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E. Cheifetz, t  H. R. Bowman, J. B. Hunter and S. G. Thompson 

Lawrence Radiation Laboratory 
University of California 
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December 17, 1970 

ABSTRACT 

The average number of prompt neutrons () emitted in the spontaneous 

fission of 257Fzn has been measured to be 3.97 ± 0.13 (based on 7= 3.72 

for 252Cf). This result and the known values of V for other nuclei that 

undergo spontaneous fission are transformed into excitation energy values 

and compared with the liquid-drop predictions regarding the excitation 

energy dependence on the fissionability parameter. 
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I. INThODUCTION 

a 	 The average prompt neutron yield (v) from spontaneous fission is 

directly related to the excitation energy of the fragments. The value of 

has been measured for several nuclei and exhibits a general increase 

with the fissionability parameter1  x. Theoretical calculations which 

involve liquid-drop dynamics agree with the experimental trend. An 

2 	- 
important consequence of the calculations is that V for isotopes of 

element ii' should be about 10. 

The number of nuclei for which v of spontaneous fission can be mea-

sured is rather limited. For x values below that of 238u the long spon-

taneous fission life times make the experiments impractical. For x 

values larger than those of fermium isotopes the short fission life times 

make the experiments difficult. In the experiment described here we 

measured the value of VT  for the spontaneous fission of ' 'm. This is 

the heaviest nucleus for which such a measurement has been carried out to 

date. The result is discussed in terms of the theoretical predictions 

and the uncertainties involved in extracting a reliable value of excita-

tion energy from a measurement of V. 

II. EXPERIMENTAL SYSTEM 

The measurement of the number of neutrons was performed using 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 induced a cascade of gamma rays from thermal neutron 

capture in the gadolinium. The cascade of gamma rays produced signals 
S 

in the photomultipliers that surrounded the tank. The system and its 

properties have been described in greater detail in an earlier report. 3  

257 In this experiment i for 	Fm was measured relative to the value of 

- 	252 
V for 	Cf. These two fission sources were measured simultaneously. The 

257 2  
Fm sample was placed 3 mm from a 3cm solid-state detector. The 

252Cf source self-transferred onto another solid-state detector was used 

for calibration purposes. The two detectors and fissioning sources were 

adequately sealed from each other and were both placed in close proximity 

at the center of the tank. 

The pulses from the solid-state detectors were passed through dis-

criminators set to avoid aiphas and alpha pile-ups. The fission events 

triggered a 36 isec gate with a 0.5 i.isec delay after fission. During 

this gate all the pulses above a certain level arriving from the liquid 

scintillator were counted (with better than 0.3 p.sec pulse-pair resolution) 

in a fast scaler with analog output. Detection of the prompt gamma rays 

from fission was eliminated by the 0.5 p.sec delay. The analog output 

from the scaler was sent to a multichannel analyzer at the end of the 

36 Iisec gate and a multiplicity histogram was thus obtained. The 36 isec 

gate was also triggered during the experiment by a slow rate pulser to 

obtain the background multiplicity distribution. The three multiplicity ,  

distributions, i.e., those triggered by 257Fm, 252Cf, and the pulser were 

recorded simultaneously on different regions of the multichannel analyzer. 

The spontaneous fission disintegration rate of each of the sources was 

sufficiently slow that any interference between the sources was negligible. 
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257 SAMPLE 

• 	 The 257. sample was produced in an intense explosion of the thermo- 

nuclear device "Hutch" 	We received from E K Hulet a 
257 source 

with an intensity of 170 a/mm (3)< 107  atoms, 0.5 fission/mm) elec-

troplated on platinum backing. The active area had a diameter of -- 6 mm. 

IV. RESLTS 

The observed multiplicity distributions are given in Table 1. The 

252 
weak tail at high multiplicities in the 	Cf and pulser cases are probably 

due to cosmic-ray-induced neutrons. From these results we obtain the 

efficiency, €, of the detection system to be € = ('Cf - n 1pulserVCf = 

0 ,515, where n is the average value of the recorded multiplicity distri-

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

of 252Cf was taken to be VCf = 3.72. 

The number of neutrons emitted from 257Fm over the number emitted 

from 
252Cf was thus 

nFm

I '1pulser = 1 067 ± 0 . 036  

Cf 	pulser 

$ 

and therefore for 257 	T = 3.97 ± 0. 13. The width of the neutron multi- 

plicity distribution was derived from the equation 

2 	2 - 	2 
av 	[an - n(I- e)]/ 
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which relates the variance 0 2 and. mean n of the observed distribution to 

the variance of.the real .netttron distribution •For =1 .71  

+ 0.37 whereas for 252Cf a 	1.37. ± 0.03. 

V. DISCUSSION 

The excitation energy of the fragments in spontaneous fission arises 

from the deformation of the fragments at the scission point. The excita-

tion energy is directly related to the number of emitted neutrons and 

therefore by studying Vi  of various spontaneously, fissioning isotopes, a 

comparison can be made with the results of dynamical liquid-drop calcu-

lations of the deformation at the scission point as a function of the 

fissionability parameter. Such a comparison is of interest because of 

its bearing on estimates of the number of neutrons that might be expected 

to accompany the spontaneous fission decay of superheavy nuclei. 

The total energy released in spontaneous fission, defined as 

arises from the differences between the mass of the fissioning nucleus 

and the masses of the fragments. Most of the energy release appears as 

kinetic energy of the fragments EK 	 a and a smaller part appears as excit 

tion energy of the fragments E. The excitation energy is released by 

emission of neutrons and gamma rays and its average can be written as 

E =v(B +)+  x 	n 	n 

and ff are the average neutron binding eüergy of the fragments and1the 

average neutron kinetic energies in the center of mass of the fragments 
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respectively. (The kinetic energy of the fragments Ek  is defined as pre-

neutron emission kinetic energy.) The average laboratory system kinetic 

energy of the neutrons L  is related to E by the relation = + /A 
n 	 n 	 n 	n 	K 

4 	 where A is the mass of the fissioning nucleus E 1  is 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- 

excitation of the fragments. The energy E can thus be roughly estimated 

as B + E and therefore Eq. (1) can be replaced by 

	

=(i.+ i)( 	±) 	. 	 ( 2) 

In Table 2 we present a summary of the average excitation energies 

in nuclei that undergo spontaneous fission The values of V for the 

various nuclei include the results of this experiment and results of 

other experiments which are referred to in the table. ff was determined 

in the following manner: The most probable heavy fragment mass was 

assumed to be 140 in all the cases of the table because the nature of 

asymmetric low energy or spontaneous fission is such that the heavy mass 

peak remains roughly unchanged 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 et a1 17  and averaged over even-odd effects in both protons and 

• 

	

	 neutrons. In lieu of experimental values for the average neutron kinetic 

energies we used interpolated values based on the relationship E = 

a + b. The constants a and b were bbtained from the known experimental 
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values E = 1.4 MeV for = 3 72 in 252Cf and E = 1.26 MeV and V = 

2.47 in thea1 neutron fission of 235U 

In Table 2 we also present the experimental kinetic energy and the 

total energy release 6M. LM was inferred from the Garvey mass tables 17  

(when experimental masses were unavailable). Again the heavy fragment 

mass was taken to be 1140  in all cases. 

The equation E x = 6M -. EK represents the balance of energy in spon-

taneous fission. The source of the difference between the values of 

and LNM - 	in Table 2 is due mostly to the nature of the approximations 

that were used to obtain these quantities and which affected the accuracy 

of E as well as LM - E. In calculation 	the main source of error is 
x 	 K, 	 x 

due to replacement of a properly weighted average over all the relevant 

neutron binding energies by the neutron binding energies of isotopes 

which are near the most probable fission species. Smaller errors are 

perhaps due to the assumption that the number of neutrons emitted by 

both fragments is the same and also to the fact that the neutron binding 

energies in the mass tab1es are subject to errors; however, all of these 

errors are probably less than 1 MeV per emitted neutron. 

The value of 69 - EK is also subject to error because we calculated 

the energy release corresponding to the most probable mass splits rather 

than taking an average over the whole mass and charge distribution. 

Furthermore the average kinetic energy values are probably uncertain by 

about 2-14 MeV. Altogether the difference between 9 and AR -EK can 

amount to 14-8 MeV as is indeed seen in the table. 
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The excitation energies E and LM - are plotted as a function of 

the fissionability parazneterx for various nuclei in Fig. 1. For compari- 
0 

son with the.experimental results we also show in Fig. 1 the excitat.ion 

• 	 energies of the fragments calculated by Nix using the liquid-drop model.18 

The calculations were carried out for symmetric mass divisions and were 

based on liquid-drop masses Although there is a 15-20 MeV discrepancy 

between the calculatlons,which include no adjustable parameters, and 

the experimental results, the trend for higher exc.itation 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 0.6 < x <.0.9 where 

the fission is induced by high energy projectiles. . In such cases the 

excitation energy that is associated with the deformation is obtained from 

- 	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-

lations can be attributed to single particle effects that exert an 

important influence on the shape of the nucleus at the saddle point or 

during descent to the scission point. At present no reliable estimate 
4 

can be made of the average number of neutrons. emitted in spontaneous 

• 	 fission of superheavy nuclei (x = 0.93) from liquid-drop dynamical calcu- 

lations since the dynamical consequences resulting from the single particle 

effects in both the inertial parameters and the potential energy surfaces 
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seem far from quantitative evaluation. If, however, the systematic 

difference of " 18 MeV between the experimental results and liquid-drop 

values persists at higher x values, then for superheavy elements with 

Z 114, A 298, the excitation energy should be about 65 MeV and 

7.8 neutrons. 
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Table 1 	Experimental results 

• Observed events 

Multiplicity 252Cf 257 Pulser 

0 14.93,685 187 18,614.5 

1 1,111.1,3 11.2 316 1,940 

2 1,386,855 4o6 178 

3 973,073 338 29 

II. 14.2 11.,856 175 23 

5 121,806 56 2 

6 2 11.,516 19 6 

7 3,7911. 2 3 

8 6211. 0 

9 202 1 

10  96 2 

Ii . 54 .  1 

12 91 . 	. Q. 

Total fissions 11.,570,9149 1,1499 20,830 

2014.0 2168 012 11. 

n2 1623 1911.6 o181 
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