
ficiently accurate data of the two kinds--which is probably just barély
the case at present, Nevertheless, in view of the potentially impor-
tant information concerning the basic fission process that is contained
in the neutron data, and the difficulty in obtaiﬁing this information
by direct measurement, it is felt that the available data, in spite
of its uncertainty, should be investigated. Such an investigation,
in which the neutron emission behévior is extracted from a ccmparisoﬁ
of the time-of-flight and solid state detector mass distributions, is
being ma.de.6 This lgtter method is independent of the uncertainties
introduced 5y the sparse and relatively uncertain radiochemical measure-
ments, and has the advantage of possible cahcellaﬁions of some of_thel
systemapic errors, but it involves a more difficult end approximaté
analyéis. '

Before the time-of-flight mass distributions are compared to the

radiochemical mass yields, they must be corrected for resolution, the

w1l



effect of the different detection solid angle, and the decrease in
the average mass of the fissioning nucleus,

The resolution cérrection was performed by the method described
in Appendix A which both smooths, by a least squares procedure, énd
unfolds the experimental dispersion.

The correction for the solid angle and mass shift effects is
described in the following. Using the analysis of the mass distributions
described above, the effect of the detection solid angle on the observed
mass distributions can be simply, théugh crudely, estimated from the ‘
following expressions for the fotal yield of the symmetric mass in the
total solid angle Y(M,) and the corresponding yield at an angle 6 to

the beam y(Ms,9°)§
Y(Ms) = Zki!i(Ms)
¥(M,0,) = TegX, (M)F,(6,)/,Fy(6,),

where the éummations are over the number of ﬁuclides, each at a differ-
ent excitation energy, contributing to the total fission yields; ki’
normalized to unit&, is the fraction of the fissions contributed by

each menber of the chain of nuclides; Fi(éo) is the ratio of the partial
yields at angle 90 to the partial yields averaged over the total solid
angle, The assumption has been made that the partial mass and angular
distributiong are independent. Evaluation of Fi(eo) is discussed in
Appendix C; the resultant velues are included in Table II. As a first
approximation, the values found above for the partial symmetric mass

yields [Fig. 9(b)] can be substituted for -the. Y.i‘(Mé:) in the.above equations to

" obtain the ratios of the yields Y(MS)/y(M%,90°). ‘The ratios for

-15-
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number Ay = 130, The recent data of R, D, Fink,

29.7-, 25.7-, and 21.8-MeV alphas on U233 are calculated to be 0.98,
0.96, and 0.97; for 29.5-, 25,7-, and 21.8-MeV alphas on Th232 they

are 0,95, 0.91, and 0.95; for 29.7- and 25.7-MeV alphas on Th™-C they

230

are 0,96 and 0,92; and for 14,0- and 12,0-MeV deuterons on Th they

- are 0,95 and 0,99, The small size of the corrections helps to justify

the many approximstions used in their derivation, The time-of-flight
mass distributions are analyzed into symmetric and asymmetric component
distributions, each symmetric component distribution muiitiplied by the
appropriate factor Y(Ms)/y(Ms,90°); each asymmetric component, by a
factor fo preserve the normalization,

The correction for the decrease in the average mass of the fission-
ing nucleus can be made by not;ng'that the measured mass ratio obtained
from the ratio of the measured velocities is, on the average, inde-
pendent of the mass of the fissioning nucleus, QTherefore, the mass
shift is given by %/MH = A0 /M = AWM, vhere the magnitude of A
is'dbtained diréctly from the fission fractions ki‘ Since the sym-
metric component receives Sy far its greatest contribution from first-
chance fission, énly the asymmetric caomponent distribution 1s shifted.

The results of the comparison of £he corrected time-of-flight
data andhradiochemical data for the reaction ©3 . Heu at incident
energles near 25.5 and 29,0 MeV are shown in Fig, 10. The mass distri-
bution published by Colby et al.'! implies a wildly varying neutren
emission, reaching impossible negative values in the region of mass
18 at 25.3 Mev, al-

though showing qualitatively the same type of oscillatory dependence

-16=



of <yF(AF)>,’would imply that the variations are much smaller. The

. e e e A

effects of uncertain knowledge of the radiochemical yields on the
deterniration of the mass dependence of neutron emission is graphicaliy
illustrated, Iigure 11 shows the‘results of the comparison of the fission
of Th232 by 2%.7-MeV alphas and the radiochemical data Irom the reaction
U235'+ 1h-MeV neu.trons,l9 which produces the same’ initial com@ound nucleus
U236* at almost the same excitation energy. The dependence <yF(AF)> is

' 18

strikingly similar to that found, using the data of Fink, for fission

37*

following from the initial compound nucleus Pu2 at a similar initial
excitation energy. It is possible, however, that in both.cases the radio-
chemical yields are systematically in error in the same way. The peaks

in neutron emission near mass AF = 105 could be generated by systematically

low measurements of radiochemical yields in this mass region, The matching
dips in néutron emission near mass AF = 130 follow, to a large degree,'

from the assumption of reflection symmetry aboutAmass number Ay = (AT - <vT>)/2;
which is assumed to be a first-order means for interpolating the missing
radiochemical yields. ’

The dependence of neutron emission indicated by the solid curves of
Figs. 10 and 11 is consistent with the expectation of the two-mode neck
model, The predominant mode of asymmetric mass division is characterized
by én asymmetric dumbbell which, on breaking in two, divides the peck and
the associated deformation energy between the two fragments, giving rise to
the usual “sawtooth” behavior cbserved at low excitation energies, The mode
of nearly symmetric mass diviéion, characterized by a symmetric dumbbell
(vhich can no longer distinguish between its ends), giwves rise to a monotonic

increase in neutron emission with #ragment mass, Tho -uperposition of the twowould be

expected to smooth the sawtooth dependence, and perh.p: ¢ven yield the gradually rising

/

-17-
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plateau observed near symmetric mass divisions.

The caomparison between these time-of-flight measureménts and
double-energy measurements made with sémiconductor detectors, which
is reported in an accompanying pa.per,6 indicates a similar neutron
emission; but without the pronounced peak and dip, It can indeed be
shown that this smoothed-out dependence is consistent with radiochemical
measurements assigned fairly large uncertainties, so that the pro-
nounced structure reported here is not very certain, The structure
observed here is more like that which would be expected from cuffent

statistical treatments of the fission process, which closely link

'thg mass yield with the fragment excitation and kinetic energy release.20
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APPENDIX A

Resolution Correction
Dispersive effects can be removed from an observed distribution
by a point-by-point procedure ifvthe resolved curve can be adequately
represented by a polynomial of sufficiently low degree over an interval
larger than that affected by the dispersion function. If the dis-
persion function D(x - x') 1s assumed to be Gaussian with a variance

=

, and the resolved curve is considered to be represented adequately
in intervals of width ~ 60 by a polynomial of degree n, vhere 2n + 1
is sufficiently smaller than the number of points in the distribution,

then the solution of the folding integral

Y(x) = 7y(x')D(x - x')d.x'/7 D(x - x?)dx!*

provides relations between the coefficlents a, b ; ese Of the resolved
curve and coefficients A, B, ... of & polyno&nial representing the

observed data, For n = 3,

a==A-CO'2,b=B-3D72,C=C,d=D.

The values of A, B, ... are determined from a least squares fit of a
polynomial of degree n to a sufficiently large number of data points
centered on the point to be corrected, The corrected value of each
point is taken to be the value of the respective resolved curve at

that point, Extrapolations must be made at.both ends of the distri-
bution. This procedure is well adapted to computer camputation, and

the least squares fitting helps smooth out statistical fluctuatious,
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The present mass distributions were corrected using n = 3 and nine
points for each fit,

The above procedure has been extended to permit the mofe éifficult
correction of regression curves, such as < VF(RA)J’ for dispersion in

the parameter RA: in other words, to solve the equation vo(x) =

~)?AVT(x')N(x')D(x - x?') 3 ;;7/qN(x')D(x - x')ax* for vT(x').

00

APPENDIX B
. Calculation of the ky
The fission fractions ki were obtained for each reaction by con-
sidering only the competition between fission and neutron emission at
each step in the de-excitation of the initial compound nucleus, The |
appropriate values -of Pf/rh’ the ratio of the fission width to neutran
width, taken from a sﬁooth curve drawn through the plot of Pf/Fh vs

2l ere used to determine the "fractional

72/A given by Halpern and Coffin,
fissionabilitieé"?& ._='(rf/rn)i/[1 + (Ty/T) 1'1. Dependence of Tp/T

on the excitation energy, which is expected to be small for the rela-
tively highly fissionable nuciides considered here, was ignored, as

were possible small angular momentum effects., The average excitation
energy Ex Of each nuclide in the chain was then determined successively,
beginning with the initial compound nucleus, for vwhich Ex = 0,98 ba,' Qa,
where Ea is the kinetic energy of the incident alpha particle, and Sa

is the separation energy of an alpha particle in the compound nucleus,
The average excitatioﬁ energy after the emission of a neutron is given
by E,(1) = E (1 - 1) - §,(1 - 1) - E (1 = 1), where S,(1 - 1) is the

neutron separation energy in the preceding nucleus, and En(i -1) is
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the average emission energy of the neutrons. For an evaporation spectrum,

E (1 - 1) = 20(1) = 2(f1 + & [B(1 - 1) - 5;(4 - 1)131/2 - 2)/a.” men
the excitation enefgy decreases to below the fission threshold (~5 MeV),

the chain of fission nuclides is terminated, Because of the poor definition
of the fission threshold and the spread in excitation energies induced by
the spectrum of neutron emission energieg,.a probably more accurate estimate
of the lehgth of fhe chain is obtained by observing the effect on the |
angular distributions of the fragment yilelds, where they have been measured.
The data of reference 24 indicate that third-chance fission is fully

h. The Heh-induced fission of U233

developed for Th232 + 25,7-MeV He
gives too small a fraction of third-chance fissioﬁ for the effects of

the thresholds to be noticeable in the angular distributions, and their
importance in the present analysis is similarly small, 'Better consistency
is obtained if it is assumed that this threshold is reached in the U%>>
and Th23o'+ Heu reactions, but not in the Th230 + H2 reaction, The fact
that the threshold is exceeded in thesé cases by some unknown fraction

of events adds some uncertainty to the analysis, Finally, knowing the
length m of the fissioning chain, the fiséion fractions ki are calcu-
lated for each reaction from the fractional fissionabilities, so that:

k; =1, sumed for 1 =1, m, (See Table II.)

APPENDIX C

Calculation of:the F ‘i'(_eo')- .

-
The factors'Fi(eo) = 2w, (v, eo)/ ﬁi(p,e)smede are calculated from
(o}

the angular distributions W(p,8) given by Halpern and Stru.'l;intaki.a2 The
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parameter p = (Im/ZKo)2 depends on the kinetic energy Ea’of the incident
alpha particle and the egcitatign energy Ex(i) of the fissioning nucleus,
The maximum value Im of the angular momentum I deposited in the compound
nucleus is calculated from an approximate relation also given by Halpern
and Strutinski: Ii = 20.6(Ea - 17.6) and Ii = 11.3(Ed - 10), with E,
and Ed in MeV, It is assumed that the angular momentum is not changed
appreciabiy by neutron emission, Ki is the average of the square of

the projection of I on the symmetry or separation axis of the fissioning
nucleus, The dependence of Ki on the excitation energy has been
determined from angular distribution measurements by Vandenbosch,
Warhanek, and Hﬁizenga.zujfThe values of the quantities Ki and the

resulting factors F,(90°) are given in Teble IL.
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TABLE I, Mean values and standard deviations of the observed distributionsba

Target 233 1?33 0233b h3° Th3% '.1?11232-b - m?30 0 230 =30
Projectile '.Hel‘L Heu Hebr Hel+ Heu He4 HelL " Hieu H? H2
Einc(MéV) 29.7 25.7 - 21,8 29.5. 25,7 - 21.8 ‘2907 25.7 - 1.0 12,0
No, of events 8,843 22,111 11,398 3,746 3,233 9,959 13,805 16,353 19,765 22,381
<V >(cm/nsec) 1,369 1.380  1.ioh  1.378 1,391  1.410 1,369 1,383 1,408  1.hok
<VH>(cm/nsec) 1.041 - 1,036 '1.027 0.996 0.993 . 0,984 1,005 1,003 0.993 0,990
o(vL)(cm/nseg) 0,115 0,111 0,110 ‘0.112 0,104 0.106 0,117 0,112 0,117 0,117
o(vH)(cm/nsec) 0,095 0,093 - 0,092 0.687 0,683 0,086 0;090 0.087  0.086 | 0,087
<ML>(amu) 102,k 101.7 100,2 99°i 98,3 97.0 99,2 8.4 96.1 96,1
<M, >(amn) C13h.6 135.3 1368 136.9  137.7  139.0 1348 135.6 135.9 1359
G(ML)(amu) 9.0 8.8 8.l 8.8 8,2 749 9.1 8.7 8.9 9.0
o () (am) 9.0 8.8 8.4 8.8 8.2 7.9 9.1 8.7 . 8.9 9.0
<B; >(MeV) 98.9 99.8 101.7 96,9 98.1 99.5 95 .6 97.0 98.0 974
<E>(MeV) 75 ok i 5.1, 6 70.2 7001 69.6: 70 b 7045 69.3 68.9
o(E, ) (1eV) 9.9 9.6 9.8 9.2 8.6 9.9 . 9.6 | 9.3 9.1 9,1
o (Ey) (MeV) 9.6 9.3 9.5 8.k 8.1 9.0 8.6 8. | 749 8.0
<&, >(MeV) 174 .2 174;9 176.3  167.0  168.2  169.1 166.,0 167.5 167.3°  166.3
U(EK)(NEV) 146 14.2 15,1 12,8 12°h 15,5 | 13.2 12.9 11.5 11.6
R> 1,330 1.346 1.380 1.399  1.k16 1,446 1.376 1,393 1.433 1.432
o(R,) | 0.209  0.205 " 0.19% 0,218 0,218

0,200

0.210

0,199

0.215

0,208
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TABLE I. (Continued)

& The symbols L and H refer to the lighter or heavier of the palr of fragments as determined from the
velocity ratio; V, M, and E refer to the fragment velocity, mass, and kinetic energy; EK is the total
kinetic energy; and RA is the mass ratio, All velocities, masses, and kinetic energies are essentially
those prior to the emission of the prompt neutrons, These values have been obtéined assuming complete
sbsorption of the projectile to form a compound nucleus, and no prefission neutrons, (See text for a
discussion of the effects of the prefission neutron emission,) Absolute uncertainties (95% confidence
limits) are estimated to be sbout #1%, +1%, and *2% for the mean velocitiés, masses, and energies,
respectively, Statisfical uncertaintieé may be estimated from the standard deviations and numbers of
events, Standard deviations listed are uncorrected for dispersive effects and are considered rather
uncertain because of the presence of a significant background of spurious events, (See Results section.)

bThese data are taken from.the earlier work (see reference 3) and calibrated with respect to the

present data. They contain a significantly larger instrumental dispersion, (See footnote 10,)
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TABLE IT. Multichance fission parameters..
Chance 4
: fission- )
Terget. Proj. C.N. E . ith E x)¢  x Eg (Ki)b FP

233 et p23T 218 1 15.8 0.76 4.6 67 0.958 -

| P30 218 2 8.8 0.2h 5. 12 0.836

2237 257 1 19.6 (0.76) 0.72 k.6 90 0.940

P23 257 2 124 (0.24) 0.2 5. 31 0.859

232 25,7 3 (4.3)° (0) 0.06 b ~0 0.637

pu=3 T 29.7 lA 23.5 0.72 4.6 108 0.925

236 29,7 2 16 022 sa 66 0.887

2235 297 3 7.8 0.06° &M . 10 0.735

m32 gt 36 1.8 1 1647 05T 5.6 61 0.958

¥P 1.8 . 2 9.1 043 5.2 13 0.842

P30 57 1 2046 043 5.6 90 0.940

¥ 57 2 12.8 033 5.2° 33 0.86s

B3 57 3 6.5 0.2k 5.5 2 0.680

.Ué36 295 1 2k.3 043 5.6 107 | 0.925

=32 29.5 2 16.3 10433 slé_ 6T . 0.888

»* 295 3 9.7 0.2k 5.5 . 1k 0.760

m23° gt A3 25.7 1 204 (0.62) 0.51 .5.5 89 0.939

¥33 o507 2 12.2 (0.38) 0.32 5. - 29 0.854

¥R a5 3 (5.5F () 047 sk 0 0.637

@ a9 1 k3 0.51 5.5 108 0.925

3 29,7 2 15.9 0.32 5.1. 6+  -0.88k

32 207 3 9.0 0,17 5.+ 11 0.7h2

m230 g2 pa232. 10,0 1 20,0 (0.k0) 0.53 5.7 86 0.992

| CpeBl 120 2 13.2 (0.3%) 047 5.9 31 0.978

2230 120 3. (5.3F(0.26) 0 5.6 0 0.637

pa?32 o 1 - 22,0 040 5.7 96 0.985

pa23l 10 2 15. 0.3+ 5.9 48 . 0.970

w0 o 30 7a TP 026 56, 3.5 0.788

e e et



TABLE II, (Continued)

aEinc = incident projectile kinetic energy (MeV), Ex = excitation energy of
compound nucleus (MeV), k = fraction of first-, second-, and third-chance fission,
Ep = fission threshold energy (MeV).

bSee Appendix C,

®In these cases, it is uncertain whether or not the threshold for third-chance

fission was exceeded,
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FIG. 1.

FIC. 2.

FIG. 3.

FIG. ‘+.

FIG. 5.

FIGURE CAPTIONS
Schematic diagram of'the detection geometry. Dl = 157.7 cm,
Di = 7.6 cm, D, = 150.1 em, A; = 19.7 cm diem, A, = 10.2 cm diam.
INITIAL DETECTOR: 2-pin. Ni foil, 0,0005-in, NE102 fluor, RCA 6810A
P.M. tube., TERMINAL DETECTOR(S): w400 pg/cm® eluminized VYNS,
0.0005-mil NE102 fluor, RCA 7264 P,M, tube,
Distribufions of heavy and light fragment velocities as observed
in a small solid angle corresponding to emission at approximately
90o to the incident beam in the c.m, system of the compound |
nucleus. No correction for dispersive effects (small) due to
neﬁtron emission or instrumental limitations.
Observed distributions of fragment masses at 90o to the beam in
the c.m, system, No correction for_dispersive effects, Uncer-
tainties shown are standard deviations based on the counting

statistics, Fission is assumed to occur from the compound nucleus

. formed by complete absorption of the incident particle with no

prefission neutron emission, The distributions therefore possess
reflection symmetry through the dashed lines labeled "SYMMETRIC MASS."
Distributions of heavy and light fragment kinetic energies at 90°

to the beam in the c¢.m, system, Same assumption as Fig. 3. No
corrections for dispersive effecté. Uncertainties are standard
devi#tions based on counting statistics,

Observed widths (standard deviations) O(EK) and meaﬁs <Ee> qf the
total fragment kinetic energy distributions and the yields Y(RA) as
functions of the mass division R, = AH/AL for the alpha-particle-
induced fission of U233 at incident energies 29.7, 25.7, and 21.8

MeV, The 21.8-MeV data are from the earlier work reported in

reference 3., All observations are at 90° to the beam in the



FIG. 6.

FIG. 7.

FIG. 8.

c.n, system, No corrections for dispersive effects, Uncer-
tainties are standard deviations based on counting statistics.,
Observed widths (standard deviations) G(EK) and means <E > of
the total fragment kinetic energy distributions and the yields
Y(RA) as functions of the mass division R, = AH/ for the
alpha particle-induced fission of Th232 at incident energies
29.5, 25.7, and 21,8 MeV, The 21.8-MeV data are from the earlier
work repofted in reference 3, All observations are at 90o to .
the beam in the c.n, system, No corrections for dispersive
effects. Uncertainties are standard deviations based on countihg
statistics,

Obéerved widths (standard deviations) G(EK) and means <B > of

the total fragment kinetic.energy distributions and the yields
Y(BA) as functions of the mass division RA‘EE AH/AL for the alpha

particle-induced fission of Th230 at incident energies 29.7 and

'25.7 MeV, All observations are at 90o to{the beam in the c.m.

. system. No corrections. for dispersive effects, Uncertainties

are standard deviations based on counting statistics.

Observed widths (stendard deviations) °(Ex) and means <E > of
the total fragment kinetic energy distributions and the yields
Y(RA) as functions of the mass division RA = AH/ for the
deuterogQinduced fission of Th23o af incident energies 29,7 and

25.7 MeV, All observations are atA90° to the beam in the c.m,

‘system, No corrections for dispersive effects. Uhcerfainties

are standard deviations based on counting statistics,
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FIG. 9(a).

(b).

FIG. 10(a).

Observed total yields of the symmetric mass fragment for the
reactions studied here and for some radiochemical experiments’
as functions of the excitation energy Exl of the initially
formed compound nucleus, The yields in the present work were
observed in a small solid angle at approximately 90o to the
incident beam in the c.m, system of the compound nucleus; the
radiochemical yields wefe observed in the total solid angle,
Yields are expressed as percentages of the total yield (200%).
Corrections have been made in the present data for the small
dispersive effects, |

Calculated partial yields of the symmetric mass fragment as
functions of the average excitation energy Ex of the fissioning
nuclide, Dashed curves represent yields at ~90° to the bean

in the c.n. system; solid curves represent yields calculated
for total solid angle, including correétions for the effects

of anisotropic emission of the fragments, |
Distributions of the fragment masses Y(AF) before and after
neutron emission from alpha-particle-induced fission of 0233

as determined from the time-of-flight and radiochemical measure-
ments, The distributions héve been corrected for the dispersive
effects of neutron emission and instrumental deficiencies and
for the mass-shift produced by prefission neutron emission.,

In addition, the time-of-flight distributions measured at ~90°
to the beam in the c.m. system have been converted to those
expected in the total solid angle by correcting for the expected
correlation between the mass yield and angle of emission, Dots

and solid curve represent corrected primary mass distribution
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(b).

FIG. 11(a).

in total solid angle, Squares, open circles, and heavier dashed
curve represent measured secondary yields, yields obtailned by

reflection (assuming average total neutron emission <Vp> = 4.5

neutrons), and the distribution obtained by interpolation and

normalization to 200% total yield, Open triangles and lighter

‘dashed cufve are measured yields and yield curve as published

by Colby et al., reference 17.

The average number of neutrons emitted from fragments of a
given mass'<vF(AF)> as determined by comparison of mass distri-
butions before and after neutron emission for alpha-particle-
induced fission of U233. Dots and solid curve represent com-
parison Between corrected time-of-flighthdata at 25.7-MeV
incident energy and data of R, D, Fink {(refgrehcef18)“

at 25.3 MeV, Heavier dashed curve is same time-of-flight data
and data of Colby et al. (reference 17) at 25,3 MeV, Lighter
dashed curve is corrected time-of-flight data at 29,7 MeV and

data of Colby et al. at 29,0 MeV, Uncertainties are large

and obviously very sensifive to uncertainties in the secondary
mass distributions, .

Distributions of the fragment mass yields Y(AF) before and

after neutron emission for fission reactions following the
formation of the initial compound nucleus U236 at an excita-

tion energy of approximately 20.6 MeV, See taption Fig. 10(a).
Dots and solid curve represent corrected primary mass distribution
in total solid angle for the fission of Tho32 by 25,7-MeV alpha

particles, Squares, open triangles, and dashed curve represent




(v).

measured secondary yields, yilelds obtained by reflection
(assuming average total neutron emission <V'I’> = 4 neutrons),

and the distribution obtained by interpolation and normalization
(from the radiochemical data compiled by Katcoff, reference 20,
for the fission of U235 by 14-MeV neutrons).

The average number of neutrons emitted from fragments of a
given mass <VF(AF)> as determined by the comparison of the

mass distributions before and after neutron emission for fission

' *
following the formation of the initial compound nucleus 023 6

at an excitation energy of approximately 20.6 MeV.. Uncertainties

are large.,
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