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. . N
ON KINETIC ENERGY RELEASE IN FISSION

Torb jgrn SikkelandT
Lawrence Radiation Laboratory
_ University of California
‘ _ I ‘ Berkeley, California T 4
' ' ’ 9720 ' ' : o i
January 1970 :
l Values for the mgst brobable kineﬁic energy release in fission following

compound -nucleus reactions between various targets and ions are reproduced, with

8 standard déviation of 1.5 MeV, by the expression
Y (MeV) = 0.00k2 Zi/Ai/3 + 0.075 E_, o )

where Zo’ Ao’ and Eo are respectiveiy the atomic number, mass number, and the

excitation energy =f the ccmpound nucleus.

The_total kinetic enérgy, EK, of the fission fragmeﬁts at infinite
séparation depends primarily bn thei: matual Coulomb potenfial, VE, at ﬁhe
scisslon configuration, and hence on the nucleonic compdsition and shape at that '

,.configuration. This depen@ence has been studied both theﬁretiéaliy (1] and ex~-
perimentally [2]. It has been deduced that the scission shape is approximately%
equal to two spheroids connected with & neck [1,2]. | |

The value of EK is also expected to be affected by the excitation'énergy
of the fissioning nucleus. This energy appears at the saddle in the form of (a)

? collectivé kinetic energy of the motion towards fission, (b) intrinsic excitation
(e) &ibratibnal excitation, and (d) rotational‘excitation.' The first three |

influence the width of the EK-distribution. %The rotational‘eﬁergy may in addition

alter the most probable value, Ek, in the following two ways. First, as the
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angular momentum increases, the system 1s forced to break with a decreasingly

C

the rotational.energy'is converted into translationai energy.

shorter neck, and hence at an increasingly higher value of V,. Second, part of

Previous experimeﬁts in which fission ﬁas induced by the use of 16O ions
did not reveel any variation of EK with the excitationvenergy of the fissioning
nucleus. In work.described here lLOAr is used, and the éxéitation energy can
be varled over & wider range than was possible with l60. As will be described
below, values-forvﬁk can be évaluated’from the experimeﬁtally determined most
probable léboratofy-frame (1ab) anglés.betwéen coincident fragment péirs.

The'techﬁigue used in neasuring the anguiar cbrrélation functions
has been described in detail elsewhere [3,4]. 'Thé ion beams &t an energy of
10.4 MeV/nucleon were furnished by the Berkeley Hilac. kLower energies ﬁere
obtained by degradation with Al foils. The ion energy.spectra were measured
with a silicoﬁ diode detector. The two silicon diode detectors, in the coin-
cidence e#periments, were in the plane with and at opposife sides of the beam
axlis. In general_one was kept at an angle wz = 90 deg to that axls, and the
correlation function was then obtained by measuring the fragment-fragment
coincidence rate as a function of tﬁe lab angular position Wl of the other.
For the system 2ONev+ nath this rate was measured as a function of the position
:W, ﬁhere ¥ o= Wl = wz.

The correlation functions have been shown in general to consist of
two peaks [3,&]; . The fregments recorded at the ndrrower one come from fissioning
'nuclideé produced in compound—nﬁcléus reactions, and those arriving at the
most probable angles,. Ei’ for this pesk represent the mdst probable»fissién

event in those reactions. We now assume for this event that (&) the coincident

o~



<9

-3- _,;' E UCRL-18991

primary fragments have the same nucleonic composition and exéitation energy,

and (b) nucleons are emitted Symmetricglly around 90 dég 1n the center-of-mass

'systém of the emitters, e.g.; the compound nucleus andvthe fragmenfs. Then,
throughout thé'acceleration,‘the‘fragments have the same velocity and mass.

Let us denote by v and yé the respective velocitiéé df-ﬁhE_fragments at infinite
separation when nucleon em;ssion does or does not occur Before full acceleration.
Lgt us furthermore denote by EK and E; the total kinétié'energies of the fragﬁents
when their mass is AO/Z,dnd thelr velocities are V'andvvé, réspectively; The
quantity EZ is-bf primary interest, since 1t representé'the kinetic energy

reléase of a nucleus for which the composition, (ZO,AO), éxcitation eneréy, Eo’
and angular mbmentpm distribution can be estimated.

- From the law of conservation of linear momentum_We obtain for E;

the expression

EE ='(1_F)Ek , | - K L . (2)
where | | | o

E = (AIEI/AO)(1+Atan2E) for EZI= 9 deg ; (32)

Ek = (AIEI/AO) tanfy for Ei = Eé =y (3b)
and |

F = (4/3) NN/A° - 2 /2, + (2RO/AO)[Zil/rni) + (12 /2) ZL(l/rpj')]-(n) |
: i= . j=1 .

Here, Zo and'A5 have been defined before; AI and EI are the mass number and

. lab energy of the ion respectively; N.. and NE represent respectively the number

N

of nucleons and of protons-emitted before scission; and rni and rpj are the



. - E | UCRL-18991

distances between the centra of the fragments atrwhich,-réspectively, ﬁhé ith

neutron aﬁd jfh proton are emitted. These dis£anceé éré given in units of tﬁe

disténce, Ro’ between the centra at scission.‘v v b, : - . a
For our systems, first-chance fission was estimaﬁed to be the most

probeble event, hence Ny = N_ = O. The distance, r ,, is related to the level

P
width,'?xi, for the emission of the 1th particle x by the expression

xi’

h/_l"xi = (Ro/v) [(rii - rxi)l/z + 1/2 ln{Z(rii - r%i)l/z + ZrXi-l}] ,  (5)

where X is Planck's constant divided by 2r.
‘Appfpximate values for ﬁoland V- were obtained‘from the expressions
Ziez/(hRo)'z.Ek and 1/2 maon2 = Ek, where m is the nucleonic mass.
- In the estimation of in we used the equation based on the level density
.expressiog o = poexp(aE);/? [5]<_ Here, E is the exéitation energy of the
nucleus folloﬁing particle emission, and a is the level density parameter,
which was set equal to A/lO; In the éascade we assumed the kinetic energy
carried off by a.neutron to be 4 MeV, and that carried off by & charged particle
to be équai to its Coulomb barrier with respéct to the residual nucleus.
One can easily show that scattering by target nuclei of the nucleil
" involved in a fiSéion event doeé not take place between the time the compound
nucleus is formed and the fragments are fully acceleratea. Scattering éfter
that time will not change theilr most probablé lab d%rections. Hence, the values
for EK’ as estimated from Eq. (3), are independent of ta:get thickness--as was
.also verified experimentally.
Values forvﬁk and E; are given in columns 4 and-S of Tablé I. Tﬁe
errors in E; given iﬁ colum 6 represent one standard deviation and are estimated

from the uncertainties of 1% in E_ and 0.22 deg in Wi’ and the error of 1% intro-

I
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duced by the uncertainty &n the values for P X1 |
The accuracy orf E; also depends on the validlty of assumptlons (a) and 
Cb) giveﬁ above; Assumption (&) has been shown to be valid for products in
(I,%n) reactions.[6]. Furthermore, the mass ana_kinetiéjenergy'distribﬁtions
Qf the frnaltfragmeﬁts.in heavy—iop ion-induced fission'ﬁave been shewn to be
symmetric\[Z,?l. .These experimental facts'strongly euggest that assumptions
(a) and (55 are indeed correct. | |
Included in Table I ére many systems for whieh ﬁ; was measured only.‘
at full ion energy. Theee experiments vere performed iﬁ order to test eiso the
dependence of EK.on (Z A ) and to compare dlrectly values for EK with those
'obtained previously from the measured most probable 1ab klnetlc energy [2].-
The agreement is satisfactory. | |
It is épparent fromlTable I that E; increasesISlightly with increesing

197

EI.'yHQwever,.only for the syetem Au + hOAr is this increese outside experi- - -
‘mental errors. Using a simple model, we can in the fqllpwing(show that this
veriétion in.ﬁé is mainly due to angular'momentum effects. This model is based
on these six assumptions: (a) the Coulomb.potential, Vc; ét'SCissiQn is_cenyerted
solely into klnetic energy; (b) the scission shape is characterized by two
touching collinear spheroids of uniform density; (c ) the ratlo, c, of the

major to the minor axis is the same for both fragments and independent of.bem-:
Eardiné energy; (d) the nuclear matter is incompreseible.and the momente'of'
1nertia of the spheroids are those of a rigid bady; (e) the fragments are

emitted along the sym@etry axis, i.e., the mejor axis; and (f) the most probable

value of thevprojection of the'total angular‘momentum,’I, on the symmetry axis .

is.zero.
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It follows from these assumptions that experimental values for V

C
should be given by )
o .2 | t
Vo = B - BI, | N . (6)

and that they should be independent of_bombarding‘energy. vHere, Ip is the

most probable value of I and [8]

. 250/ 342 , e by
2173(1+6c2 ’m r 2 5/3 : i ‘ '
00 O

3

where for ro,hthevnuclear-radiﬁs paraheter, we used the value 1.2 x lO-l cm,
and values for C were taken from the liquid-dfop model:calculations by Cohen
and Swiatecki.[l]. Estimatedvvalues for B éré given iﬁvéolumn 7 of Table I.
Since éssentially no nucleons are eﬁitted before fission, the I-
jdistribution at sciséion.is:equal'to that of the cohpouﬁd’nucleus. Assuming

a sharp cutoff at I = I the average valué, (Iz), of the square of I can be

CN’
estimated for such a distribution [9]. A realistic I-distribution is probably’
rounded near the top in such a way that the value of IS is somewhere between

those of (IZ) and I We shall therefore set

2
CN °
'I§.= (1/2) ((iz) + ICNZ) = 3/2 <12> ’ ' v. | (8)
2

‘and assign an error 30% to the values for Ip.

Values for V, are given in colum 8 of Table I, and we see they are,

c
within errors, independent of bombarding energy. A least-squares analysis of .
the data gives for Vb the expression
V. = 0.1187 Zz/Al/3 . | (9)
c o' o ’

It is interesting to note that V., is proportional to the quantity

C

2,1/
Zo/Ao/3’ which is what one should expect for point charges. Values for VC,
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as estihated from Eq. (9),can be compared directly with those estimated»oh the
basls of the l1quia drop model. <Such a comparison, based on data similar to
those obtaiﬁéd‘hére, has been performed previously [2], and we shallvtheféfqré
not discuss this agpect of the‘;ésults.

ValueS»foriﬁz calculated according to Egs. (6) fhrough‘(8) fit oﬁr
expé:imental daia with a standard deviation of about 1.5 MeV. They also fit
fairly well eiperimental velues for low-energy fission.._This, however, is to

be regarded as fortuitous, since at low energy assymetric division 1s the most

probable‘event, and effects of shell and structure in the mass surface of thé:

fission products play an important role [10].

The value of the quantity Ii increases almost linearly with that of

the excitation energy, Eo,-of the compound nucleus. Then, if we assume, to'a
first approximation, the parametér B in Eq. (6) to have a constant value, E;;

"will'varyliinearly with Eo'. This is the basis for the empirical ekpression,f

Eq. (1), given at the beginning, which is easier to use than Eq. (6), which

~contains an angular momentum term.

I thank Professor Marc Lefort for hospitaelity during my stey at the
Institute of Nuclear Physlcs, Orsay, France; the Norwegian Research Council
for Science and the Humanities, Oslo, for a research grant; and the Hilac crew

for excellent operation.
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Values for various quantities connected with kinetic energy

release in fission following compound nucleus reactions between complex

nuclei. The quantities in the table have been defined in the text.

1/3

2 — , T
System Zo/Ag Ep By B, St.dev. B V,  St.dev.
(MeV) (MeV)  (MeV) (MeV) (kev)  (MeV) (MeV)
0. .
23:U + ioAr 1854 b1k 231 227 3.8 0.45 219 L.6
238U + hoAr 1854 348 226 22k 3.8 0.45 219 4.2
23 U + Ar 1854 272 220 220 4.0 0.45 218 4,1
40 | | |
197Au + X Ar 1520 h1s 195 191 3.2 0.67 180 L7
19Tpu + qur 1520 352 189 187 3.2 - 0.67 180 k.1
197Au + qur 1520 278 185 185 3.2 0.67 181 - 3.5
L9Tp0 + *Oar 1520 187 177 177 2.9 . 0,67 176 3.2
975y + 2% 1318 207 160 160 2.8 0.87 156 3.3
197Au + ZONe
197 20 1318 160 157 157 2.8 0.87 155 2.9
Au+ Ne 71318 132 154 154 2.8 0.87 153 2.8
197Au + 120 1267 165 154 15k 2.8 0.93 150 3.0
Ylu+ 0 1267 108 148 148 2.7 0.93 147 2.7
lZSHo + 16 99k 15k 123 123 2. 1.k0 117 2.8
1654, + 16 994 122 121 121 2, 1.k0 118 2.4
238U + 2O 1634 207 196 196 3.5 0.58 193 3.6
238; + 16, 1579 165 191 191 3.4 0.62 188 3.5
2994 + e b1k 207 171 171 3.7 0.76 167 3.9
2095; 4 Y5 1362 165 165 166 3.0 0.82 163 3.2
175 + 16 1084 165 134 134 2.k 1.22 129 2.9
1591 + 169 953 154 120 120 2.2 1.51 114 - 3.0
n8%p 4+ %% 207 95.2 95.2 2.k 2.50 82 4.9
natyg + 607 165 84,0 84.0 2.2 3.2 72 5.0
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