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ABSTRACT

The distributions in masses and total kinetic energies of fission frag-
ments from a number of elements ranging from,érbium to bismuth have been
measured, The nuclel undergoing fission were produced by bombarding a variety
of targets with projectiles ranging from Heu to 016. The energies of\coinci;
dent fission fragments were measured using solid state counters. The energy
data were transformed to give mass-total kinetic energy density-~of-events “
distributions. These distributions were compared with those calculated from
an approximate version of the liquid drop model which applies to this region
of elements, General sgreement in the shapes and widths of the distributions
was found particularly in the cases which invelved small angular momenta and
small nuclear temperatures, The dependence of the widths of the experimental
distributions on the nuclear temperature was found to differ significantly
from that predicted by the theory. Angular momentum effects were studied by
using. certain combinations of targets and projectiles to give the compound
nucleus 0s186 ét the same excitatlon energy but with different angular momenta.
The effect of increasing aﬂgular momentum Was'to broaden and change the shape

of the experimental distributions.
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I, INTRODUCTION

One consequence of the complex nature of the fission process 's that
there exists, at present, no generally accepted and adequate theory that is
capable of accounting for all ébserved'effects. In recent yeafs, however,
considerable progress has been made in the development of a theory of fission.
Potential energy calcu.la’cionsl’2

model indicated that in the region of nuclei lighter than radium, an important

made in the framework of the liquid drop

approximation could be made. This approximation, which depends on the
assumption that the shapes of the "liquid drop" nuclei at the saddle point v
can be considered as spheroids or a superposition .of two spheroids, has made
it possible for Nix and Swiatecki3 to work out the implications. of this
simple, Well—defined model in & systematic way from initial conditions to
final observable distributions using standard methods of statics, dynamics
and statistical mechanics, In spite of the crude nature of a model that
regards nuclei as drops of an incompressible uniformly charged ligquid.
restricted to spheroidal shapes, the value of the approach becomes. apparent
when we remember that this is the first consistent attempt to reproduce thé,
entire fission process through all its stages yielding from first principles
calculated distributions, such as the mass-total kinetic energy distributions,.
that may be compared directly with measured distributions.
The purpose of this work is to provide data for nuclei of A < 220
where the Nix-Swiatecki theory is expected to apply, and to compare fhese
results with the theoretical results. The restrictioh of the region of
applicability to relatively light elements introduces an experimental proﬁlem;
nemely, that of small fission cross sections. There are, however, two effects
which tend to increase fissionability and meke such measurements feasible;
nemely, (&) high angular momenta such as are encountered in heavy ion reactions -
and (b) high excitation energies. The high angular momenta, while increasing
the fissiongbility, introduced several complications, The most serious of
these 1is that the Nix-Swiateckl theory, with which the results have been com-
pared, has been developed only for the case of zero angular momentum, An
attempt has been made to isolate the effects of angular momentum by comparing
the results from the fission of the 03186 compound nucleus produced by
Y 182 16 . . 170 : 4
+ Er at the same excitation energy.
The high excitation energies required to induce fission do not complicate.

comparison of experimental and theoreﬁical results, The theory covers: the
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predictions concerning ‘variations in the resultlng fission dlstrlbutlons With n!':

nuclear temperature. In order to test these predlctions, measurements have

been made at several bombardlng energies for each: combination of target and

projectile.

The projectiles used were O (from 102 to 165 MeV bombarding energy) andrgf‘:;

Heu (from 40 to 120 MeV). Two distributions from Cl bombardments were also

measured., The range of targets extended from Erl7o to 81299, In all cases . -

the energies of pairs of fission fragmentsvfrom the same fission event have_nd*'?t“ -
been measured with semiconductor detectors and recorded in a correlated.manner,c:dv
The resulting energy versus energy distributions have been converted‘to mass f:tv
versus total kinetic energy distributions. These, in turn, have been compared;'r'f:”

directly with similar distributions calculated from the Nix-Swiatecki theory. o

. . II. EXPERIMENTAL : .»q' EARE

¥

The experimental technlques and the method of data process1ng were in’

meny ways similar to that of Haines and Thompsonu and have been descrlbed 1n';,“]-"'¥

detall in earlier reports 5,6,1 A bveam of alpha. particles or. heavy ilons

.defined by two or more circular collimators of 2 mm dismeter and’ up to 18 LoET

inches apart struck a thin target at the center of a circular fidsion chamber

Two collimated semiconductor detectors were mounted on radial arms in31de the.ﬁnx-

chamber, One of the detectors subtended an sngle of 3%-4° at the center of

the chamber and was placed typically at 60° with respect to the beam directlon.ft v

This choice was made because the angle subtended allowed & reasonable counting

.rate and yet defined the detector position sufficiently well to make insigni- -

~ficent the dispersions resulting from engular uncertainty. While ‘one angle"-:tﬂ‘fv}ﬁ”

. had to be defined in this way to satisfy a condition imposed by center-of-mass-

transformations,5 the other detector subtended an angle of 15° to 20° whichv
was large enough to collect all fission fragments in coincidence with the

first detector.6 The angular position of this large detector was typicaliyt

90% with respect to the beam direction, its exact position being determinedti B

for each bombardment by msking a rough angular correlation measurement, Pere

manent magnets were placed in front of the two detectors to eliminate inter-'g;vf

ference from low energy electrons. Heavy ion beams of 10.3 * 0,1 MeV per

nucleon were obtained from the Berkeley Heavy Ion Linear Accelerator (Hilac).7

whole range of excitation energles encountered in this work and meakes. definitejrrf L
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Aluminum folls were used to degrade the beam to the energy needed, Range-
energy curves of Northcliffe8 were used for this purpose. Helium ion beams were
obtained from the Berkeley Variable Frequency 88" Cyclotron. In this case
energy degradation was not necessary .since the accelerator pro uced particles
of the required energies directly. The beam currents used were less than
20 millimicroamperes (mpa) in the heavy-ion bombardments and up to 100 mpa
in the cyclotron bombardments. The difference is due to the low duty cycle
of the Hilac and the larger energy deposition of the scattered heavy ions in
the depletion layer of the detector, which combined.to decrease the energy
resolution substantially at beam levels above 20 .mua,
. . . 170 17h 182
The following targets were used in this stuwdy: Er ~, Yb™' , W 7,
2 ns 009
and Bi .

obtained in oxide form from the Osk Ridge National Laboratory, converted to

Aul97

The erbium, ytterbium and tungsten enriched (90-99%) isotopes were

fluoride by precipitation from nitric acid solution and evaporated from a
molybdenun crucible by means of electron bombardment onto thin Ni foi;s.. The,.
commercial Ni foils had nominal thicknesses of 90 to 135 pg cm—z. The gold v
and bismuth targets were also prepared by evaporation, but were self-supporting,
with the exception of those used in experiments 1 and 6 of Table‘I, rangingl

in weight from 100 to 200 pgnms cmuz. The data were corrected for the finite

target thickness by using the relationship AE, = cEl/3, where E is the frag-

ment energy, ¢ is a constant and AEt the 1osstof energy dve to target thick-
ness, This relationship 1s based on the work of Alexander and GaZdik.9 The
constant ¢ was determined for any particular target by measuring fission dis-
tributions at several values of the angle between the detector and the target
plane; Errors from this source in the final energy spectra may have been as
high as 0.8 MeV for the most unfavorable cases.

Several types of detectors have been used in this work, all with similar
response characteristics and resolution. Gold. surface-barriér silicon
detectors-with 150 Q-cm resistivity were used in the heavy-ion-induced experi; '
ments, They were operated at a reverse bias of 10-15 V, A%t this bias all
fisslon fragments are stopped in the depletion layer of the detector, but the- -
scattered heavy ions, which cause an undesirable backgroﬁnd of pulses, do not
deposit all of tpeir energy. In the cyclotron experiments phosphorus-diffused »
semiconductor detectors of 200-400 Q-em resistivity were typically used, They »
were operated at a bias of 100-150 V. In this mode of operation both typeé of

detectors showed good energy resolution as measured with fission fragments from -
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the sponteneous fission of Cf before and after each experlment The :”

detectors were supplied by W. Hansen of this laboratory. The -ler“age current "'v
in the detectors was continuously monitored during each run. It was found toi,_fV

increase rapidly when radiation damage became appreciable. This was sometimes; 3

found to be the case during bombardments with heavy ions over a long perlod

of time. Detectors with currents greater than 3 pa were slways replaced, The ;:=+ .

calibration of the detectors will be discussed in the next section;

The electronic equipment consic’.ed of two linear amplification systeﬁs, '
a fast and slow coincidence system and a multiparsmeter pulse-height analyzer
with a magnetic tape recording unit. The analyzer used during the heavy-ion

experiments was a locally built machine, and that used during the cycldtron_",

experiments_(with one exception mentioned in Section IV) was a Nuclear Data ;v"“”

analyzer, model ND'16O with a buffer memory and tape unit, 10 ‘The linear
emplification system was malntalned at a high level of stability. Thls

stability was continuously monltored during each run by means of a hlgh pre-f;

cision mercury pulse generator which fed pulses through the entire system, Thevf

meximum drift during sny run was under 1% and no corrections to the data were -

found to be necessary.' The outputs of the two linear systems went diregtly to:“ ‘

the multiparameter analyzer, The fast coincidence system was of such time‘7

resolution (ebout 20-30 nsec) as was required to eliminate accidental events, .

but gave an output pulse every time both fragments from a éingle event were - . -

detected. This output was delayed and fed into a slow coincidence_unit,

which also required the presence of the two linear pulses. The output of this -

unit activated the multiparameter analyzer in the case of the heavy-ion

experiments, and it opened gates allowing the linear pulses to reach the. .

analyzer in the cyclotron experiments. In the experiments at the Hilac, Model 7!
Vi Goldsworthyll linear amplifilers and-preFamplifiers were used,,together;w@th "

several Hewlett-Packard distributed amplifiers and transistorized coincidence .

units. In the cyclotron experiments pulse shaping, smplification, fast and

slow colncidence and linear gating were all performed in one unit designed by
, , 12 .

F. S, Goulding and D, Landis. Two dimensions of the multiparameter analyier-f ;"5”_

were used, one for each of the two fission fragments., The data were stored
event by event on magnetic tape in such a way that pairs of pulse heights,

corresponding tonany one given fission event, were kept together.' Thus the - °

number of events N(Pl, Pz) in which fragment 1 produced a pulse height P, and o

fragment 2 produced a pulse height Pé was measured for all combinations of Pl”

. : @ :

- ar '
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and-Pz, resulting in a two-dimensional number-of-events distribution. The
magnetic tapes were processed on IBM 7090 and 7094 computers.,

The total number of events measured in any one distribution.ranged from
2 X lOLL to 2 X 105.

rates were encountered making it sometimes necessary to add together data from

In the case of heavy-ion reactions very slow counting

several experiments. In the case of the cyclotron experiments several distri-
butions were remeasured at different times to check reproducibility and con-
sistency. The reactions studied and the numbers of events recorded are given

in Table I.

ITI. CALCULATIONS
A, Calibration of Semiconductor Detectors

Several methods of calibration of semiconductor detectors have been con=
sidered during the course of this work. 6,7 The most successful method in the’
early stages of this study was one that takes advantage of the large center-
of-mass effect in heavy-ion bombardments. Due to this effect fission fragﬁents
at forward angles have a considerasbly higher kinetic energy than those at
backward angles. ’5 The fission spectrum resulting from the reaction
31207 . (165 MeV) o - patl?

positions of these spectra defined the energy calibration for fragments of

was measured at several angles., The average

mass 112, The energy celibrations for other masses depended on the construc~
tion of lines parallel to the mass 112 line in an energy pulse-height diagram,
The spacing of the lines was determined on the basis of the two peaks from
spontaneous fission of Cf252 13,14
In the later stages of this work, a comprehensive and consistent method
of calibrating semiconductor devices became avallasble from the extensive work
of Schmitt, Kiker and'Williams.15 Their method makes -the intercept as well as

the slope of calibration equations dependent on mass according to the equation:
=(a+a™Mx+b+Db™M ,

where E 1s the energy of the detected particle, M its mass and a, a®, b and
b' are constants, The values of these constants are the same for all detectors

of the type used by these authors, and the values quoted by them were used in

- this work. The method of calilbration used in all the cyclotron work was

identical to .that suggested in Appendix ITI of reference 15, In the heavy-ion
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- work the first method of calibration was used as‘described;above, but &
careful comparative study of the two metho&sshowed them, for'practical ) ‘L'_*T‘ -i:uf
purposes, to give identical results (within 1. O% for all quentities of 7

1nterest) . f_ : o . . . 7rf_ f'jtzd;

Transformations

While the primary date mey be viewed as a density dlstributlon of
events in & pulse-helght 1 versus pulse-height 2 plane, the above callbrationr:f
-together with & correction for the loss of energy.of the fragments due to . e} .
the finite thickness of the target transforms this distribution 1nto one - that L .
“has the two measured fragment energies as the new coordinates., 3By means: -of -
a center-of-mass correction5 and a random number technique, the coordinates-if.n
may be changed to El* and Ez*,where the energies are now center-ofrmass‘, ‘ '
energies, and the asterisk identifies quantities measured after the emiSsion“;.:v”'
of neutrons., A further transformation made use of conservatlon of momentum
in fission from which the expression Al/Ac = EZ/ET may be derived, Here Ai
and'Ac are the masses of fragment 1 and the compound nucleus respectlvely, and _
E and ET are the energy of fragment 2 and the total kinetic energy of both _.:"
fragments respectively, '

We replaced the above exact expression with the approximateareiationf e
AL F(mra ) /(B % ¢ E¥) L

The error introduced by replacing pre-neutron emission energies with post- :”‘;"
neutron emission energies is very small and is discussed fully in reference 7
The new coordinates of the measured distributions P(E s A)) are, ‘thus, the

mass (before neutron emission) of fragment 1, A1 and the total klnetlc energy

(after neutron emlssion) released in the process (E *)

C. Statistical Calculationsv

, The measured distributions P(E » A)) have been analyzed in terms of f*""*
~their first and, second moments, These have been calculated for the overall*- B
.- distributions in one variable (e g. mass-yield curves) as well as for the o

distributions in one independent variable taken as a function of the other f

variable (e.g. mass-yield curves for a set of E

En values), The flrst moment,’
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pl(x) of a distribution in a variable x is the mean of the distribution {x).
The second central moment is the variance uz(x) which is the measure of the

width of the distributionl6 and is given by:
r 2 2
bo(x) = {x") - (x
The fourth moment ”h(x) was also calculated and used in estimating statistical
standard errors in the second moments.
The distributions were not "folded", i.e,, the symmetry of mass distri-
butions has not been forced., This gave a valusble check on the date, - Reference

6 discusses the symmetry properties that the distributions had to satisfy.

D. Neutron Emission Effects

The emission of néutrdns has to be considered in two Ways:
(a) Pre-fission neutron emission from the compound nucleus introduces
an uncertainty in the excitation energy, and hence the nuclear temperature
.at the time of fission. A knowledge of the nuclear temperature 1s required
for a comparison of experiment with theory, and this effect will be considéred
in Subsection E, . |
(b) The effect that neutron emission from the fragments has on the
shape of the mass-total kinetic energy distributions P(Al, ET)’ in general,
and on the values of moments of these distributions, in particular, is of
great importence since the theoretical,distribuﬁions do not take neutron
emission into account, Although for any given combination of values of A

1

and ET there is a distribution in the numbers of neutrons yl and‘v2 emitted

from the two fragments, we have neglected this as well as any corrélation of
V1 p With A, end Ep, i.e. we assume ¥y =¥, = yT/Z. The formulaelused
to correct the moments and to calculate Vips together with an outline of their

and v

5

derivation, are given in Appendix I, They are based on the method of Héines.
The most importent correction is that mede to the absolute magnitude of the

total kinetic energy, E The extent of this correction can be seen from the

T.
data tabulated in Table I, Neutron emission from the fragments also enters

into the calculation of Al discussed earlier., ZErrors from this source are

small since the approximation El/ET ~ El*/ET* is a good one, It gives exact
" results for the case yl = Vé and introduces a maximum error of only one or:

are very different,

two mass units if vy and Vz
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The effect of neutrons on the widths' of the_0verall[distributionsZ(massl'“’i"'“"”’

yield and ET-yield curves) is apprecisble, Corrected and uncorrected results

will be given, The effects of neutrons on variances of conditional distribu-;;,‘ 5

tions such as uz(Al) and the variance of the mass.distribution as a function -
of ET are remarkebly small, Uncorrected results will be presented,- In the o
case of (B ) considered as a~function of mass, the only effect is in the

absolute value of E,, and corrected results will be given

T’ :
An alternative approach to the question of prompt neutron emission from ‘d:
fission fragments has also been explored. This method attempts to.transform.5

entire distributions rather than just the statlstical moments., The main:-'

problem of sucn a transformation is that the'manner in which the‘deformation?f;;“?j

energy at the saddle divides between the two.fragments for every event con-. -

sidered must be known. This information, while at present unavailable expefi--foi

mentally, is a product of the Nix-Swiatecki theory. It is therefore possible
to invert the problem and "fold in" neutron effects into the theoretical-
calculations, The theoretical calculations are thus made to take the exact _;’f
form of the,measured distributions (excludiné only angular momentum effeote);d;"
These calculations have been performed; for several cases, using a Monte : :
Carlo technique. The method and results are given in Appendix II. The |

.results compare favorably with those from the more conventional approachﬂof:

Appendix I, and the discussion and conclusions in this work are unaffected”gblaZVf':

by the choilce of method of correction.

E. Theoretical

W

Mass~-total kinetic energy probability distributions, which can be com- ﬁ;'.Vﬂ-fL

pered with the measured P( , B *) density-of-events distributions, have been.;;f}ﬁ°tw
caleculated directly from the theory of Nix and Swiatecki, 3 ~In this theory, wc;’vv'(”

which in its present state of development holds only for the case of zero

(or low) angular momentum, the compound nucleus is considered to be an
irrotational, uniformly-charged liquid drop. Its shape is restricted to that
of a spheroid or to two spheroids, which may be overlapping or tangent to‘
each other, The potential energy surface was calculated by Nix and Sw1ateck1 .
in this parametrization. Classical equations of motion were solved, allowing-f:
the liquid drop in an initial state of motion to be followed, in terms of itsi;“
energy and deformation, through the scission and fragment separation processeSlo
to infinity. ﬁhe aésumption of statistical equilibrium at the saddle gave a
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distribution of initial conditions which was combined with the relationship

between these conditions énd final observable gquantities to.produée expressions
for the mass-total kinetic energyAprobability distribution, The remarkable '
feature of this theory is that a simple model has been consistently followed
through the entire fission process and that there are no adjustable parameters
involved when comparisons with experiments are made. An important step in the
development of the theory is the expansion of the potential energy about the
saddle point. This expansion is reéuired for the calculation of the probability
distributions for initial conditions. When only harmonic terms are retained,

- quantum mechanically correct results may be obtained, These results are the

most accurate available at very low nuclear temperatures, In this work,

however, temperatures were relatively high so that classical statistical
mechanics is valid for determining the initial conditions. Under these
circumstances Nix and Swistecki have found it possible to retain anharmonic

terms in the potential energy expansion, and these were found to have a-
significant effect on the final calculated distributions.3' The theoretical
distributions used in this work include anharmonicity effects, in contrasﬁ )
to those used in references 6 and 7. All theoretical curves shown in the

figures were obtained by numerical means from the appropriate expression for -

P(Al’ ET) given in reference 3. ' . v

The widths of theoretical distributions are dependent on the nuclear - v
temperature at the saddle point. As was indicated, pre-fission neutron emission
complicates the calculation of the excitation energy, and hence also the.
calculations of the nuclear temperature,. This problem was thought to be most
serious in the case of heavy-ion bombardments, Calculations based on the |
analysis of measured excitation functions, however, indicated that the average
number of pre~fission neutrons was relatively small‘(O.z - 1.5).7 ‘These
calculations involved the evaluation of branching raﬁios between fission and
neutron emission along the neutron evaporation chains, using modified level
widths expressions of Hulzenga and Vandenbosch.17 These branching ratios,

- which were evaluated at many fixed values of angular momentum, involve the
fission barrier and level.density parameters, The fission barrier and the level
density parameters were both left adjustable, ﬁlthough the functional variation

‘of the fission barrier with angular momentum was taken from the calculations of

Cohen, Plasil and Swiatecki.18 Partial probabilities for fission at given
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"~ values of angular momentum and at various stages of the neutron evaporation

‘lities were integrated numerically over a classical angular momentum dlstri—','

bution and over the neutron evaporation chains, giving e total fission cross °

chain were evaluated by means of the branching retios. These parfial probabl- ?V:yﬁh

section, This calculated cross section was then fitted, together with other-"‘

calculated cross sections at different excitation energies, to excitation :

functions of Sikkelandl9 by adjusting the varisble parameters mentioned above

The calculations computed such quantitles as the average number of pre—flssion ﬁ*'

neutrons and the average excitation energy at the saddle, These results

were used to-calculate nuclear temperatures for the various heavy ion cases,

197

A similar study was carried out for the case of He)+ + Au . The pre-fissionﬁ;;jé S

neutron-emission effects were even smaller, and they were consequently

neglected, Details of the heavy-ion calculations may be found in reference'fﬁki““"

The equation of state,
E =-.a,9' -6 P

which relates the nuclear temperature at the saddle, 6, to the excitation‘f

3

energy at the saddle E S, was used, 20 In this expression, a 1s the level

density paremeter, taken to be equal to A /8 E 5 4e given by

X

E-=E -3B, ,

where E  1s the excitation energy of the compound nucleus as calculated from’ L

Cameron 8 masses, = and B, 1s the liquid-drop fission barrlerl’l8»corrected R T

i
for ground-state shell effects. In the heavy-ion induced fission, where use

. averaged over the angular momenta and the numbers of pre-fission neutrons

1nvolved A tebulation of 6 values is given in Table I,

- of the above neutron evaporation calculations has been made E S was a quantfty?{r S
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IV. PRESENTATION OF EXPERIMENTAL RESULTS

The reactions studled, the total number of events measured, the nuclear
temperatures at the saddle point, and the first and second moments of the
overall distributions, both corrected and uncorrected for neutrons, are
- tabulated in Table T. The order in which experiments were performed is also
given. As can be seen, several experiments have been repeated at differeht
times in an effort to establish reproducibility for small changes in experi-
mental conditions (e.g. different detectors and amplifier gains). The error’
estimates given in the table have been obtained primarily from these duplicaté
measurements and from the scattér in the data when exemined as a function of
excitation energy. As was noted in Section II, some heavy-ion reactions
involved such low counting rates that it was in some cases necessary to add
together data from several runs., Variations between individual runs making
up the total distributions were used to estimate the errors given in Table I
for the heavy-ion-induced-fission cases, In all cases errors due to'coﬁnting
statistics were very much smaller than systematic errors, An important point
is that the date from fission of Bi209 induced with 65 MeV Heu lons were
obtained considerably earlier than the rest of the Heu data,6 Several -
changes in technique make this point an entirely independent experiment,
(Instead of the equipment described in Section 11, this experiment involved v
the use of a nickel-backed bismuth target, detectors of 1700 Q-cm resistivity,
Goldsworthy Model VI amplifiers, a slow coincidence instead of a fast-slow
coincidence system and a different multiparameter analyzer. Furthermore, the
method of calibration was not that of Schmitt, et.‘al.,15 but was based on
the alpha particles as well as on the fission fragménts from a Cf252 source, )
The 65 MeV data agree within the quoted limits with those obtained by inter-
polation from the later experiments. Thisbis further evidence for the likeli- -
hood that the quoted errors are realistic estimates of the actual systematic
errors and gives us some confidence in comparing the Hilac and cyclotron date
taken under considerably different experimental conditions as discussed in '
- Section II. '

Six types of figures have been used to presenf the data. These consist éf:‘
(1) mass-total kinetic energy contour diagrams (Figs. 1-3),

(i1) overall distributions such as mass-yleld and total kinetic energy-
yield distributions (Figs. 4-7),
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(iil)':variances of the overall'distributions,as~a'funetion‘of nncleef o
temperature (Figs. 8-11), | o o

-(iv). the average total klnetlc energy, (E. ), as a. functlon of mass -
(Figs. 12-13), S ' o e - hf

. (v) - the variances of the total kinetic energy dlstributlons, uZ(E ),
as a function of mass (Figs. 1lk-15) and : - =
(vi) the variances of the mass distributioms, uz(Al), as a function of

the total kinetic energy (Figs 16-17). : o .}; :?

‘With the exceptlon of Figs. 8,.9; lZ and 13, the experimental results have not ;,“?

been corrected for neutron effects. In the case of Figs. 12 and 13, an

uncorrected curve is essentlally identical to that shown, except for an R

overall decrease in magnitude of the entire experimental curve,. The corrected e

curves of variances of conditional distributions (Figs lh—l7) are only -

slightly lower 1n magnitude than those presented in the figures.

The most complete method of presentlng a mass-total klnetic energy distrl—?f 21;

bution is in the form of a contour diagram., Such diagrams are shown -in Figs o
| 1-3., The contour lines pass through regions. of constant dens1ty—of-events '

in the experimental case, “and through regions of constant probablllty of

finding an event in the. theoretical case. The advantage of this presentation o
“is that all -aveilable information is included on a single diagram

For any given combination of projectile and target, the average overall»ti"’

total kinetic energy is constant, within experimental limits, for all excitas f' 11

 ‘tion energies studied. For this reason, it was possible to normslize the'v
overall yield-total kinetic energy distribntions_shown in Figs. 4-7 in such
a way as to meke, for any given type of reaction, the overall (ET) at allie.
values of the nuclear temperature equal to (E ) at the lowest temperature,
Sueh normalization in Figs 47 was necessary to adequately illustrate the wgk
effect of temperature on the W1dths of dlstributlons T |
As was discussed earlier, the theoretical expressions which apply to the1;73
relatively high nuclear temperatures encountered in this work are not expected'

to hold at very Low temperatures, For thls reason the theoretical - .curves of -

Figs. 8 end 10 extend only over the range of temperature which applies to the iﬁfﬁ';

| experiments presented in this work,
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V. DISCUSSION

In Section Ii the measurement of two-dimensional density-of-events
distributions, which had as co-ordinates the pulse heights produced by both '
fission fragments from any given event, have been described, Section III
outlined the method by which these distributions have been transformed to
mass-total kinetic energy distributions P(Al, ET*). The basie featurgs of
the Nix-Swiatecki theory which yields similar distributions from first
principles have also been described. In Section IV the experimental results
have been presented, and in the remainder of this section the theoretical”
and experimental distributions will be compared,

A number of important points must be borne in mind during the course of’
the discussion of results and comparisons with theory.  The first of these 1s
the fact that the theory does not include the use of any adjusﬁablé parameters,
The experimental distributions have not been normalized to the theoretical ones
in any way. The size, surface tension and charge of the idealized liquid drops
of Nix and Swiatecki are those which apply to actual nuclei as determined from
Green‘s22 analysis of ground-state masses., Comparisons with experimentalw,
results from the fission of real nuclei do not involve the introduction of
new parameters since all other quantities aré calculated directly from the
‘model, , |

The second poiht concerns the question of angular momentum effects.
During the course of a bombardment that involves any particular combination of
target, projectile and bombarding energy, the projectile.may strike'the target
with varying impaét parameters, Thus, the angular momentum ranges from zero
to some meximum value, which may be as large as 100 units of # in the cases
ofvheavy-ion bombardments, Due to the existence of such angular momentum
distributions and the fact that the theory at this stage has not concerned
itself with this problem at all, we shall content ourselves with & qualitative
discussion of this effect. When we consider the various distributions in the
case of the calculations of saddle-polnt excitation energies mentioned in the
last section, however, the angular momentum effects have been dealt with
quantitatively.7 .

The last point to be recalled is the. fact that the measured P(Al; ET*)
distributions are obtained after the emission of neutrons from the fragments,

whereas the theory refers to pre-neutron emission energies, While it is
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difficult to correct the entire experimental distribution in such & way as to.

obtain a pre—neutron emission distribution, the correction of the statlstlcal‘

moments, and of the entire theoretical distributions, is somewhat easier. In''- -

the first method, however, aspproximations have to be made in the derlvatlons of -
" the necessary formulase, while the second method, although consistent w1th1n
the framework of the theory, nevertheless, requires the theory to describe
adequately not only the mass and total kinetic energy dlstrlbutlons of 1nterest
in this work, but also the distributions of excitatlon energies of the frag-. .

~ments. Thus, both methods must be viewed with some caution, For these reasons,'{

"~ when whole distributions are shown, they are not corrected for neutron effects, b

~while when moments of overall distributions are presented both corrected

. and uncorrected results are given, The moments of conditional distributions

are, in general, uncorrected, but the corrected results are not'very different H'T 2

from uncorrected results, o .

The comparisons have been made as a function of the magnitude of two. :
important varlables. (a) the temperature of the compound nucleus in dits saddle
configuration and (b) the angular momentum of the compound nucleus. As was
discussed above, the first of these two effects is an essentialvfeatufe,of the
theoretical-calculations, while the second effect has not been considered by . =
Nix and Swiatecki in the present state of development of their thebry o

General agreement between experiment and theory can be found in several
features of the distributions, although some areas of agreement are restricted_:'
to only a portion of the experimental data. The theoretical prediction of the 
overall average total kinetic energy, (ET), is very good,; and agreement is
found for both heavy ion and He results, as can be seen from Teble I,
Examination of the contour diagrams reveals that the theory correctly predictsﬂ
a general triangular appearance of the distributions, although the heavy ion
‘distributions tend to be elllptica% rather than triangular, The shape of
theoretical and experimental overall mass-yield and total kinetic energy-yield
curves is similar, and their widths agree, within experimentai errors, in
about half of the cases studied, Cdncerning the moments of the conditional
distributions presented in Figs, 12 to 17, agreement may be found in the”He

induced-fission:cases, particularly at low bombarding energies,
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A, Temperature Dependences

The fact that the Nix-Swiatecki theory has not been de#eloped to the point
of including engular momentum effects makes it more appropriate to compare the
theory with the He4 data than with the heavy-ion induced data. TFor this reason
the discussion will initially be restricted to the HelL deta, while the heavy-
ion data will be considered separately later.

13

‘An examination of the contour diagrams for the fission of Atz produced
by & Hebr vombardment of BiZo? (Fig. 1) shows that as the temperature increases,
both experimental and theoretical distributions broaden, and the triangular '
shapes of the measured distributions tend to show more rounded corners, It

is interesting to note that while the width of the measured distributions
increases more slowly than that of the calculated distributions, the discre-
pancy is greater in the ET direction than in the mass direction., This point
is illustrated in Figs. 4 and 5, where the overall distributions are presented.
Thus, for example; in the extreme case there is little difference between the
ET-yield curves from the reaction Aul97 +_HeLF = leol measured at labOratgry
energies of 60 or 120 MeV.  The differences in width between the mass-yield
curves 1is greater, bubt not as great as that predicted by theory. Figures 8

to ll; which show the widths of the overall distributions as a function of
temperature provide a summary of the temperature broadening effect., In the
HielL induced cases, the results which are uncorrected for neutron effecﬁs

(Figs. 10 and 11) provide better agreement between experiment and theory than
those which are corrected for neutron effects (Figs., 8 and 9). While the
method used in these corrections does include appfoximations, the direction of
the effect, i,e., & broadening of measured distributions due to prompt neutron
emission, is nevertheless correct, and the results therefore tend to point to .
a real disagreement between experiment and_theofy. The widths of méss distri;
butions in these HelL bombardments broaden as prédicted up to about 80 MeV
bombarding energy. Beyond this energy the width does not inerease with
temperature as rapidly as predicted. For the same reactions the widths of the
overall ET distributions as a function of temperafure present an even greater
problem. They are too large at low temperatures and too low at high tempera- .

tures. In the Aul97 + I-I‘elL case, for example, the plot of the experimental

_ variance of E_ versus € is, in fact, virtually flat,

T
The “"washing out" of the triangular distribution shape has been pointed

out in Fig, 1. This effect is also present in Figs. 14 and 16, which give the
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widths of conditicnal?distributions for the Bi209 +Iﬁeh'case ‘The'tehdency . .,aff‘fﬂ
of the. (E } versus mass curves of Fig. 12 to flatten with 1ncrea51ng nuclear .
'temperature should also be noted, If these effects were merely due to poor »

_experimental resolution,‘it.would be expected that they would be more prom;j.t?”us”

nent in the distributions measured at lower bombarding energies,'due_to‘the‘ ;(;j £;,{ju

most difficult experimental conditions which result from lower cross sections. -
" The experimental results show Just the reverse trend to hold, _ N
It must be remembered that as bombardlng enexrgy 1ncreases, not only the}f:

" temperature but also the average angular momentum increases, As will be:
discussed later, some of the effects due to angular momentum tend to be
similar to those due to high temperatures. It is therefore dlfflcult to ff
separate one cause from the other as far as the "washing out™ of the trlangular
distributions is concerned. The general conclusion of the above dlscussicn,_' _
namely that the widths of the measured distributions do not appear to.iucrease T
as fast with nuclear temperature as predicted by the theory; is, however,u |
independent of any angular momentum considerations since larger angular
momenta tend to broaden distributions.

Before the lack of agreement in temperature dependent features is’ B
ass1gned to shortcomlngs of the theory, several possible contributlng causes ‘ _
should be examined, These all depend in one way or another on uncertalnties in.%
the nuclear temperature, The flrst problem could be that the. equatlon of state ;'
that we have chosen to relate 6 to the exc1tat10n energy mlght not apply in f.Vfﬂﬂ-ﬂ
some regions of this study. The evidence that shows that this i1s not likely
to be the only explanation is the fact that almost no change in the widths of
experimental ET-yield curves is observed in the HelL bombardments rahging from,' 
- bombarding energies of 80 MeV to energies of 120 MeV. This would imply that
the expression for 6 is independent of excitation energy in this region. ,The-:{
next stsibility 1s & large contribution at high He ‘energies from fission”
following direct interacticns. Excited nuclei created in this manner do not-

ell possess all of the energy and momentum of the projectile, causing the -

temperature to be lover then calculated, The distribution widths at high ¢ & v .
- energies would, therefore, be lower than expected, as is indeed the Casé};,.j‘ }ffi‘
The possibilityvthat‘this effect is a cohtributing factor was eliﬁinated”b§ a'fiir ;;Q'

careful angularncorrelation.study.in the appropriate energy region. No - - 52*{5“

“evidence of fission following incomplete momentum transfer was found. A . "
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further possibility is that at high energles a considerable number of neutrons
is evaporated from the compound nucleus prior to fission, thus reducing its

temperature. The measurement and analysis of the fission excitétion function
of TlZOl provided us wifh level density parameters and the fission barrier for

23

this case, Using these values we extended the calculations of reference 23
to high energies and included effects of de-excitation through a neutron
evaporation chain. It was found that the number of neutrons emitted prior to
fission was not large. The calculated fission cross sections, compared with
measured cross sections, however, no longer agreed at these high temperatures,
regardless of whether neutron evaporation effects were included or not, This

made the analysis inconclusive, and the possibility of a large amount of neutron

evaporation prior to fission cannot be ruled out. A study of angular distri-

butions at high energies, which could yield independent determinations of €
at the time of fission would be of interest. ,

The following conclusion becomes apparent: while the accurécy of the
determination of nuclear temperature is lowered due to a number of sources of
possible error, the uncertainties in the temperature do not appear to be large
endugh to alone account for the difference between experiment andvtheory. Thus
the theory seems to prediet too rapid a temperature dependence,

8 :
G + O16 reaction is presented,

From an examination of Fig., 6, where the W
and from the heavy ion data in Figs. 8-11, there appearé to be little dis~-
agreement between experiment and theory as far as temperature dependency is

concerned, This agreement, however, 1s probably fortuitous in that it may be

~caused by the broadening effects of angular momentum, which are described in

the next subsection.
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‘the reaction W

,tw0‘compound nuclei have almost identical values of the fissiorability -

'tvparison of Figs,.l end 2, however, shows the Bi distributions to_resemble:

a8 ucRL-1195k

. Angular Momentum Effects~”;ﬂ, ,
' - ' 1 16' 186 e
The two reactions W182 + HelL 05186 and Er 10 4.0 =0s are parti- C e

cularly useful in determlnlng the effect of angular momentum on the measured

L U
dlstributlon U81ng Ol6 1ons of 165 MeV energy and He dions of 120 MeV, the-; BT

nuclear temperature at the saddle is approx1mately equal (2 MeV), and any

,dlfferences in the observed dlstrlbutlons should be. entlrely due to dlfferent‘nﬂ "'”“‘”

' amounts of angular momentum. As can be seen:from Fig. 3, there are notlceableo:-*

differences in the distributions, The I—IelL induced reaction gives results'that;‘:

' resemble the trlangular theoretical distribution more than the almost oval

016-1nduced dlstributlon ThlS dlfference may also be seen on examlnlng the :;q.la

moments of conditional dlstrlbutlons (Flgs 13, 15 and 17) which are sensitive ;
to the general shape of the dlstrlbutlons In all cases the Hﬁe')1L bombardment’_v
produces results that agree better with theory than the O16 bombardment' The

_conclusion is that qualltatlvely angular momentum is responsible for a general :

"washing out" of the predlcted triangular shape of the distribution.™ It is 1
also responsible for a broadenlng of - the distribution, as can be seen from n

Fig. 7 eand even more readily from Table I. The possibility that the dlfferencesg

- between the two distributions are due to errors in measurements appears very

- unlikely, It can'be_seen-from Teble I that the differences in values of the'”

overall widths are well outside experimental errors. The estimate of these
errors was discussed in Section IV. One further possible source of error,
restricted to the case of heavy-ion reactions and mentioned in Section II,'
is the loss of energy resolution with increases in beem intensity. The con-"b
tribution from this effect was made insignificant byvmaking measurements'at”
several values of beam intensity, extrapolating energy widths td zero beam
intensity and choos1ng a beam level for other runs (about 20 mua) at which
energy widths differed very little (less than ~l% in the variance of the
distribution) from those at zero beam intensity. ' . '

The effects of angulaxr momentum examined. above are conflrmed by comparing
182 16 l98 with the reaction 31209 + He 2;3, The-

24 : v : Co
parameter, and the ranges of temperature involved are also similar., Com=- :

their theoreticalVCOunterparts more than the eQuivalent W'distributions.

This is again reflected in the curves of_first and second moments_(Figs.fl3,f ‘.
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15 and 17 compared with Figs. 12, 14 and 16). Furthermore, in the 102 MeV
O16 and W;82 case ‘the measured distribution comperes feirly well with the
theoretical one, while in the 165 MeV bombarding energy case, the compearison
is poorer in sall aspects. This difference is undoubtedly due to the angular
momentum involved, since it is much less significant over a comparable span
of nuclear temperature in the Heu induced fission case. | .

As was mentioned earlier, the theory of Nix and Swiateckl is expeeted to
apply to the fission of elements lighter than radium (i;e., to cases for which
the fissionability paremeter, x is ~ 5_0.68. One of the reasons for ﬁhis
restriction is that above x x~ 0.68 the saddle-point shape no longer consists
of two well-defined fragments connected by a relatively thin neck, and thus,
cennot be approximated by two tangent spheroids.l As angular momentum :
increases, recent liquid-drop calculations indica‘be18 that the neck grows
thicker. Even at lower values of x, the data may be outside the range
required for comparisons with theory due to the presence of a thick neck pro-
duced by large angular momentum, Reference 18 gifes gquantitative results‘on
the 1ncrease in thickness of the neck with angulaer momentum, It was found that

170 16 bombardment the
209

for the maximum angular momente involved in the Er
neck was no thicker than that involved In the low energy Bi + He bombard-
ments, in which agreements between experiment and theory were excellent Thus .
this effect of saddle-point neck thickening may possibly play a role, but does

not in itself explain all angular momentum effects,

- VI. SUMMARY AND CONCLUSICN

To summerize the comparisons presented above, the following factors should
be pointed out: ' _ ' R L _
(l)u In cases involving low angular_momentavand loW'ﬁucleer temperatures,
the agreement between experiment end theory is excellent, .Ah examination of
the distribution resulting from the 80 MeV Heu bombardment of'Bizog'in all _
its aspects illustrates this point, The theoretical distribution is a very good
-replica of the experimental distribution in every way. ' , o
. (2) The dependence on temperature of the widths of distributions is
different from that predicted by the theory. This‘lack of agreement may be duer

in part to pre-fission neutron evaporation. In the heavy-ion cases, where




agreement_in‘temperature dependeuoe.ie'founq,.auegragreement}ie likely to be .

fortultous _ ".“..A, .v; a . ,' s ":’y IR R

, (3) Angular momentum effects,_which have not been 1ncluded in the S
theoretical development, «tend to broaden the experlmental P(E Al) dlstrl-.r:

butlons, and cause thelr contour representatlons to loose the predlcted i}:»’

»trlangular shape.,

To conclude, - 1t must be stressed that the general agreement between theory"V

and experlment is remarkably good, when we remember the restrlcted model whlch -

.forms the ba51s of the theory Not~ only does it reproduce reasonably well such

gross features as the average total kinetic energy ‘and the Wldths of . mass—yleldﬁvf

curves, butv;t predicts accurately the_general triangular shape of the complete“i'

maes-total kinetic energy,distributions. The only possibly serious'shorté"

', coming of the theory is the prediction concerning the temperature dependeuce~

of the widths Even this problem may be due in part to an inadequate relatlon _ ?
- between the excitation energy and the nuclear temperature used throughout thls-f

work. We, therefore, consider the Nix-Swiateckl theory to be useful in pro--‘:'

viding a theoretiealkbasis for fission_databof elements'lighter than redium.
The theory does not-restrict itself to mass-total kinetic energy distributions,

fand comparison with other types of data (e.g. excitation energies of fragments =

as reflected in their neutron emission distributions) would be extremely

~useful. It would also be desirable to evolve a similar theory that includes -

angular momentum effects, and one that is more realistic.in adding a hyperbolic

neck between the two spheroids when these are overlapping or tangent to each

other, as in the case of saddle-point shapes. Preliminaery work on this latter

»problem has been done by Nix and Swiatecki.with encouraging results.
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. APPENDIX I

ﬁw Neutron Correction Formulae to the Mbments of Experlmental

- Condltlonal Distributions - h~f;“

.The method used in- der:Lv:Lnc neutron-correctlon formulae to moments of

.measured distributions was based on the method of Terrell e> and that of
Haines, > The final equations differ somewhat from those of Haines: prlmarlly .
because hlgher order terms, which have a noticeable effect on the results, .f‘?
are retained. ' .

In the folleowing formulae when two subscrlpts are given, the flrst .
refers to the fragment number, the second to the sequentlal number of the
neutron, the evaporatlon of -which we are considerlng Thus, for example, ;
Elj and Alj are, respectlvely, the enelgy and the mass of fission’fragment'lfjr”
after the evaporation of the j'th neutron (i.e., Alj = Al - i). Applying'3[7§_

vector analy51s to the emission of the j'th neutron from fragment 1 at an i ff-f’:‘f

angle 91 in the center-of-mass system of the moving fragment, the follow1ng

expression is obtained:

5, - }1\3 1-1 4 “13 ) ("1 13-1> c08 Oy uvnins f-'fff‘(fi?)';"
lJ-l lJ-l , L
where nl and m are the energy and mass of the emltted neutron respectively
The above expression is a recursion relation which relates fragment energy
before neutron emission to that after neutron emission, o A
Several assumptions had to. be made during the course of the derivations v
It was assumed that the neutrons were emitted 1sotropically._ ‘This implies the |
following relationships: {cos 9 ) 0 and (cos2 1/3 It was also
assumed that no correlation between fragment energy, neutron kinetic energy,
and an angle exists, i.e. (Eln) = (E )(n) Since no 1nformatlon on the
average number of neutrons, ¥,, emitted from fragment 1, as a function of E
and Al is available for the reactions studied, “the assumptlon wes made that
o emitted from both
fragments during the fission event, averaged over all masses and total kinetic
= ¥p/2 = V. .

Vl is equal to half the total number of neutrons, v,

energies,;i.e., v, = Vo

T.;',v
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A, Correction to‘the Averages of Conditional Distributions

in Kinetic Energy

The correction to the average total kinetic energy for a given mass is
obtained by successive application of'expression_(i). Neglecting terms of

the order of m/Al and reducing, the following equation was obtained:

A A o VA, VA, N
<E*>=_1.!<E>+_?1<E>=<E><l-__2__-__;;>
T 1 2 T
Al A2 ' AlAc AZA
Ac is the mass of the compound nucleus, and the asterisk here, as in the main
text, refers to a quantity uncorrected for neutron effects. Solving for
(ET), we obtain the required correction to average total kinetic energy values

at fixed values of the mass.

B. Correction to the Variances of the Conditional Distributions

in Total Kinetic Energy

Thé derivation of éorrections to the variance of the conditional total
kinetic energy distributions follows a similar pattern and is also based on
the successive application of recursion relation (i). In this derivation,
terms of order m/Ac are retained, while higher order terms are not., Thus,

- recalling the definition of a variance,
2 2
*) = * - *
and the relationships,

¥ = o .o
ET Elv + EZV

and » _
<ET*> = <E1‘V> + <E2V> ]

we .obtain

) =By + uplmy) w2 flmm ) - (e M

It can be shown that, with proper use of expression (i) and the assﬁmp-,
tions discussed above, .together with some lengthy but straightforward élgebra,
evaluating the above expression term by term, the following equation may be

obtained:
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terms.

}_ uz(.E .) —_p;(ET) < AlA - :Ai >2 33’- E )(n} EAl ¥ _-1+ higjhelr;order

2c

The further assumption used in the development of- the above equation was that

there is no correlatlon between the kinetic energies of successive neutrons
emitted from the same fragment. Solving the above equation for uz(ET) gives
the corrected variance of the E_ distribution at a given mass in terms of thev

, T
uncorrected variance,

C. Correction to the Variances of the Conditional

Distributions in Mass

" The calculation.of'the»correotion to the mass distribution variance_for'

a given.total kinetic energy is complicated by the manner in whicngthe masses;'

were calculated from the energy data (seelmain text), In this work measured

masses are given by

from whicn it can be shown that

. i c . e
u*(A)) = gwz n (B %) .
2 ‘1»_ET_2 1l
Thus, it wes necessary to evaluate uz(E *) for- constant values of ET* Thls
was done by using the recursion relation (1) to evaluate El* as 8 function of "
E, . The expression E

1 1
through ‘the recursion relatlon) by:

E*[ +VA1 ZCE_Z.__)é y‘cose--'— TIZA]_ >
.T AlA A B Ay = 3 c T Ag.

* expressed in.terms of required quantities

= AE /A was then applied, where ET was given (also :

Thus a complete expression for El
was availeble, and its variance could be calculated by first calculating

2 .
( ) and (E *) _ Since the mass distributions.are symmetric,'we have -

(Ay/ad =% end uyla)) = ((a/a)%)

&1
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Combining this with the above results and performing a considersble amount of
algebra, the final expression obtained is:
n*(A,) = p,(4)) <1 - %) + 2vmA %—2?
c T

The solution of this equation for pz(AZ) gives the required corrected expres -
sion in terms of the measured uncorrected variance, The further assumption
made in this last derivation was that there is no correlation between angles
' of emission of successive neutrons.

The value of v (the average number of neutrons evaporated from a fragment)
which was required in the above derivations was estimated by means of the

following energy-balance expression:
E, + {Bpd = (B2 + (B} +2v ({(B) + {n})

in this expression, (ER}'is the average energy released during the fission
process (averaged over all masses) as calculated from a computer program of
Milt’on,2 EX is the total excitation energy of the fissioning compound nucleus
(obtalned from a knowledge of the bombarding energy and the masses of the
nuclei 1nvolved), <Bh) 1s the average neutron binding energy (also averaged
over’all masses and obtained from the program Qf Milton) and <EY> is the
average energy associated with the emission of y-rays from the fragments, Since
{E } is not known for the systems studied in this work, the value for the case
of californium of 9 MeV was used. et {n) the average kinetic energy of the

neutrons, was calculated from2

(n) = —-(fragment nuclear temperature) = % } é l: .
_ 1

where (Xl)'is the average fragment excitation energy. - For the purpose of these
calculations, (Xl) was taken to be %((ER)_+ EX - (ET}).
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APPENDIX 1T

Theoretlcal Energy Mass Distributions Which Include

Prompt Neutron Evaporation Effects

An alternative method for approachlng the problem of prompt neutron“"'
.em1s51on from fission fragments 1s to include this effect in the theoretical
development and obtain: dlstributlons that compare directly with- measured
distributions invevery way except for angular momentum effects. Such an approach

3

' was possible because Nix and Swiatecki” have obtalned expre551ons not only for -

-mass-kinetic energy distributions, P(ET, Al), but also for mass-klnetlc energy |

exc1tatlon—energy distributions, P(E A, X). (X is' the excitation energy . -{.fj,.m

of fragment 1 associated with the collective vibrations and deformations of
the fragment,) These latter ‘distributions are given by Nix andew1ateck1 only :
in the‘lowest order'of approximetion, which, however,‘is'satisfactory'fof the
purpose of neutron correction. ‘ o

The following numerical method was used to transform the initial P(ET, Al)
distributions to corrected P(E s, A ) distributions. The theoretical mass-
total kinetic. energy dlstrlbutlon P(E A ) was divided into unit areas

AEp by A A, where A Ep = 2 MeV and A Al 1 amu. Al) was evaluated e

at the centers of these unlt areas. Thus each unit area was characterized by :

a comblnatlon of ET and A values, a statlstlcal weight given by the value of
T’ Al) at the center of it, and by its own probsbility distribution P(X )

in the excitation energy of fragment 1. " The distribution P(X ) associated '
with energy unit A,ETA Al area.was calculated from the lowest order expression
for P(ET, 17 X ) of Nix and Swiatecki., The probability was evaluated at the
centers of dlfferentlal wnits of A X the size of which was left adjustable

so that the whole P(X ) dlstrlbutlon was adequately described in every case,

Thus, unit volumes of dimensions AE by A Al by Ale were cons1dered each

with a characteristic comblnatlon of ET’ Al and X end a statlstlcal weight .

1
obtained from evaluating P(E . A ) and P(X ) at this combination., It was

necessary to evaluate the two probabllities P(ET, Al) end P(X ) separately

rather than directly from “the P(E l’ Xl) expression because the accuracy -
required in the ETvvs’A1 dlstrlbutlon was one of second order approximation,
while the available P(ET, Ay, Xl) expression is one of first order, By means ~

of energy balance considerations and the theory of Nix and Swiatecki, it is

possible to calculate the corresponding X2 for any glven value of Xl' The -
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following equation was then applied:

EX+ER=HT+ET+X1+X2 .
This‘relationship balances the total energy available, consisting of EX’ the
total excitation energy of the compound nucleus and of ER’ the total energy
released in the fission process, against the way in which it is distributed
to the fragments‘(xl and X2 are excitation energies duve to collecﬁive motions

of the fragments and HT is the total internal excitation energy that the

fragments possess). EX and ER are both obtained from nuclear mass tables.Zl

ER is a function of Al and was calculated by means of a computer program of

Mil‘ton.2 The sbove equation thus gives a value for HT for any particular

unit A,ET AAl AXl volume, HT and ET were divided between the two fragments;
Hy vas divided according %o A /A, = Hl/H2 and E,
conservation relationship El/E2 = AZ/Al‘ Thus, for any given unit volume,

according to the momentum

the kinetic energies of both fragments, El and E end the total excitaxiqn

b4
energies of both fragments X, and X, (where % =2Xl + Hl) are known, -and the
numbers of neutrons evaporated may be obtained,
For each uhit volume, the random evaporation of neutrons from both -
fragments was now considered., Two recursilon relations were used for this
purpose, The flrst relates the excitation energy X 3 of fragment 1 after the

emission of the J'th neutron to that before the neutron emission

le - (B (Al» y

where <Bl(Al )} is the average neutron blndlng energy for fragment 1, (Bl(Al))
is a function of the mass split and is averaged over the fragment charge

'distribution; it is calculated by the progrém’of Mil'bon.26 is the kinetic.

ﬂl-
J
energy of the j'th neutron and is given by2
nlj =2 _Kzli:é .
1i-1

The neutron evaporation process for fragment 1 is terminated when the
following conditioh holds: ‘

L < B () - gy

t
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The second.recursion relation is givén by equation (i)‘of'Appeudix I.. 1%
relates the kinetic energy before‘neutroh emissiou to. that aftervneutron
emission for fragmentvl., Analogous relationships'hold'for fragment 2. .The
‘assumptions of'Appendiva_concerning the isotropicfemission of neutrons in the
center-of-mass system and the absence of correlations between successive .
neutrons were also made in‘this method, ’Thus the‘value_of'cos 913 in equation
(i) of Appendix I was selected by a random number generator between the
limits -1 < cos 0, < 1. | | |

By means of success1ve application of the above two recursion relations,
E, and E, values of any unit A B, A A X, volume were, transformed to post- - R

1
neutron El* and E_¥ values. These were then treated exactly as .the measured’

energies, given Ez* = El + EZ* and A (E *A )/ET . For anj unit volume, v
this statistical random number process was repeated n-times, n being the seme
for all unit volumes of any particular calculation, As n 1ncreased the '
statistical accuracy of this method increased, A new distribution, P(E A ),
was generated from the gbove results as follows, Each unit volume contrlbuted
n-times to this new distribution, and the extent of the contrlbutlon of the '
unit volume was determined by its statistical weight mentioned above., The-
procedure of using differential volumes, characterized by values of ET,vAi

and X and by statistical welghts due to the distributions P(E A ) and.P(X )

to glve contributions to a probablllty dlstrlbutlon, P(E Al)’ whlch hes, as ,"';'

coordinates, only the total kinetic energy and mass, is equivalent to a
numerical integration over Xl' The new distribution was normalized to the
old distribution.. o )

The accuracy of the calculation was governed by n, the number of tlmes 1t
was repeated for each unit volume, and by the accuracy of the numerlcal inte-

gration over X Both effects were studied, and reproduclblllty (for dlfferent

values of ﬁ'ané different accuracies of the numerical integration) to an
accuracy 'of 0.5% in the moments of the mass-yield and energy-yield distributions
was~required. The statistical scatter in the yleld distributions and in the
moments of conditional distributions was greatly reduced as n was increased,

The highest value of n used was 20. Higher values were impractical due to the?;
large amount of computer time required. The scatter in the calculated points

is greater in the case of moments of:the conditional total kinetic energy
distributions, taken as a function of mass, than in the case of the moments,ofl

conditional mass distributions taken as a function of total kinetic energy.
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This is in accordance with expectations since the neutron evaporation perturbs
the total kinetic energy much more than it does the mass, when the latter is
obtained in the manner described in this work.
Figure 18 shows the results for the reaction. of ngz with 120 MeV Hebr

(n = 20). It can be seen, that since.the experimental distributions were
narrower than the uncorrected theoretical ones, the correction due to neutron
effects does not help the agreement as far as the width is concerned, The
agreement between the shapes of the theoretical and experimental distributiohs,
however, is enhanced by including neutron effects in the theoretical distri-
butidh. This is reflected in the cases of the uZ(Al) Vs ET and <ET} Vs mass
plots and also in the -case of “Z(ET) vs mass, if the difference in magnitude is
neglected and only the shape of the curve is considered. Table IIX gizg; , )

+

comparative values of moments of the overall distributions (for the W He

case) for the two methods of neutron correction.
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Table I. Experimemtal results and theoretical calculations for the moments of overall distributions for all reactions studied. Experimental results cor-
rected for prompt meutron effects are also given. The errors shown are estimates of systematic errors (see text)., Statistical errors are small in com-
parison with systematic errors. Certain duplicated experiments are also shown. By, and & are the bombarding energy and the nuclear temperature at the . °
saddle respectively. (ET) is the average total kinetic energy and u (ET) the variance of the overall total kinetic energy-yield distributions. : pz(Al)

is the variance of fhe overall mass-yield distribution. The asterisk superscript characterizes values after the emission of prompt neutrons. .

Ey, e Number Experiment Experiment Theory Experiment Theory ’ Experiment Theory
(Mev)  (MeV) of Order (ET*fe (Ep) (Ep) " (ET*% na( % up (Ep) o (A np(a % g (A g
Events (Mev) (MeV) (MeV) MeV) (Me%? (Mev)2 {amu (amu% (ama%
(x103) . Uncorrected Corrected Uncorrected Corrected
120 1.87 197 7 14143 14844 149 10216 78 108 19747 169 209
120 1.87 202 9 144 152 149 108 83 108 191 163 209
100 1.66 o9k 7 140 147 " 150 95 78 95 185 . 165 186
100 1.66 152 9 143 150 150 101 83 95 - 179 159 186
80 1.42 163 8 143 148 150 .95 84 81 168 156 160
8 . 1.k2 200 9 143 148 150 95 8k 81 165 152 160
65 1.21 101 1 146 150 150 81 T ‘68 IRy 131 135
6 1.2 235 8 ST, 150 85 78 63 142 135 126
140 0.71 57 8 ay 146 150 67 65 40 97 9 80
120 1.95 132 7 13643 1h43sh LS 9116 67 105 1906 166 226
120 1.95 88 9 136 143 15 97 Th 105 196 172 226
100 174 71 9 135 . b1 141 90 3 93 180 162 203 .
& 1.49 88" 8 135 140 It 8 78 79 168 157 175
8 1.49 T4 9 135 b0 1 85 74 79 162 151 175
70 1.36 43 6 138 12 12 8 69 72 1k6 137 159
60 1.20 51 8 135 138" 1k2 76 70 63 139- 132 140
120 2.00 145 7 12243 128 130 8616 68 101 22047 204 _256
100 177 85 7 121 125 130 8 67 - 88 211 200 229 -
165 2.07 102 4 14083 1Tk 12 15428 134 14 256410 243 210
144 1.87 110 5 139 146 12 132 116 103 239 229 191
127 1.70 43 Y. 140 146 1h2 120 - 108 9k 211 203 174
115 1.55 b1 5 1h0 ‘1 142 106 % 85 191 185 159. -
102 1.37 38 s 140 144 143 92 85 ’7!; 160 156 1ko
165  2.04 152 2,k 1208h 12745 130 124410 106 1‘01;, 25014 235 261
151 1.9 et 2 121 128 - 130 11 % 9 227 215 2146
136 LT3 ~ 70 119 124 130 108 97 8 . 220 211 224
120 1.9 1% 119 124 131 97 89 e " 205 199 193
iz5 . 1.70 31 125+h - 12935 130 '_ 11512 104 84 217216 211 222
109 1.53 21 123 127 131 102 9k 76 190 185 197

(@)

FSHTI-"TED0
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Table II. Comparisbn of the methods of correction for prompt neubron evaporation
effects. The data refer to the Fission of Osl 6 as produced by a He™ bombardment
of Wi%2 at 120 MeV. The method of data correction is given in Appendix I, while
the method of correction of theoretical calculations is given in Appendix II. The
description of the moments tabulated is.given in the caption of Table I.
Experiment Theory Theory Experiment
Uncorrected Corrected Uncorrected Corrected
-(ET) (MeV) 122 12k 130 128
1y (By) (V) 86 138 101 68
bo (4, ) (amu) 2 220 278 256 20k
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FIGURE CAPTTONS

_Experimental and theoretical contour diagrams for the prdbabiliﬁy

“distributions, P_(ET, A

, of a fragment total kinetic energy,'ET,'
209 _ 213

- fission. Several

l)

and mass, for the. reaction HelL + Bi

l)

. values of the nuclear temperature of the compound nucleus, 9 and

corresponding laboratory bombarding energies, E 1.’ are shown. The

labels on the Lines of constant probability have the follow1ng signi-

ficence: the contour labeled 10, for example, passes through those

regions of the E_, vs A1 plane where an area of 6 MeV by 3 amu conteins »

. T .
1% of the total number of events. Seven contours are shown at all .
values of 6; higher contours are present in the case of narrow
distributions at low & values, but are not shown.

Experimental and theoretical contour diagrams of the mass-total

198
182

-produced by 016 bombardment of W at two values of the nucleaf

1, The significance of.
contour labels i1s the same as that in Fig. 1. _
Experimental ‘and theoretical contour diagrams of the mass—total:
kinetic energy distributions for the fission of 05186 at a nuélear |
temperature of 2 MeV. The 05186 compound nucleus was producedvby‘a..

He" vombardment (at 120 MeV) of W% and by sn 0*0 bombardment (at

165 MeV) of Erl7o. The significance of contour labels is‘the\same

as that in Fig.'l.

Mass-yield and totel kinetic energy-yield distributions (experimental
and theoretical) for the fission of the Atzl3 compound nucleus pro-
duced by HielL bombardments of 31209
The units of yield are arbitrary. The E * geale glven is that for

. T .
the € = 0.7l MeV case., Other experimental energy-yield distributions

‘at several bombarding energies.

shown were normalized in such a way as to meke their avefage total

‘kinetic energy (E ), equal to (B ) of the 6 = 0,71 MeV distributioﬁ'

Theoretical and experlmental mass-yleld and energy—yler dlstrlbutlons‘
for the fission of Tl 201 produced by bombardments of Au 197 with HelL
ions at two different energies. The units of yield are arbitrary,

and the ET* scale refers to the 6 = 1,2 MeV case,

,,,,,,

'S



Fig. 6.
Tig. 7.
Fig. 8.
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Theoretical and experimental mass-yield and energy-~yield distributions

182 ... 16
for the fission of Pbl98 produced by bombardments of W ¢ with O

ions at two different energies. . The units of yleld are erbitrary,
and the E_¥ scale refers to the 6 = 1,37 MeV case.

T
Theoretical and experimental mass-yield and energy-yield distributions

for the fission of 05186 at a nuclear temperature of 2 MeV. The 05186
compound nucleus was produced by an O16 and a He ‘Dbombardment, The
units of yield are arbitrary. »

Variances of the overall total kinetic energy distributions, HZ(ET)’
as a function of the nuclear temperature €, for several compound
nuclei. The open triangles in the Osl case refer to the reaction

Ybl7lL + cl2 = osl86. The open squares refer to ErlTO + 016 = Osl 6,
b198 was

182 + Heu = 05186. The P
13

L and. Atz were

while.the closed squares refer to W
produced by O16 bombardments of w182. The leo
obtalned by HelF bombardments of Aul97 and Bizog, respectively,. The
different symbols in these two cases represent different experiments,
The solid line shows the theoretical result. The experimental .
points have been corrected for neutron emission effects., The size

of the symbols is not to be taken as represenﬁative of the errors
involved, Estimated errors are tabulated in Table I.

Variances of the overall mass-yield distributions, uz(Al), as &
function of the nuclear temperature €. The symbols have the same
meaning as in Fig, 8. The solid line gives the theoretical calcu-
lations, The experimental results have been corrected for prompt
neutron emission effects. The size of the symbols is not representa-

tive of the errors in measurement.

Fig, 10, Variances of the overall total kinetic'energy distributions as a

function of the nuclear temperature €, Identical to Fig. 8, but
experimental results have not been corrected for neutron evaporation
effects,

Fig, 11, Variances of the overall mass-yield distributions as a function of

the nuclear temperature €, Identical to Fig. 9, but experimental

results have not been corrected for neutron evaporation effects.
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Average total kinetic.energy (Ei}, as a function of massifor the
213. The solid curves give the theoretical results,
the closed circles the experimental results at three values of 6.
The experimental results are corrected for neutron evaporation _

effects. , A '
Average total kinetic energy (E
for the cases of W182 + 016 =

w82 L et L e 1860 Lpg B 17O

}, as a function of fragment mass

198 (at two bombarding energies),
16 OS186

T
Fb

+ O

the theoretical results. The closed circles give experimental results

The solid curves give

corrected for neutron evaporation effects.

Variances of the conditional total kinetic energy distributions,
HZ(ET), as a function of mass for the case of the fission of AtZT3,

The solid lines gives the theoretical results; the closed circles
give ekperimental results not corrected for neubtron effects.

Variances of the conditional total kinetic energy distributions, = -
' 198 -
and Os~ . The solid lines give the theoretical calculations. The
closed circles give experimental results not corrected for neutron
effects,

Variances of conditional mass distributions, pB(Al), as 'a function

209 -

of the total kinetic energy, E, for the case of He  + Bi

T’ ,
At 3 - fission. The solid curves give theoretical results. The

closed circles give experimental results not corrected for prompt

~neutron evaporation effects.

Variances of conditional mass distributions,'pz(Al), as a function -

of the total kinetic energy, E,, for the cases of the compound

198 186 T’

nuclel Pb and Os . The solid curves give theoretical results,
and the cloéed circles give experimental results not corrected for
neutron evaporation effects. _

Mass and total kinetic energy-yleld distributions and moments of

conditional distribubtions for the reaction Wl82 + HelL = 05186-4

~fission at a HeLL energy of 120 MeV. The solid curves give the

original theoretical distributions, the open circles the theoretical -
distributions which include neutron effects and the closed circles

the expérimental distributions not corrected for neutron effects.

‘The labels on the axes and ordinates have the same meaning as those |

in the corresponding earlier Tigures that refer to the same reasction,
but in which neutron corrections to the theoretical distribubtions

are not included,
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, '"person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








