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ABSTRACT
The average number of prompt neutrons (V) emitted in the‘sponteneous
fission ofv?57Fn has been'measnred to be 3.97 + 0.13 (based on V = 3.72

ZSZCf)'. This result and the known valnes of ¥ for other nuclei that

for
undergo spontaneous fission are transformed into exc1tatlon energy values
and compared w1th the llquld—drop predlctlons regarding the exc1tat10n

energy dependence on the flssionablllty parameter.
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I. INTRODUCTION

The everege prompt neutron yield (V)rfrom‘spontaneous fission is
direcﬁly related to the encitation‘eneréy of the fragmentsf The value of‘
V'has beenbmeasured for seversi nuclei and exhibits a generai increase
' W1th the fiSSionability parameterl X, Theoretical calculations which
1nvolve liquid -drop dynamics agree with the experimental trend. An
important consequence of the calculations2 is that v for isotopes of
element llh:should be about 10.

The number of nuclei'for ﬁhich-g'of spontaneous fission can be mea-

'238U the long spon-

sured is rather limited, For x values below'that of
taneous fission lifevtimes'meke“therexperiments impractical. For x
values larger -than those of fermium 1sotopes the short fission life times
make the experiments difficult In_the:experiment described here we
measured the value of V for_the spontaneous‘fission of 257Fm.. Tnis is -
the heaviest nucleus for_which such 8 measuremenr has.been carried out to
date. The result is discussed in termsvofvthe theoretical predictions

and the uncertainties involved:in extracting a reliable value ofvexcita-

tion energy from a measurement of V.

II. EXPERIMENTAL SYSTEM

’: The measurement of the number of neutrons was performed us1ng a large_
gadolinium-loaded liquid scintillator The fission sources and fragment
detectors were placed at the center of the tank. The neutrons from the

fission events underwent thermalization in the organic solvent in the tank
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and subsequently induéed a-éascade of gamma rays from thermal neufron
capture in the gadolinium. The caséade.of gamma rays produced signals
in the photomultipliers that surrounded the tank. The system and its
propérties'have beén deséribed_in greatef detail ih ah earlier.report.3.
‘Iﬁ‘thié experiment Vv for 25Thn was measured felative to the value of
-V for zs?Cf.' These two fission‘sdurcesvwere measured simultéheously. The
257Fm samplevwas placed 3‘mé from a 3‘cm2 solid-state detector. The
25zC,'f source'seif-transferréd onto another solid-state detector was used
for calibratioh purposeé; The'two'aetectors and.fissioning sources were
adequately sealed from each'other and were both placéd in- close proximity
at the center of the tank. |
The pulses from the solid-state detectors were passed through dis~-
criminators»set to avoid alphas and alpha pile-ups. Tane fission eVehté,.
triggeréa‘a.36 pusec gate with a 0.5 uééc delay after fiséion. During
this gate all the ﬁulses above a ceftain ievél arriving from_the liquid
scintiliatof were counted (with better'than'0.3 usec pulse-pair resolution)
in a fast scaler with anaibg oﬁtput. Detection Qf the prompt gamma réys
from fission was eliminatea.by the 0.5 uéec déiay. The analog output
from the scaler was sent to a multichannel analyzer at the end of the
36 usec gate and a mdltiplicity histogram was thus obtained. The 36 usec
gate was also triggered duringvthe experiment by a slow rate-pulser to
obtain ﬁhe background multiplicity distribution, The’three multiplicity‘
distributions, i.e., those triggered by'257Fm, 2520f, and the pulser were
recorded simultaneously on different regions of the multichannel analyzer,

The spbntaneous fission disintegration rate of each of the sources was

sufficiently slow that any interference between the sources was negligible.
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111. 2°TFm SAMPIE

The,257Fm'sample wégiproduced’in an_intense explosion of the thermo-

nuclear device "Hutch" l“VWe feééiVed'frbﬁ E. K. Hulet a-257Fm source
with an intensity of 170 a/mln (3 % lO7 atoms, ~ 0.5 f1551on/m1n) elec-

troplated on platinum backing. The active area had a dlameter of ~ 6 mm,

IV. RESULTS

The observed'multiplicity distributions are givenvin Table 1. The
| | 252

weak tail at high multiplicities in the Cf and pulser cases are probably
due to ébsmic-ray-indgced neutrons. From these results we obtain the
efficie?cy? €, of the-detectlon'system to be € = (an - npulser)/va =
0,515, where n is the average value of ‘the ;ééorded multiplicity distri-

bution. The average nunber of neutrons emitted in the spontaneous fission

of ese Cf was taken to be V = 3. 72
The number of neutrons emitted from 257Fm over the number emitted
from 252Cf was thus

- H
lser

|’§FF

1.067 + 0.036
cf ;pulser '

=}

and therefore for 22 'Fm V = 3.97 £ 0.13. The width of the neutron multi-

plicity distribution was derived from the equation

0,2 [0 2 - 51 - a1/,



Qe | .  UCRL-19988

which'reiateé the variance th»and.mean n of the observed distribution to-

2. For T o, = 1.70

the variancé of . the real.néﬁtrOn_distribution c v

v

+ 0.37 252 s
- 0.49° Yhe?easvfor 7 CE ij’ 1.37 % 0,03,

V. DISCUSSION

The éxcitétioﬁvenergytqf the ffagmépfs in spéhtgheouévfissién arises
from theidéformatioﬁ of thevfragments at’thé.sciséion point. The excita-.
tion energy is.directiy rélatéd to the number Qf emitted.heufrgns and
thefeforé by studying ¥ of v@fioﬁs éponﬁanedusly,fissidningiisotopes, a
comparisoh Can.be made with_thé results of dynamical'liquid;dfop calcu-
lations of the deformation at the sciééion innt és a function of the
fissionability parameter, Suéh a comparison is of interest because of
its bearing on estimates of the number’ of néutrons that might be.exbected
to accompény the spoﬁtaneous fission decay of supefheavy nuclei,

The total energy released in spontaﬁeous fission,bdefined as AM,'
arises from the differences‘befween the mé#s-éf thé'fissioniﬁg nucleus
and the masses of the fragmehﬁs. Most 6f the energy release appears as
kinetic energy of the fragments EK and a smailer part appears as excita-
tion energy of the fragments Ex' The ekcitation energy is.released by
emission of neutrons and gamma rays and 1ts average can be written as

B, =V(E,+E)+E. . ()
Eg énd.ﬁh are the average neﬁtron bindiné engrgy of the-fragmentS’andjthe

average neutron kinetic energies in the center of maés of the fragments
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respectively. (The'kinetie energy of'thevfragments Ek is defined as pre-
neutron emission kinetic energy.) The'average 1aboratory system'kinetic
energy of the neutrons E'L is related to E by the relatlon fﬁ‘: Eﬁ + ﬁk/A
‘where A is the mass of the fissionlng nucleus, .ﬁ},ls the average total
gamma-ray energy which amounts on the average to B /2 per fragment plus

~ some energy (~ 1.5 MeV) that is due to angular momentum effects in the de-

excitatlon of the fragments. The energy EY can‘thus be roughly estimated

as §£ + ﬁ; and therefore Eq. (1) can be replaced by
= (y;+bl)(Bn + En) - } (2)

In Table 2 we present a summary of the average exeitation energies
in nuclei that undergo spontaneous f1851on The values of V'for the
various nucle1 include the results of this experiment and results of
other experiments which are referred to in the table, Bn was determined
in the fol;owing'manner: The most probable heavy fragment mass was
assumed to be 140 in all the cases of‘the”table hecause the nature of
asymmetric low energy or spontaneous fission is suoh that the heavy mass
peak remains‘rough;y unchangéd in all the.known cases. The”charges of
the fragments were obtained from a constant Z/A ratio. The neutron
binding'energies of the fragments were taken from the mass tables of
Garvey éE El;l7 and averaged'over eVen-odd effects in both protons and
neutrons, In lieu of experimental values for the average neutron kinetic
energies we used interpo;ated values based on the relationship E£'=

L ,
a + bv>. The constants a and b were obtained from the known experimental
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values ﬁn'-—» 1.40 MeV for ¥ = 3.72 in 277ct and E_=1.26 MeV and ¥ =
235y |

2.47 1n'ther¢el neﬁfronef;ssion of |

In idhielz.we also preéeht the experimental_kinetic energy and ﬁhe
total energy_release M, AM>Was inferred from the Garvey mass tablesl7
(when éxperimental masses werefunavailaﬁle).. Again the hea&y fragment
mass was_faken tc be 140 ih all casee. | |

‘Theveqqation ﬁ; = MM -;Ek represents the balance cf energy in spon-
taneous fissich.' The sbufce.ofvfhe difference betWeen the values of'ﬁg
and AM - Ek in Table 2 is due_@ostly to.tﬁe nature of the approximations
that were used‘to obtaiﬁ these quantities and which affected the accuracy
of f' as well as AM - ﬁk In calculation ﬁ the main source of error is
due to replacement of a properly welghted average.over all the relevant
neutron blnding energies by the neutron binding energles of 1sotopes |
which are near the most probable fission species. Smaller errors are
perhaps due to the assumption that the number of’neutrohs emitted by
both fragments is the same and also to the fact that the neutron binding
energles in the mass tables are subject to errors; however, all of these
errors are probably less than 1 MeV per emitted neutron,.

The value of AM - ﬁk

- the energy release corresponding to the most probable mass splits rather

1s also subject to error because we calculated

than taking an average over the whole mass and charge distribution,
Furthermore'thevaverage kinetic energy Velues are probably uncertain by
about 2-4 MeV, Altogether the difference between ﬁ; and AM - Ek can
amount to 4-8 MeV as is indeed seen in the table,
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TheeeXCitation‘energies ﬁ;rand Aﬁ'-.ﬁk are plotted as a function of
the fissionability parameter x for various nuclei in Fig. 1. For compari-
son with the. experimental results we alsolshow in Fig 1 the excitation
energies\of the fragments calculated by Nix u51ng the liquid—drop model, 18
The calculations were carried out for symmetric mass divisions and were'
based on liquid-drop masses . Although therenis a 15-20 MeV discrepancy .
between the calculations,'uhich include'ng adjustable parameters; and
the experimental'results, the trend for higher ekcitation‘energy with
higher fissionability parameter is howeVer_similar_in both cases. Better
agreement is obtained between the-calculations and experimental values
of the kinetic energies of‘fragments from induced fission of compound
nuclei have fiSSionability parameters in the range O 6 < x< O 9 where
the fission is induced by high energy projectiles In such cases the
ex01tation energy that is associated with the deformation‘is obtained from
Aﬁ'- EK and these values are generally only 5-10 MeV lower than the calcu-
lated liquid-drop deformation energies |

The systematic deviation between experimental values of deformation
energy in spontaneous fission and the results of the.liquid-drop calcu-
vlations can be attributed to single particle effects that exert an
jimportant -influence on the shape of the nucleus at. the saddle point or
during descent to the scission point.,aAt present no reliable estimate
can be'made of the average:number Of-neutrons_emittedlin_spontaneous
fission oflsuperheavy nucleiv(x =0, 93) from liquid-drop dynamical calcu-
lations since the dynamical consequences resulting from the single particle

effects 1n both the 1nertial parameters and the potential energy surfaces
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seem far from quantitative evalﬁation. If, however, the systematic
difference: of ~ 18 MeV between the expérimental results and liquid-drop
values persists at higher x values, then for superheavy elements With'

'Z‘

e

114, A 298, the excitation energy should be aboutt65 MeV and

"

v 178 neutrons.
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Fig:'i The everage exc1£ation energy in spontaneous flSSlon as a
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