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ABSTRACT

A modei is discussed in which a fissioning nucleus is represented
by an’idealized charged liquid drop whose shape is constrained to the |
. family of shapes generated by tﬁo overlapping or separated spheroids.
On_the basis of.this model, one can calculate, among ofher things, the
distribution of total_trahslationalikinetic energy of fission fragments.
The dynamics of the separation of two completely symmetrical drops was
studied using an iBM 7090 computer to integrate the classical equations
of motion. For this restricted case it was found thét the final transié-
 tional kinetic eﬁergy is‘épproximaﬁely,related in a very simple waj to
the initial conditi§n§ at the saddle point. The distribution of initial
conditions at the saddlé isAdetermined by transforming to.nqrmal.coordi-
nates and assuming statistical equilibrium. This results in a Gaussién‘
probability distribution for each coordinate and conjugate momentum,
‘with a temperature-dependent width. From this and the aboye-mentioned
relationship betwgen kinetic energy and initial conditions, the distri-
* bution.of final kinetic energy is determined. For a rgnge'of nuclei,

the experimentally observed most probable kinetic energy is compared with
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that predicted by the model. Also, the predicted variation of the
width of the kinetic-energy distribution with nﬁclear temperature

.is compared with preliminary experimental data.
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I. INTRODUCTION

I will discuss a model first suggested by Swiatecki in which
'a fissioning nucleus is represented by an idealized charged drop whose
shape is constrained to the family of shapes generated by two overlapping
or separated spheroids (elllp801ds of revolutlon) The model is
described here from the point of view of _calculatirig the distribution
of tetal translational kinetic energy (KE) of fission fragments.
Various other'distribﬁtions associated with the fission procees, such
.as the distributions of excipation eﬁergy and rotational.energy of the
fragmente, are also being calculated on the basis of the model. o

Previous discussions ef pheiliquid-drop model have been largely_v
concerned with the static propertles of charged drops, i. €y the
calculation of their potential energy’ (PE) as’ a functlon of deformation..
: Hewever,‘the properties‘of the division of a drop are not‘determlned by
: the PE alone; a complete theory must include dynamics as well as
'statics.é

In the,model_discussed here, dynamicevis included by calculating'
dthe KEr of the system and solving the corresponding equations of motion.

Statistical mechanics is employed to determine the initial conditions
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for the solutions to the equations of motion. "It should be emphasized
from the beginhing that the present formulation of the theory is
egsentially classical, with quantum mechanics being introduced only to

determine the initial conditions.

IT. FPOTENTIAL ENERGY OF THE SYSTEM

The model is actually a sub-model within the framework of
existing liqpid-drbp theory; the nucleus is consequéntly assumed to
be uniformly charged and to possess a sharp surface, with hydrodynamic
flow that is incompressible, nonviscous, and'irrotational.- The fE . is
then simply‘the sum of a surface energy and a Coulomb eneréy. For the
restricted case of complete symmetry considered here, the systém'
(wﬁpse shape, recall, is generated by two'oveflapping or Separatéd

3

»sphéroids) is completely specified by two coordinates. The. separation
coorainate ql is the distance between the centers of the*ﬁwo'spheroids,
while‘ WY the semi-major axis of either of the spheroids, measures
fragment distortion. -(The semi-minor axié of éither spheroid is deter-
mined.by volume conservation.) Figﬁre 1 illustrates the configuration

of the system corresponding to various values of the coordimates. (The.

~unit of length is RO , + the radius of the original sphere. Here

%)

RO = rO-Al/3’-where A 1is the ﬂumbér éf nucleons and rof: 1.216 cm.
~ The surface energy is easy to calpﬁlate,‘béiné ekpressiﬁle in'a clbsed
.form’for all values of qlv and % - In order to ca;culaﬁe thevaulomb
1eneréy,on the other hahd? a double mulbipqle'summation is required for

the separated region,l while a double integral must be evaluated'humeri-

cally‘fbr the oﬁerlapping région.
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Figure 2 shows the PE surface corresponding to a selected

velue of the fissionability parameter X 5 given..'by5

x = @R /a), , : (1)

crit

L

where Z is the number of protons and - (ZQ/A) 50.13 . (The

unit of energy is ES(O)

(0)
= as AE/3

the cusp at the scission line q = 2q2 . This results from the discon--

crit

5 the surface energy of the originai,sphere,
 where Eg » with ag ~ 17.80 MeV.u) _Nete'the presence of
tihaous rate of change ef the surface ehergy as- the sysﬁem_passes frem.
'theIQOnfiguration of overlapping to separated spheroids. Nete also tﬁat
for this case the saddle point (sP) 1lies on the.scisaion.line |

) = 29, , possessing the shape of two tangent spheroids. This is a
characteristic feature of all PE surfaces in this model for x $ 0.80;
ae' xJ.decreases‘from 0.80, the SP moves downward alohg the scission :
1ine until the configuraﬁion of two tangent;spheres is reached at

x = 0. For values of x < 0.80, ‘the SP breaks away from the sciseieh
line and occurs for some value of ql < 2q2 ; 1.e., the SP shape is .

the conflguratlon of two overlapplng sphero:Lds. As X approaches l O s

the SP moves toward the spherlcal configuratlon."

ThlS behaV1or of the SP shapes agrees qpalitatlvely W1th that
dbserved by Cohen’ and SW1ateck1 1h a calculation employlng a large number
of degrees of freedom.6 They found that for ‘x‘< 0. 67 the SP shapes'
are'essentially dumbbell-like (approximated by two tangent spheroids),

_ whereas for X 2‘0 67 they are cyllnder-llke (approx1mated by two .

.overlapplng spher01ds) Although the qpalltatlve behavmor of the model's
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SP shapes ié correct, the true transition region occurs at x = 6.67,
whercas in the two-sbheroid model it is at x ~ 0.80. Thus, for describiqg
phenomeﬁa gssoclated with SP shapes, the two-spherold model is not

:
valid for 0.67 £ x 5 0.80. Nevertheless, the model is still usefu}
. for this range of x  for discussing phenomena not related to the 8P,
such as the separation of the fragments after scission. Fdr % 2 0.80,
the model again yields B3P shapes that are qualitatively correct. The
two-spheréid‘model cannot, of course, be used to describe ternary fission,

which in actual nuclei may become important at high x.

IIT. SOLUTIQN OF EQUATIONS OF MOTION
The total XE of “he system is given by an integral over the
nuclear volume of one-half the mass density times the square of the
local fluid velocity. For incomprescible, nonviscbus, irrotational
flow,'tﬁe integration may be performed épproximately by using Wheeler's
method.7 This yields a cloéed expression for the KE, as a fuﬁétion
of the coordinates, oo and’ 9 and their time derivatives, él ‘and

% .‘ Ih the region of separated spheroids, Wheeler's method give;vthe
exact hydrodynamic result. The total KE in this region is then simp}y
the KE of separation of thevcénters of mass of the spheroids = (trans-
- lational KE)vplus the 'KE éffoscillation of each spheroid about its
own centef of mass (vibrafional KE).

Irom the equations for the.potential and'Kinetic ehergies the
classical equations of motion aré‘determined ih a straightforward way. . .
Using a Hamiltonian formulation; one obtains'fourvfirst-ordér diffefeﬁtial

eguations, which are solved numerically on anﬁIBM 7090 computer. .Thus,
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for a 'given set of initial conditions, a uniﬁue solution to the equations’
of motion is obtained. |

The solution for x = 0.70 corresponding to starting from rest
at the BSP 1s indicated in Figs. 1 and 2, where the points along the

=23 sec .

path are equally spaced in time at intervals of 5 x 10
Ihe.motidn of the system is a fairly rapid oscillation of the fragments,
superimposed on a separation of thelr centers. Carrying the solution
oﬁtlto infinity, one finds what part of the initial interaction energy
goes into translational KE and what part into vibrational XE . We
will see later that under certain assumptioné the most probable set of»‘
initisl conditions is the one from rest at the SP ; the translational
KE resulting from this path will be close to the most probable XE .
If the initial conditions specified starting from rest on the scission
.line at a point above the SP, then the path would oscillate with greater
amplitude, resulting in greatér vibrational KE and less transla%ional
KE . Coﬁversely{ starting from rest from a point on the scission lihe
below the SP leads to less osciila%ion and therefore greater transla-
tional XE . Initial conditions corresponding to starting from the scis-
‘'sion line with nonzero velocitiesv dl Aand ég lead to paths fhaﬁ are
gualitatively similar, gut yet modified sqmewhat by the additional
velocities.

| A consideration of the solutibnS'corresponding‘to a large
. number of cqmbinations‘of’initial‘conditions’iﬁdicates that, ﬁhen the.
SP is on the scission line, tﬁe_final translational KXKE 1is approxi-

mately related in a very simple way to the initial conditions. For a
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given value bf x',‘this relationship is

o 1 .o :
E = Eo/(l+ a S2> + 2 "qu J : (2)

where E 1is the final translational XE of both fragments, EO. is its
most probable value, a is a constant, is.the‘reduced mass of the

two'spheroids, is the initial value of the translational velOcify,

Ell
and S, is the initial value of the distance from the SP measured
along ﬁhe scission line (see Fig. 1). To a very good apprdximation{
E- is indepeﬁdent of the initial vibrational velocity ég . Note the-
réasonableness of this expression; E ié Just thé final ﬂranslational
KE that would result from two effective,poiht charges iniﬁially
separated & certain distaﬁce and moving with relative 'v'elocity cll, .

| The considerations thus far have been limifed to the case éf
nonviécoﬁs irrotational flow. Although it is difficult to discuss the
‘ dynamics.of a fluid with arbitrary viscosity, the_bther'limiting case
of infinite viscosity is very.simplg. ‘Infinitely viscous fragments
would simply separate to‘infinity along-a line of éonstant q2 without
oscillating. The final translational XE would then equalAthé initial
interaction‘ehergy'of the tangent spheroids. Tﬁis:limiting case would‘
be approached physically if the fragments'were sufficiehtiyvviscdﬁs
such .that their period Sf oscillation wa.s largelin comparison'with the .
time of separation. to a few nuclear diameters.

These two limiting situations are comparéd'in Fig. 3, which

_shows for each case the depehdence on x of the most probable trans-

\

lational KE. Note that the translational KE 'thaﬁ would result if the
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fragments are extremely viscoqs7(top curve) is larger than the KE
corresponding to nonviscous fragments mith ifretational flqw'(solid
curve). -The difference'betmeen these two curves represents the

portion of Qriginal,interaction energy which, for the nenviscousb
irrotational.case, is converted into vibrational. KE rathem than.
translational XE . .The short-dashed curve is the result obtained

r using the very simple approximation that the KE is equal to the
proauct of the charges of the spheroids divided by the initial distance -
'betmeen their centeis. Of coursse, this.is equivalent to repleeiné tne-'
escillating spheroidstby two rigid spheres.whose'centers initially
;:coincided with the spheroid centers. That'this.procednre should give
avnesult which is close to the‘nonviscous irrotational_limit‘is
physically vefy reasonable, since.the fairly-rapid'osciilations ef

the fragments tend to cancel the opp051ng effects of the prolate and
oblate shapes. For comparlson, the recent experlmental p01nts of |

9

Viole and Sikkeland are also shgwn.

nIV. DISTRIBUTIONS OF INITIAL CONDITIONS -

| We have approx1mately solved the equations"of motlon mn terms ﬁ
of glven 1n1t1al condltlons a8t the SPw., The questlon now arlses of J.'
what initial condltlons to use. The condltlons at the SP w1ll in
general depend upon the past hlstory of the system in a way . that
' cannot be_predlcted_frqm SP cons1derat10ns alone;_-lt Would then be
'1necessary to‘consider_the pre-SP motion of the system. Studies along

these lines were performed by Hill,2 and have also been cons1dered in
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' the two-spheroid model.r A simplifying 1imiting case that eliminates
the need for discussing the pre-SP motion is the assumptioﬁ of |
.statistical equilibrium at the SP . Without committing ouréelves as
to the validity of this assumption, -we will trace out its consequences
with regard to KE aistributions. o
| A nérmai coordinate tranéfofﬁation'is performed at the SP
‘which definesa new set of coordinatés 's, and s_. in terms of .ql

1 2

and q2'. The relationship is indicated in Fig. 1; s, is the

1

coordinate in the "fission direction" (approximately an overall

separation of the fragments), with S5

abbut,the SP in which the spheroids remain;tangent. In tefms of the

corresponding to vibrations -

.normal coordinates and their time derivatives s, and S5

'PE .and the KE are simultaneously diagonalized_(i.e.,'the cross .terms

both the

and s

S5, .8, do not appear) at the SP. The Hamiltonian for the
system thus separates into a sum of two terms, one involving only sl

and s with the other being a_fundtion of only s, and s

sl’ 2 2 ¢ .
Physically, the motion of the system at the saddle separates into two
independent modes which may be‘discusséd separately: wotion in the

fission direction s, and vibrational motion in the direction s, .

1 2

The time has been chosen to be zero when the fission coordinate

8

1 1s zero. This leaves the distribution of initial values of 8y s

8, , and’ é té,be determined. If we assume statistical equilibrium

2 2
atthe saddle, the classical probability distribution of Sy is propor-:
tiongl to 'exp(—l%jMi éie/e) , Where "M, is?thg effective'mass for
‘motion in the 8, direction, and © 1is the nuclear temperature at .

the SP (megsured in units ofvenergy).
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Recall that the entire discussion up'to this point has been p

purely classical. Quantum mechanics is now introduced to determine

the distributions of initial conditions for the vibrational coordinate

and velocity Sy and ée.;o We thus consider the gquantum-mechanical

solution of the vibrational motioﬁ at the SP . To lowest ofder in

S

Sy s the term in the Hamiltonian corresponding to the s

5 motion is

_ lyg o2, Ly 2
H = 3K s < 2M2132.' ’ (3)

where Ké is the second derivative of the PE with respect to s

2

evaluated at the SP, and M.2 is the effective mass for motion in

the Sy direction.v Of course, this is Jjust the Hamilﬁonian for a
simple harmonic oscillator. The solution of this part of the problem

thus yields the harmonic-oscillator wave functions Wn(se) with

corresponding energy levels 'En = (n+ %jh ué‘, where # 1is Planck's
~constant divided by 2w , and @, is the angular frequency, given by
1/2 '

(K, /m,)7"° |

The quantum-mechanical probability that the system initially
is at position '32 ié then given. by. |

0 - 2 ,
o) = Eop Iyl (%)

where P; is the probabiiity that the oscillator is in the qﬁaﬁtum-
mechanical state n.;l The factor lvn(sé)lé gives the probébility
that an oscil;étor knowﬁ to be in the state n has position COordinate_'

S

o The assumption of statistical equilibrium at the SP implies
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- that "Pn' is proportional to exp(- En/e) . If we substitute this for
Pn and use properties of the harmonic-oscillator wave functions Wn 5

the infinite summation (4) yields'=’®>

Poy) = (x 0) M2 exp(- 5 2/0) (5)

- where the temperature-dependent constant C 1is given By

‘H ab

%

26/K, , o >> 1 ay,
L a, /K, :, 6 << # @ .

\

Note that for high temperatures P(SQ) reduces to the classical

(6)

a
i

coth(® we/ee) —_

probability distribgtion prOportioﬁal to:‘exp(; % Ké 522/6); in the
'low—temperature'limit, it reduces to the distribuﬁion for the qpéntum-'
mechanical zero-point motion of a harmdnic'oscillator, broportidnal t§
exp {- %KQ 522/(.:22.%{ wz)i .

Anaanalogous prdbabilitdeistribution for ég is obtained by
solving Séhrgdinger's‘equation for the s, motion in the momentum

2

'representation. The result is
.-y 1 -1/2 c2 R
P(3,) = (x 02 (- 32/, (1)

where
ﬁ'we . ' .
C° = —=  coth(# ab/ee) , . (8)

1\42‘

with corresponding high- and low-temperature limits.
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V. DISTRIBUTION OF TRANSIATIONAL KINETIC ENERGY

We have now determined two things: (1) an approximate'formula

for the‘final translational KE in terms of the initial conditions at

the SP [Eq. (2)], and (2) the probability distributions for these initial

conditions. The distribution of translational XE 1is then given.by
an appropriate multiple integral over the distributions of initial
conditions. Through a change of variables, the expression is reduced
to a single integration, which must be evaluated numericaily.i v

Before examining distributions calculated with tnis ccmtlicated
‘ result, let us derive a Simple eXpreSSion for the .KE distribntion in
~wh1ch only the lowest order contribution lS conSidered. If we neglect
‘the deponaence of E on the 1nit1al ve1001ty ql entirely, a Taylor

expanSion about the position of the SP gives

~ ' - 4E . '
+ (5= )O,S2 R - (9
2 -
The prdbability distribution for the final total translational KE is
‘then independent of P(s ) and P(s ) ) being determined solely by

. B(s

2)j'. One dbtains,vupon substituting for ;sét_ln (5)
PE) = P(Se) a&E | - T 12 PP -
| | ,{ ( £ )~:J“ o £ J
ds, 0 | as, 70

Thus, to lowest order, the KE distribution is a Gaussian centered

about the most. probable value

with a full width at half maximum
1/2 R '

EO ’
(FWHM) proportional to ¢/ (aE/ds 2)0 .

The temperature dependence of the constant C reflects 1tself

f.(lO)‘
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in a FWIM of the KE‘ distribution that is also temperature-dependent.
As the temperature approaches zero, the TWHEM approaches a finite value
determined by the quantum~-mechanical zero-point vibrations.of the

oscillator in the vsg.

point FWHM follows directly from our equations, the physical reason

| direction.. Although the magnitude of the zero-

for its largeness can be more easily seen from Fig. 4. The solid curve
indicates the dependence of the KXE on the initial value of 32

(for él = 0) , while the dot-dashed curve is the lowest-order approx-
imation to the PE of the system (along the scission line s) = 0).

. Note the relati?e flatnessvof the PE ; this results from the |

" near cancel;apion of the opposiﬂg effects of the sﬁrfaCe aﬁd COuiomb
“energies near the _SP..4 The value of the PE at whiéh the probability
6f initially finding the system falls to»bné-half_its maximum value is
‘shown by the dotted line. (This value of -PE is an increase of

(1n 2)( %— Ha) x 0.35% from the minimim. The calculated

vibrational freguency hfaé is ~ .0.8 MeV .). The relative steepness
.of the KE curve means that this very smal; uncérfainty ~ 0.3 MeV |
_ in.the PE is 'émplified” into a rather large zero-point FWHM f'lz Mev
in the 'KE.:L)1L vAé the npcledr temperatufe inereases, the uﬂcerﬁéintyiin
PE increases, resulting in a lérger FWHM. u

Shapes of = KE vdistributidns calculated using the origin;i'
expression (2) for E and taking into account all three distributions
of initialucondiﬁions are shown in Fig. 5. .These curves are very
‘similap to,Curveé calculate@‘using the simple expressioﬁ (iO), indicéting

that the-loWest-ordér approximation is fairly good. Note the increase
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in width as the nuclear temperature increases.

The predicted variation of the FWHM of the XL distributidn
with nuclear temperature is compared with preliminary experimental
data in Fig. 6.7 The solid circles are the data of Plasil’’ for the

compound nucleus 82Pbl98 , formed by the heavy-ibn bombardment of 7uW182

. 16 ) 213
NS 80 » Data for the compound nucleus 85At , formed from the

209

reaction . , are indiczted by the open circle (Burnett)l7

2
- 8
and the open square (Unik, et al.).l The value of the fissionability

Het + BBBi

rarameter x for both compound nuclei is 0.677. _ ‘ Y
The reported expe%imental values have been corrected for the
ieffects of'dispersion.due to neutron emission. For thé higher teme
'eratures, where.several neutrons are emitted from each fragmeﬁt, this
correction is rather large (é 8 MeV). The nuclear témperature‘is
determined in terms of the excitation energy at thé ‘SP 'from the'

19

semi-empirical nuclear egquation of state

ESP- 1., 2 . S : (11)
ex -

Tﬁe excitation eﬁergy at the SP is in turn given by the total bombarding

~energy in the center-of—mass.system, plus thevbinding ene?gy of the

projectile to the target, minus the liquid-drop fission-threshold

energy. : The effect of angular m&menéum on the threshold energy has

been taken into‘accouné for the heavy-ion-induced reactions.zo The

error bars reflect, in addition to experimental errors, uncertaintiéé

in‘the conversion from bombafding energy to nuclear temperature and 'in

the correction for neutron-emission effects.
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Expérimentél pognts at lower and at higher excitation energies -
would be extremely valuable. If the "flattening" of the curve to.a
constant value at low tomperatures and the linearity of'tne curve ét
 high temperafures could be verified-exnerimentally; two of the theory's
bmajor prédictions would be confirmed. At extremely low-excitation-

energies, fission cross sectiong of course become so small that experi-

mental"difficulties_are.encountered.

VI. DISCUSSION AND SUMMARY

We have discussed a very oimple sub~model of the li@uid-drop
model in connection with ﬁhe'calcuiation of fission-fragment XE
distributions. A step beyond the usual liquid-drop "static”
discussion of FE surfacos‘has been taken. by cons;dering the‘dynamics
of the separation of the fragments. From resulﬁs ofvthis study) we
haye’calculatédﬁthe most probable KE and also, for the limiting casél
of statistical equilibrium at the SP, widbths of KE distributions.
The preliminary comparisons of calculations with e#periment suggeot the .
following conclusions. The orderiof magnitnde of the experimental
most probable kinetic‘energies and widths are reproduced by tho calou-

lations. This 1s perhaps the most significant result, since there are..

._ng-adjuotable parametersvin the theory. (The constants of the Bothe-
Weizsécker'semi-empirical mass formula hane been taken from Green's
analyéis.u) The experimental trend of the mostvprobable KE _with! }
fissionability Parameter in Fig. 3 also seems to be approximateiy.
‘reproduce@, but there are indications of syétématic deviations outsi@e'

the experimental orfors. Although the experimental increaSe in widths
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with nuclear temperature in Fig. 6 is rbughly in accord with theory,
the trend is not sufficiently well defined to make the approximate
agreement very signifi¢ant.21 | |

On the whole, preliminary comparison with experiment suggests
that the limitations of the liquid-drop model— in its simplified'twq-
' spheroid appréximation;—-are not yet in evidence to a seribué degree, -
The kinetic-energy-distribution discussed in this-paper'is only one of
some half-dozen distributions of fission.propertiés that may be
deduced from the two-spheroid model (in its more general asymmetric
noncollinear form). It is hoped that by comparing the predictions of
vseveral different types of fission distributionslwith.e#periment, some -
idea of the relevance of the liguid-drop model for discussing fissién ,
:phenomena can be obtained. It is also hopea that some conclusions can
be reached regarding such questions as the viscosity of nﬁclear méttér

and ‘the establishment of statistical equilibrium at the SP .
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queséibn of mass asymmatryj hié célqulations weréfrestriéted,
howevér,.to the pre-scission stage of fission. See Dd&id Lawrence
Hill, DynamicaivAnalysis.éf ﬁuclear Fission, Ph. D. Dissertation,

Princeton University, April 1951; D. L. Hill, The Dynamics  of

Nuclear Fission, Faper No. P/ool, Proceedings of the Second United

Nations International Conference on the Peaceful Uses of Atomic

Eneréx, Vplume'l§; Physics in Nuciear Enérgy‘ (United Nations,

Geneva,‘lQSS), p. 2Lh, | -

The more general case in which.the two sphéroids are of unéqua;
volume, have uneqpél_semiémajbf axes, and are not collinear is

éﬁrréntly'beingvstudiedl

Aléx E. S. Gréen,-Couloﬁb‘Radius C@nstant from NﬁclequMaéses,
Pays. Reva..95, 1008 (1554). ' |

N. Bohr and J. A.theeler, The Mechanism of Nuclear Fissioq; Pays.

Rev. 56, 432 (1939).

S.. Cohen and W. J. Swiatecki, The Deformation Enérgy of a Charged

Drop: " Part V: Results of Electronic Computer Studies, Iawrence

il

' Radiation Laboratory Report UCRL-10450, Aug. 1962.
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John Archibald Wheeler (Princeton University), unpublished work.

The use of classical equations of motion may be partially Justified

on the grounds that a short distance from the SP the de Broglie

wavelength for translational motion has become relatively small,

and that the oscillations about each fragment's centef of mass
involve several quanta of energy.

V. E. Viola, Jr. and T. Sikkeland, Kinetic. Energy Release in Heavy-
Ion~Induced Fission Reacﬁions, Lawrence Rédiation Laboratory Report
UCRL-1028A, Oct. 1962, p. 30.

A completely‘consistent calculation would, of course,  treat the
system quantum mechanically both in the 8P regibn aﬁd in the
separated region. ‘The present mixture of classical and duantum
mechanics represents the first step in a series of refinements
aimed at a consistent qpantum-méchanical SOlutibn.

The same symbol P is ﬁsed to denote each of several probability
distributioné; the argument or subscript indicates which explicit

function is being referred to.

L. D. Landeu and E. M. Lifshitz, Statistical Physics, E. Peierls

‘and R. F. Peierls, translators (Addison-Wesley, Reading, Mass., 1958),.

 pp. 86-89.

An analogous formula has been used by M. Blann (University of Roch-

-ester) and W. J. Swiatecki (Lawrence Radiation Laboratory, Berkeley)

in connection with fisslon-fragment charge distributions,(unpub-

lished work ).
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‘Between Complex Nuclei, Asilomar, Calif., April 1963.
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Similar ideas regarding an amplification mechanism have been
described by Robert Vandenbosch, Dependence ef Fission Fregment
Kinetic Energies and Neutron Yields on Nuelear Structure, Institute
for Theoretical Physicsg'University of Copeénhagen, Denmark, and
Argonne National Iaboratory, Argonne, Illinois (n.d.), Preprint.
The predicted FWHM refers to symmetric-mass fission, while the
reperted experimental values include all mass ratios. The compar-
"ison 1is possible because for this low value of x—, there is

experimentally little'difference,'if any, between the FWHM for

symmetric-mass fission and for all mass ratios.

Frank Plasil (Lawrence Radiation Laboratory, Berkeley), priyate
cOmmuhieation.

Donald S. Burneﬁt (Lawrence Radiatidn Laboratory, Berkeley),.private
cemmunication.

J. Unik, G. L. Bate; and J. R. Huizenga, Studies of Coincident
Fragments in the Helium-Ion~Induced Fission of Bi209 and U258, Bull.
Am. . Phys. Soc., Series II, 7, 303 (1962).

J. M. B.. Lang end,K. J. LeCouteur, Statistics of Nuclear Levels,

Proc. Pays. Soc. (London), A 67, 592 (1954).

5. Cohen, F. Plasil, and W. J. Swiatecki, Equilibrium Shapes of a _

Rotating Charged Drop and Consequences for Heavy Ion Induced Nuclear

-Reaétions, talk presented at the Third Conference on Reactions

1

In additionvto experimental uncertainties,vthe present techniques:
employed in tracing out the implications of the model are not

entirely satisfactory. Either the mixture of quantum-mechanical
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initial condition: with solutions to classical equations of motion
must be fully jususified from first principles, or a complete
quantum-mechanic:l calculation must be'performed, On the other
hand, for most of the data compared here, the nuclear temperature
is sufficiently high that classical statistical mechani¢s ié valid
for determining the initial conditions, énd-the ambiguities
associated with the mixture of classicél and‘quantum mechanics

are not present.
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FIGURE LEGENDS

Fig. 1. Symmetric two-spheroid configurations for selected coordinates _
(marked by + ). The solution of the equations of motion for
x = 0,70 'corresponding to starting from rest at the saddle point
is indicated by the'points, The nofmal éoordinates at the saddle 1

for this value of x are designated by s, and Sy -

Fig. 2. Map .of the potential energy for x = 0.70 . The solution of
the equations of motion corresponding to starting from rest at

the saddle point is indicated by the'points,A

Fig. 3. Most probable fission-fragment translational.kinetic energy
as & function of x.. The three curves Shown are for infinitely
_ viscous fragments (top curve), fragments with nonviscous irrota-
ticnal f;ow (solid curve), and a simple approximation to the
latter (short-daéhed éurve). The data are those of Viqla'andv

Sikkeland,9

Fig.ih. Illﬁétfation of the effect of zero-point vibrations on the width
of the XE distribution. The relative flatness of the PE (dot-
‘dashed’ curve, fight ordiﬁate) means that an extremely small uncer-
tainty in PE ~0..3 MeV is amplified'into a rather large zero-
point FWHM ~ 12 MeV. in the KE (solid curve, left ordinate).

The normal coordinate s is giveh along the scission line by

. 2 I3 .
S, =\[§ (q2 - qQSP) = (\/372)(ql - qlSP). Tﬁe zero of PE is

at the initial sphere.
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Unik, et al.
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5. Calculated fis -u-fragment translational kinetic-energy
distributions for ‘ious nuclear températures.

6. Full width at half maximum of fission-fragment translational

kinetic~energy distributions as a function of nuclear temperature.
Pb198

17

The data are for the compound nuclei: 8p (solid circles,

213

Hﬁﬁfﬁ)mﬁ g5At ; open square,

18).

(open circle, Burnett
The abscissa is-scaled linearly with respect

to the square root of the temperature.
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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.









