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I INTRODUCTION 

For fission reactors in general and, in particular, for the 

proposed fusion-fission hybrid reactors [Ha82] where the D-T 

fusion reaction provides a source of 14 MeV neutrons to breed 2 3 3U 

or 2 3 9Pu fuel, it is important to know the relative number of high 

energy neutrons released in the fission reaction itself. Further, 

this number should be known as a function of the energy 

(0-14 MeV say) of the neutron which causes the fission. To calculate 

this high energy contribution it is first necessary to calculate the 

fission neutron energy spectrum. Experimental data above 10 MeV in 

the spectrum are generally not of high accuracy, because of low count 

rates. 

Two recent formalisms for calculation of the fission neutron 

spectrum were considered for the present work. The formalism of 

Madland and Nix [Ma82] of Los Alamos National Laboratory calculates 

the fission neutron spectrum (FNS) for a range of fissioning nuclei 

and a range of excitation energies with just a single choice of the 

nuclear level density parameter and with no need to employ any other 

adjustable parameters. It gives good agreement with experimental 

data. A theoretical drawback is that it considers only average values 

for fragment properties (e.g. temperature maxima, excitation energy 

and kinetic energy) and uses a restricted range of fragments to represent 

the full mass and charge distributions of fission. 

A second formalism considered was the 'Complex Cascade Evaporation 

Model" of Märten and Seeliger [Mär84a,Mär84b] of Technische Universität 

Dresden. This formalism incorporates the full range of fragment mass 

division. It also calculates the distribution of fragment excitation 

energy for each mass split - a calculation based on experimental values 



of neutron emission, gamma-ray emission and fragment kinetic energy. 

Of these two formalisms, the Dresden approach is more representa-

tive of the actual physical processes occurring. However, it is less 

straightforward than the Los Alamos approach and thus is not as readily 

applicable to a wide range of fission reactions. Therefore, for the 

present work, the Los Alamos formalism is used. An added feature is 

that the Los Alamos calculation is herewith extended to take account 

of fission fragment spin. 

Once the numerical form of the spectrum is known, the relative 

contribution of high energy neutrons (15-20 MeV) can be determined by 

numerical integration (see section 3). 

The Fortran IV program FISNEN (Fission Neutron Energies) 

was written to p e r f o r m the calculations. FISNEN takes about 

six minutes of CPU time on the Cray computer at CEN Saclay, France, and 

about sixteen minutes CPU time on the IBM 4381-3 at AAEC, Lucas Heights, 

Australia. It occupies about 400K bytes of CPU memory. 

II CALCULATION OF FISSION NEUTRON ENERGY SPECTRUM 

II.1 The basic details of the Los Alamos formalism are now given. A 

fuller description may be found in [Ma82]. 

From the nuclear evaporation theory of Weisskopf [We37,B152] the 

centre-of-mass neutron energy spectrum ф(е,о ) corresponding to a fixed 

residual nuclear temperature T is given approximately by 

ф(e,o ) = k(T)o (e)e exp(-e/T) (1) с с 

where k(T) is a temperature-dependent normalization constant given by 

-l 
k(T) = a (e)e exp(-e/T)de 

и о c 
(2) 

and where 



e = neutron energy in centre-of-mass system (CMS) 

ac(e) = energy dependent cross section for process of compound 

nucleus formation. This process is the inverse of 

neutron emission. These two processes are related 

through the reciprocity theorem [B152]. 

The triangular distribution of temperature proposed by Terrell 

[Te59] is used 

P(T) = • 
2T/T2, for T < T m " m 

0, for T > T m 

where the maximum temperature T is related to E*, the initial 

average total fragment excitation energy, and to a, the nuclear 

level density parameter, approximately by 

л* 
T = m 

< E * > 

(3) 

(4) 

<E*> is given by 
* tot <E > = <E > + В + E - <E > (5) r n n f 

<Er> = average energy release in fission, calculated for seven 

mass and charge divisions centred about the average of the 

A and Z distributions 

B n = neutron separation energy 

E n = kinetic energy of neutron inducing the fission 

<E^0t> = average total fragment kinetic energy; from data of [Un73]. 

The nuclear level density parameter a is taken as 

a = А/(11 MeV) (6) 

where A is the mass number of the fissioning compound nucleus. This 

expression for a is found to give the best fit to experimental data 

for the fission neutron spectrum. 



If the spectrum of equation (1) is integrated over the triangular 

temperature distribution of equation (3), the result for the CMS 

neutron energy spectrum is 
T 

•(e,0c) 
2o (e) e с 
T2 
m 

m 
к(T)T exp(-e/T)dT (7) 

То transform from the CMS to the laboratory system one uses the 

general result [Fe42,Te59] 

N(E,E_,o ) = f с 4/ËÇ 

(/Ё+/Ё£)2 

(/É-/Íf)2 

Ф(е,о ) с de (8 ) 

where E = energy of neutron in laboratory system. 

Inherent in equation (8) is the assumption that the neutrons are 

emitted isotropically from a fission fragment moving with average 

kinetic energy per nucleón E^. 

Thus, insertion of equation (8) into equation (7) gives for 

the laboratory fission neutron energy spectrum N(E,E ,cr ) I с 

N(E,E-,a ) = 
f ° 2/E7 T 2 

f m 

о (e) /ё de x с 

X 
m 

к(T)T exp(-e/T)dT (9) 

Thus equation (9) comprises the essential form of the Los Alamos 

calculation [Ma82]. 

Values for the compound nucleus formation cross section о (e) 

are calculated for the central fragments of the light and heavy 

mass peaks using the global optical model potential of Becchetti-

Greenlees ГВеб91 . For the present work, values of ° c( e) f°r central 

fragments in the reactions 2 3 5U(n,f) and 2 3 9Pu(n,f) were taken from 



5 

[Ma85]. For the reactions 232Th(n,f), 233U(n,f), 2 3 8U(n,f) and 
f\ с f\ 

Cf(sf) the values of ° c(e) were calculated with the computer 

code SCAT2 [Be81]. The range of values of e used in the above 

is 1 keV < e < 40 MeV. For e < 1 keV,a (c) is taken to be с 
ac(e) = a + (10) 

with the constants a, ß determined from the a (e) value and с 
slope at 1 keV. For e > 40 MeV the value of a (e) at 40 MeV is с 
used. One hundred values of Cc(e) were calculated for particular 

energies. Other о (e) values at energies intermediate to these were с 
derived using cubic-spline interpolation. 

2 3 2 

For Th(n,f) the average light and heavy fragments were 

taken to be 9 2Kr and 1 4 1Xe respectively, and <E^ t 0 t> was taken to 

be 163.5 MeV. These values were taken from the data of [Tr79] for 

2 MeV neutron fission of 2 3 2Th. 

In the present work the fission neutron spectrum was calculated 

for values of E between 10 keV and 20 MeV, in 10 keV steps. 

II.2 Incorporation of fragment spin 

It has been found by Wilhelmy et al. [Wi72] that 2 5 2Cf(sf) 

fission frag-nents possess large angular momentum (J ^7±2îï) aligned 

perpendicular to the fission axis. On this basis, it has been 

shown by Gavron [Ga76] that the resulting neutron emission is not 

isotropic in the CMS but contains about 10% anisotropy. Thus the 

transformation given by equation (8) is not stricly valid. 

When a neutron is emitted from a moving fragment at an angle 

01 in the CMS, the laboratory neutron energy E is given by 

E = E. + e + 2(E4=e)icos0' (11) 



For anisotropic neutron emission which is nevertheless symmetrical 

about 90°, the CMS neutron energy spectrum may be taken as [Te59] 

Ф{£,0с,6') = 
Ф(е,о ) (l+bcos261) с 

1 + b/3 (12) 

where b = W O V w O O 0 ) - ! is the anisotropy 

and W(9') is the neutron angular distribution in the CMS. 

Combination of equations (11) and (12) gives for the correct trans-

formation to the laboratory system when anisotropy is present 

N(E,E ,o ) = 
f C 4v^r 

(/e+./EJ)2 

(/e-/EJ)2 

Ф(е,сг ) l+b(E-e-E.)V4eEJde с ь f fJ 

/ё (l+b/3) 
(13) 

rather than that of equation (8). Therefore, the modified form for 

the laboratory fission neutron energy spectrum becomes 

N(E,E ,o ) = 
2/e7 T2(l+b/3) t m 

( v̂E+ /E^) 2 

о (e) /г de 

8 E 3/2t2 (1+b/3) 
r m 

m 

k(T)T exp(-e/T)dT + 

c/E+v^)2 

a (e)(E-e-Ef) de x 

(14) 

T m 
к(T)T exp(-e/T)dT 

The calculation represented by equation (14) gives the results of the 

present work. Numerical integration was used: Gauss-Legendre for the 

integrations over с and T, Gauss-Laguerre to calculate k(T) (see 

equation (2)). Thirty-two order quadrature was used for the Gauss-Legendre 

integrations and sixteen order quadrature for the Gauss-Laguerre integration. 
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The value of the anisotropy constant b was taken as 0.1, from [Ga76]. 

Ill RESULTS 

The results of the present calculation for neutron fission of 
232Th, 233U, 235U, 238U, 239Pu and for spontaneous fission of 252Cf 

are shown in Figures 1 to 6 respectively. Tables 1 to 6 list the 

numerical data for these spectra (b = 0.1). The area under each 

fission neutron spectrum curve is normalised to 1. 

Table 7 gives the ratio R of fission spectrum integrals for the 

above fission reactions, for incident neutron energies 0, 2 and 14 MeV, 
•20 MeV 

N (E) dE 

/•20 MeV 
N(E) dE 

J 0 

The R values are obtained by numerical integration of the data of 

Tables 1 to 6. As expected, R increases with E^. That is, the 

spectra become 'harder' 

For 14 MeV incident neutron energy, a correction for multiple -

chance fission is made, based on the data of [Ma 82] for 14 MeV 

neutron fission of 235U. The R value calculated from first-chance 

fission in the present work is reduced by 50% to give the multiple 

chance value. This correction was assumed to be the same for each 

reaction listed in Table 1. 

In Figures 1 to 6 the dashed line shows the fission neutron 

spectrum after incorporation of fragment spin (b = 0.1) ; the 

continuous line shows the spectrum assuming no fragment spin. 

The effect of fragment spin is only small - it hardens the spectrum 

below 0.5 MeV and above 5 MeV. The amount of this hardening is 

about 2% at 0.1 MeV, about 1% at 10 MeV and 2 to 3% at 20 MeV. 

Inclusion of fragment spin increases the average energy of the 

spectrum by 2 to 3 keV. 



8 

IV ACKNOWLEDGEMENTS 

The author is grateful to D.B. Madland for providing the 

oc(e) values for 235u and. 239Pu, for other supplementary data and 

for stimulating discussion. J.-F. Berger gave valuable assistance 

and advice with the Gauss-Legendre and Gauss-Laguerre integration 

techniques and with the interpolation method using cubic splines. 

0. Bersillon provided the о (e) values for 232Th, 23 3U, 238U and с 
252Cf, generated from his code SCAT2. The author also benefited 

from useful discussions with J. Fréhaut, С. Philis and J. Salvy. 

Finally, the author would like to thank Commissariat à l'Energie 

Atomique for the provision of an attachment and in particular the 

staff of Service de Physique et Techniques Nucléaires, Centre 

d'Etudes de Bruyères-le-Châtel for their warm hospitality and 

valued assistance. 



REFERENCES 

Be 69 Becchetti F.D. Jr. and Greenlees G.W., Phys. Rev. 182 (1969) 1190. 

Be 81 Bersillon O., CEA-N-2227, October 1981. 

Bl 52 Blatt J.M. and Weisskopf V.F., Theoretical Nuclear Physics, 
John Wiley and Sons Inc., New York (1952). 

Fe 42 Feather N., "Emission of Neutrons from Moving Fission Fragments", 
BM-148, British Mission (1942) . 

Ga 76 Gavron A., Phys. Rev. С 13 (1976) 2562. 

Ha 82 Harms A.A. and Heindler M., "Nuclear Energy Synergetics", 
Plenum Press, New York, 1982. 

Ma 82 Madland D.G. and Nix J.R., Nucl. Sei. Eng. 8_1 (1982) 213. 

Ma 85 Madland, D.G., private communication (1985). 

Mär 84a Märten H. and Seeliger D., Int. Conf. Nucl. Standard Ref. Data, 
Geel, Belgium (1984), p. 255. 

Mär 84b Marten H. and Seeliger D., J. Phys. G 10 (1984) 349. 

Te 59 Terrell J., Phys. Rev. Ш (1959) 527. 

Tr 79 Trochon J., Abou Yehia H., Brisard F. and Pranal Y., 
Nucl. Phys. A318 (1979) 63. 

Un 73 Unik J.P., Gindler J.E., Glendenin L.E., Flynn K.F., Gorski A. 
and Sjoblom R.K., Proc. 3rd IAEA Symp. Physics and Chemistry 
of Fission, Rochester, New York, 13-17 Aug. 1973, Vol. 2, 
International Atomic Energy Agency, Vienna (1974) p. 19. 

We 37 Weisskopf V.F., Phys. Rev. 52 (1937) 295. 

Wi 72 Wilhelmy J.B., Cheifetz E., Jared R.C., Thompson S.G., 
Bowman H.R. and Rasmussen J.O., Rhys. Rev. С 5 (1972) 2041. 





TABLE 1 
O t> 9 Numerical Values of Fission Neutron Spectrum for Th(n,f) at E = 2 MeV 

(Anisotropy Constant b = 0.1) 

ENERGY < MEV) N < E ) 

0 . 0 1 6 . 2 3 1 0 - 0 2 
0 . 0 5 1 . 3 7 6 0 - 0 1 
0 . 1 0 1 . 9 1 0 0 - 0 1 
0 . 1 5 2 . 2 9 3 0 - 0 1 
0 . 2 0 2 . 5 9 2 0 - 0 1 
0 . 4 0 3 . 2 9 9 0 - 0 1 
0 . 6 0 3 . 5 3 1 0 - 0 1 
0 . 8 0 3 . 5 2 0 0 - 0 1 
1 . 0 0 3 . 4 0 5 0 - 0 . 1 
1 . 2 0 3 . 2 3 8 0 - 0 1 
1 . 4 0 3 . 0 4 7 0 - 0 1 
1 . 6 0 О . 8 4 1 0 - 0 1 
1 . 8 0 О . 6 2 5 0 - 0 1 
2 . 0 0 2 . 4 0 0 0 - 0 1 
2 . 2 0 2 . 1 7 7 0 - 0 1 
2 . 4 0 1 . 9 5 7 0 - 0 1 
2 . 6 0 1 . 7 4 7 0 - 0 1 

. 8 0 1 . 5 5 2 0 - 0 1 
3 . 0 0 1 . 3 7 3 0 - 0 1 
3 . 2 0 1 . 2 1 0 0 - 0 1 
3 . 4 0 1 . 0 6 4 0 - 0 1 
3 . 6 0 9 . 3 2 8 0 - 0 2 
3 . 8 0 8 . 1 7 6 0 - 0 2 
4 . 0 0 7 . 1 5 7 0 - 0 2 
4 . 2 0 6 . 2 6 1 0 - 0 2 
4 . 4 0 5 . 4 7 3 0 - 0 2 
4 . 6 0 4 . 7 8 1 0 - 0 2 
4 . 8 0 4 . 1 7 4 0 - 0 2 
5 . 0 0 3 . 6 4 1 0 - 0 2 
5 . 2 0 3 . 1 7 4 0 - 0 2 
5 . 4 0 О . 7 6 3 0 - 0 2 
5 . 6 0 r> . 4 0 3 0 - 0 2 
5 . 8 0 2 . 0 8 8 0 - 0 2 
6 . 0 0 1 . 8 1 2 0 - 0 2 
6 . 2 0 1 . 5 7 1 0 - 0 2 
6 . 4 0 1 . 3 6 0 0 - 0 2 
6 . 6 0 1 . 1 7 6 0 - 0 2 
6 . 8 0 1 . 0 1 6 0 - 0 2 
7 . 0 0 8 . 7 5 9 0 - 0 3 
7 . 2 0 7 . 5 5 5 0 - 0 3 
7 . 4 0 6 . 5 0 2 0 - 0 3 
7 . 6 0 A . 5 9 4 0 - 0 3 
7 . 8 0 4 . 0 0 8 0 - 0 3 
8 . 0 0 4 . 1 3 0 0 - 0 3 
8 . 2 0 3 . 5 4 5 0 - 0 3 
8 . 40 3 . 0 4 6 0 - 0 3 
8 . 6 0 2 . 6 1 2 0 - 0 3 
8 . 8 0 2 . 2 3 6 0 - 0 3 
9 . 0 0 1 . 9 1 8 0 - 0 3 
9 . 2 0 1 . 6 4 5 0 - 0 3 
9 . 4 0 1 . 4 0 8 0 - 0 3 
9 . 6 0 1 . 2 0 4 0 - 0 3 
9 . 8 0 1 . 0 3 3 0 - 0 3 

10 . 0 0 8 . 8 3 6 0 - 0 4 
1 0 . 2 0 7 . 5 5 9 0 - 0 4 
1 0 . 4 0 6 . 4 7 0 0 - 0 4 
10 . 6 0 5 . 5 3 5 0 - 0 4 
10 . 8 0 4 . 7 3 5 0 - 0 4 

11 .00 
11 .20 
1 1 . 4 0 
11 .60 
11 .80 
12 .00 
12.20 
1 2 . 4 0 
12.60 
12.80 
1 3 . 0 0 
13 . 2 0 
1 3 . 4 0 
1 3 . 60 
1 3 . 8 0 
14 . 0 0 
14 . 2 0 
14 . 4 0 
1 4 . 6 0 
14 . 8 0 
1 5 . 0 0 
1 5 . 2 0 
1 5 . 4 0 
15 .00 
1 5 . 8 0 
16.00 

1 6 . 2 0 
1 6 . 4 0 
16.60 
16.80 
1 7 . 0 0 
17 . 2 0 
1 7 . 4 0 
1 7 . 6 0 
1 7 . 8 0 
1 8 . 0 0 
18.20 
1 8 . 4 0 
1 8 . 6 0 
18 .80 
1 9 . 0 0 
19 . 2 0 
1 9 . 4 0 
1 9 . 6 0 
1 9 . B0 
20.00 

4 . 0 4 9 П - 0 4 
3 . 4 6 2 0 - 0 4 
2 . 9 5 9 H - 0 4 
2 . 5 3 1 EI- 04 
2 . 1 6 1 D - 0 4 
1 . 8 4 6 1 1 - 0 4 
1 . 5 7 8 0 - 0 4 
1 . 3 4 7 0 - 0 4 
1 . 1 5 0 1 1 - 0 4 
9 . 8 2 2 0 - 0 5 
8 . 3 8 7 D - 0 5 
7 . 1 4 7 0 - 0 5 
6 . 0 9 9 0 - 0 5 
5 . 2 1 0 0 - 0 5 
4 . 4 3 7 0 - 0 5 
3 . 7 8 3 0 - 0 5 
3 . 2 2 8 0 - 0 5 
2 . 7 4 9 0 - 0 5 
2 . 3 4 2 0 - 0 5 
1 . 9 9 6 0 - 0 5 
1 . 7 0 0 0 - 0 5 
1 . 4 4 6 0 - 0 5 
1 . 2 3 2 0 - 0 5 
1 . 0 4 8 0 - 0 5 
8 . 9 1 7 0 - 0 6 
7 . 5 9 0 0 - 0 6 
6 . 4 5 5 0 - 0 6 
5 . 4 8 5 0 - 0 6 
4 . 6 6 4 0 - 0 6 
3 . 9 6 4 0 - 0 6 
3 . 3 7 0 0 - 0 6 
2 .8620-06 
2 . 4 3 3 0 - 0 6 
2 .0660-06 
1 . 7 5 4 0 - 0 6 
1 . 4 8 8 0 - 0 6 
1.2620-06 
1 . 0 7 1 0 - 0 6 
9 . 1 0 6 0 - 0 7 
7 . 7 3 1 0 - 0 7 
6 . 5 6 2 0 - 0 7 
5 . 5 6 3 0 - 0 7 
4 . 7 0 7 0 - 0 7 
3 . 9 8 7 0 - 0 7 
3 . 3 8 1 0 - 0 7 
2 . 8 6 8 0 - 0 7 

MEAN ENERGY 1 . 9 8 3 1 1 



TABLE 1 
Numerical Values of Fission Neutron Spectrum for 233U(n,f) at E = 0 MeV 

(Anisotropy Constant b = 0.1) П 

ENERGY < HEV) N(E) 

0.01 5.910U-02 U .00 6.2680-04 
0 .OS 1.3040-01 11 .20 5.4200-04 
0.10 1.8100-01 11 .40 4 .6860-04 
0,15 2.1730-01 11 .60 4 .0540-04 
0.20 2 . 4 î» S 0 - 0 1 11 .80 3.5010-04 
0.40 3 .1270-01 12 .00 3.0240-04 0 .60 3.3610-01 12.20 2,6150-04 0 .80 3.3670-01 12 .40 2 .2580-04 1 .00 3.2740-01 12.60 1 .9480-04 1 .20 3 .1300-01 12 .80 1 .6830-04 1 .40 2.9630-01 13.00 1 .4540-04 1 .60 2 .7800-01 13 .20 1 .2530-04 1 . 80 2.584 0-01 13.40 

1 .2530-04 
2 .00 2.3780-01 13.40 1 .0010-04 
2.20 2.1710-01 13.60 9 .3370-05 
2 .40 1.9650-01 13.80 8.0400-05 
2.60 1.7680-01 14 .00 6.9310-05 
2 .00 1.5830-01 14.20 5.9020-05 
3 . 00 1.4120-01 14 .40 5.1510-05 
3 .20 1.2550-01 14 . 60 4.4370-05 
3.40 1.1130-01 14 . ao 3.8260-05 
3 .60 9.8540-02 15.00 3.2940-05 
3.80 8.7170-02 15 .20 2.8340-05 3.80 15.40 2.4410-05 4 .00 7.7030-02 15 ,60 2,1020-05 4 . 20 6.8020-02 15.80 1.8080-05 4 .40 6.0020-02 16 .00 1.5570-05 
4 .60 5.2920-02 16.20 1.3390-05 
4 .80 4.6640-02 16.40 1.1510-05 5 .00 4.1060-02 16.60 9.8980-06 5.20 3.6130-02 16.80 8.5090-06 5 . 40 3.1740-02 17.00 '/, 3170-06 5,60 2.7870-02 17 .20 6.2860-06 
5 . 80 2.4440-02 17.40 5.4060-06 6 .00 2.1410-02 17.60 4.6420-06 6 . 20 1.8740-02 17. ,80 3.9880-06 6.40 1.6370-02 18 .00 3 , 4220-06 6.60 1.4300-02 10.20 2.9360-06 6,80 1,2470-02 18.40 2.5210-06 7 .00 1.0860-02 18.60 2.1690-06 7.20 9.4640-03 18.80 1 .8630-06 
7 .40 ß.2300-03 19.00 1,6000-06 
7 .60 7.1550-03 19.20 1,3730-06 
7 .80 6.2160-03 19.40 1.1 7511-06 
0.00 5,3970-03 19.60 1 .0070-06 
В. 20 4.6820-03 19.80 0.64 30-07 
8.40 4.0670-03 20 .00 7 , 4190-0 7 
В. 60 3.5270-03 
8.80 3.0540-03 
У .00 2.6400-03 
9 .20 2.2970-03 HE AN ENERGY 
9.40 1.9880-03 
9 . 60 1.7210-03 
9 , ВО 1.4 920-03 

10 .00 1.2910-03 
10.20 1 .118B-03 
10 .40 9.6780-04 
10.60 8.3730-04 
10.80 7.2440-04 



TABLE 3 
Numerical Values of Fission Neutron Spectrum for 235U(n,f) at E = 0 MeV 

(Anisotropy Constant b = 0.1) n 

ENERGY (MEV) N < E) 

0,01 5.9510-02 11 .00 4 .8740 04 
0 ,05 1.3140-01 11 .20 4 .1860-04 
0.10 1.8260-01 11 . 40 3 . 5940-04 
0 . 15 2.1940-01 11 .60 3.0870-04 
0.20 2.4010-01 11 .80 2.6480-04 
0 .40 3.1750-01 12.00 2.2720-04 
0.60 3,4300-01 12.20 1 .9500-04 
0.80 3.4400-01 12 .40 1.6710-04 
1 . 00 3.3420-01 12 , 60 1 ,4320-04 
1 .20 3.1940-01 12.80 1 .2290-04 
1 .40 3.0180-01 13.00 1 .0530-04 
1 ,60 2.8270-01 13.20 9 .0140-05 
1 .80 2.6210-01 13.40 7.7250-05 2.00 2.4050-01 13 .60 6.6210-05 
2,20 2.1890-01 13.00 5.6620-05 2.40 1.9740-01 14 .00 4 .8460-05 2. 60 1.7690-01 14 .20 4 .1520-05 2 .80 1.5770-01 14 .40 3.54 80-05 3 . 00 1.4010-01 14 .40 
3.20 1.2400-01 14 .60 3.0350-05 3.20 14 .80 2 .5980-05 3 , 40 1.0940-01 2 .5980-05 
3 , 60 

1.0940-01 15 . 00 2,2200-05 3 , 60 9.6440-02 15 . 20 1 ,8970-05 3 ,80 8.4 890-02 15.40 1 . 6220-05 4 ,00 7.4620-02 15 .60 1 .3860-05 4 ,20 6.554 0-02 15.80 1 .1830-05 4 ,40 5.7520-02 16 .00 1 .0110-05 4 .60 5.0450-02 16.20 8.6300-06 4 . 80 4.4220-02 16.40 7.3690-06 5 .00 3.8700-02 16.40 7.3690-06 
16,60 6.2900-06 5 .20 3.3860-02 16.80 5 . 3670-06 5.40 

5.60 
2.9580-02 
2.5820-02 17 ,00 

17 . 20 
4 .5790-06 
3 .9080-06 5. 80 2.2520-02 17.40 3 . 3350-06 6 .00 1 .9600 -02 3 . 3350-06 

6.20 1 .7050-02 17 .60 2 .84 30-06 
6 .40 1 .4810-02 17.80 2.4230-06 
6.60 1.2050-02 18 .00 2.0630-06 
6 .80 1 .1150-02 18.20 1.7570-06 
7 . 00 9 .6470-03 18.40 1 .4980-06 
7 .20 8.3500-03 18.60 1 .2800-06 
7.40 7.2100-03 18 .80 1 .0910-06 
7 .60 6.2340-03 19.00 9.2960-07 
7,80 5,3790-03 19 .20 7 .9060-07 
8 .00 4 , 6 4 2 Li - 0 3 19.40 6.7160-07 
8.20 4 .0020-03 19 .60 5.7160-07 
8 . 40 3.452.0-03 19.80 4.8740-07 
8.60 2. 97511-03 20 .00 4 . lSin-07 
8 ч 80 2 .5590-03 
9,00 2.2040-03 
9 , 20 1 .8990-03 
9.40 1.6330-03 MEAN ENERGY 
9.60 1 .4040-03 
9.80 1 .2090 -03 

10 ,00 1 .0400-03 
10.20 8.9330-04 
10.40 7.6840-04 
10 . 60 6.6030-04 
10.80 5,6740-04 

2.03401 



TABLE 1 
Numerical Values of Fission Neutron Spectrum for 23Bu(n,f) at E = 2 MeV 

(Anisotropy Constant b = 0.1) n 

ENERGY (hEV) N(E) 

0,01 5,98411-02 11 .00 5,2900-04 
0 ,05 1 ,3210-01 11.20 4,5540-04 
0,10 1.8350-01 11 .40 3.9220-04 
0,15 2,2040-01 11 .60 3,3750-04 
0,20 2,4890-01 11 .80 2.9040-04 
0,40 3,1750-01 12 .00 2.4980-04 
0.60 3,4200-01 12.20 2.1500-04 
0,80 3,4250-01 12 .40 1 .8480-04 
1 ,00 3,3260-01 12.60 1.5880-04 
1 ,20 3,1820-01 12 .80 1.3660-04 
1 ,40 3,0100-01 13.00 1.1730-04 
1 ,00 2,8180-01 13,20 1.0070-04 
1 ,80 2,6130-01 13.40 8.6620-05 
2,00 2,3980-01 13 .60 7.4330-05 
2,20 2,1810-01 13.80 6.3780-05 
2,40 1»9670-01 14 .00 5.4780-05 
2,00 1»7640-01 14.20 4.7010-05 
2,80 1.5740-01 14 .40 4.0300-05 
3 ,00 1.3990-01 14.60 3.4580-05 
3,20 1»2400-01 14 .80 2.9670-05 
3,40 1.0960-01 15,00 2.5410-05 
3 ,60 9 .6740-02 15 .20 2.1790-05 
3,80 8.5320-02 15.40 1.8680-05 
4 ,00 7 .5160-02 15.60 1 .5990-05 
4 ,20 6.6140-02 15,80 1.3700-05 
4 ,40 5.8150-02 16,00 1 .1750-05 
4 , 60 5.1090-02 1 6.20 1.0060-05 
4,80 4.4850-02 16.40 8.6070-06 
5,00 3.9330-02 16.60 7.3660-06 
5,20 3.4470-02 16.80 6.3030-06 
5,40 3.0170-02 17.00 5.3910-06 
5,60 2.6370-02 .17 .20 4 .6180-06 
5,80 2.3030-02 17,40 3.9510-06 
6,00 2.0090-02 1 7 .60 3.3770-06 
6,20 1.7500-02 17.80 2.8840-06 
6,40 1»5240-02 .18.00 2.4630-06 
6,60 1.3240-02 18. 20 2 . 1 0 6 0 -- 0 6 
6,80 1.1500-02 18.40 1 .8050-06 
7,00 9.9770-03 18 . 60 1.5440-06 
7,20 8.6490-03 18 .80 1 .3200-06 
7,40 7.4940-03 19 ,00 1.1260-06 
7 ,60 6.4840-03 19 ,20 9.5970-07 
7,80 5.6090-03 19 ,40 8.1880-07 
8,00 4 .8500-03 19 ,60 7,0020-07 
8,20 4.1940-03 19,80 5,9890-07 
8,40 3 »6230-03 20,00 5,1150-07 
8,60 3»1290-03 
8,80 2 »6990-03 
9.00 2,3320-03 
9,20 2 »0130-03 mean energy 
9,40 1»7350-03 
9,60 1»4970-03 
9,80 1»2920-03 

10 ,00 1.1130-03 
10,20 9,5910-04 
10 ,40 8.2750-04 
10.60 7.1290-04 
10.80 6.1390-04 



TABLE 1 
Numerical Values of Fission Neutron Spectrum for 239Pu(n,f) at E =» 0 MeV 

(Anisotropy Constant b = 0.1) n 

ENERGY (MEV) N ( E ) 

0,01 5.5190-02 11 .00 8.6600-04 
0 ,05 1 .2170-01 11.20 7.5420-04 
0,10 1.6900-01 11 .40 6.5710-04 
0, IS 2.0300-01 11 .60 5.7230-04 
0,20 2.2940-01 11 ,80 4.9800-04 
0,40 2.9390-01 12 ,00 4.3350-04 
0,00 3.1890-01 12,20 3.7740-04 
0,30 3.2220-01 12.40 3.2810-04 
1 . 00 3.1550-01 12.60 2.8530-04 
1 ,20 3.0400-01 12 .80 2.4840-04 
1 ,40 2.8990-01 13.00 2.1570-04 
1 ,00 2.7370-01 13 .20 1.3730-04 
1 . 80 2.5580-01 1 3 . 40 1.6300-04 
2,00 2.3680-01 13.60 1.4150-04 
2,20 2.1750-01 13.80 1.2290-04 
2 ,40 1.9810-01 1 4 . 00 1 .0670-04 
2,60 1,7960-01 14 . 20 9.2720-05 
2 ,80 1 ,6190-01 14 .40 3.0380-05 
3,00 1 ,4550-01 14 .60 6,9790-05 
3,20 1 ,3040-01 14 . 80 6,0610-05 
3,40 1.1650-01 15.00 5,2510-05 
3 ,60 1 .0400 -01 15 .20 4,5560-05 
3,80 9.2750-02 15.40 3,9540-05 
4 ,00 8.2580-02 15.60 3 , 4240-05 
4.20 7.3440-02 15. 80 2,9690-05 
4,40 6,5270-02 16 .00 2,5750-05 
4,00 5.7960-02 16.20 2,2320-05 
4 .80 5,1410-02 16.40 1.9330-05 
5.00 4 .5560-02 16 . 60 1.6750-05 
5.20 4 ,0350-02 16 ,80 1.4500-05 
5.40 3,5680-02 17.00 1.2550-05 
5.60 3,1530-02 17 .20 1.0380-05 
5. 80 2.7840-02 17.40 9.4250-06 
ó .00 2,4540-02 17.60 8.1560-06 
6 . 20 2, 1620-02 17.80 7.0540-06 
ó.40 1 ,9030-02 18 ,00 6.0950-06 
6 . 60 1,6720-02 18.20 5.2730-06 
6.80 1,4690-02 18.40 4.5720-06 
7 . 00 1,2890-02 18.60 3.9630-06 
7 .20 1,1300-02 18.80 3.4300-06 
7,40 9 , 9 0 9 0 - 0 3 19.00 2.9650-06 
7 ,60 8,6740-03 19 .20 2.5580-06 
7 ,80 7,5930-03 19.40 2.2080-06 
8,00 6,6440-03 19 .60 1 ,9100-06 
8,20 5.812П-03 19 .80 1 .6550-06 
8,40 5,0820-03 20 • 00 1 .4320-06 
8,60 4.4430-03 
8,80 3.8790-03 
9.00 3.3910-03 MEAN ENERGY 
9,20 2,9610-03 
9,40 2.5840-03 
9 , 60 2.2560-03 
9, 80 1.9700-03 

10 ,00 1.7180-03 
10,20 1.4980-03 
10 . 40 1.3030-03 
10 , 60 1.1400-03 
10,80 9.9340-04 



TABLE 1 
Numerical Values of Fission Neutron Spectrum for 252Cf Spontaneous Fission 

(Anisotropy Constant b = 0.1) 

ENERGY (MEV) N < E ) 

0 .01 5 .3090-02 
0 .05 1 .1690-01 
0 .10 1 .6200-01 
0 • 15 1 .9420-01 
0 .20 2 .1950-01 
0 • 40 о .8110-01 
0 .60 3 .0570-01 
0 .80 3 .0960-01 
1 .00 3 .0440-01 
1 .20 2 .9450-01 
1 .40 2 .8210-01 
1 .60 2 .6730-01 
1 .80 2 .5090-01 
2 .00 n .3340-01 
.20 2 .1520-01 

2 . 40 1 .9740-01 
.60 1 .7990-01 n A. .80 1 .6340-01 

3 .00 1 .4790-01 
3 .20 1 .3350-01 
3 .40 1 .2020-01 
3 .60 1 .0820-01 
3 , 80 9 .7150-02 
4 .00 8 .7110-02 
4 .20 7 .8060-02 
4 .40 6 .9880-02 
4 . 60 6 .2500-02 
4 .80 5 .5820-02 
5 . 00 4 .9830-02 
5 .20 4 .4420-02 cr •J .40 3 .9570-02 
5 . 60 3 .5210-02 
.80 3 .1290-02 

Ó . ОС •i 
A. .7800-02 

6 .20 •-> .4650-02 
6 .40 .1860-02 
6 . 60 1 .9360-02 
6 .80 1 .7150-02 
7 .00 1 .5160-02 
7 .20 1 .3410-02 
7 .40 1 .1850-02 
7 .60 1 .0460-02 
7 .80 9 .2370-03 
0 .00 3 .1550-03 
8 .20 7 .1950-03 
8 .40 6 .3460-03 
8 . 60 5 .5930-03 
ß .80 4 .9290-03 
9 . 00 A .3460-03 
9 . 20 3 .8270-03 
9 . 40 3 .3680-03 
9 .60 2 .9680-03 
9 . 80 2 .6110-03 

10 . 00 2 .2950-03 
10 .20 2 . 0200-03 
10 .40 1 .7760-03 
10 . 60 1 .5600-03 
10 .80 1 .3710-03 

11 .00 
11 .20 
11 .40 
11 .60 
11. ôo 
12 .00 
12 . 20 
12.40 
12 . 60 
12 .00 
13.00 
13 . 20 
13.40 
13 .60 
13. eo 
14 .00 
14 .20 
14 .40 
14.60 
14 .00 
15.00 
15 .20 
15 . 40 
15 .60 
15. 80 
16.00 
16.20 
16.40 
16.60 
16 .80 
17 .00 
17.20 
17 . 40 
17 .60 
1 7.80 
18 .00 
18.20 
18 . 40 
18. 60 
18.80 
19 .00 
19.20 
19.40 
19.60 
19.80 
20 .00 

1.205D-03 
1 .0570-03 
9.2840-04 
8•1540-04 
7.1470-04 
6 .2710-04 
5.5010-04 
•0 .0200-04 
4.2260-04 
3.7050-04 
3.2430-04 
2.8410-04 
2.4910-04 
2.1790-04 
1.9080-04 
1 .6720-04 
1.4610-04 
1 .2780-04 
1.1200-04 
9 .7870-05 
8.5590-05 
7.4930-05 
6.5480-05 
5.7200-05 
5.0030-05 
4.3740-05 
3.8210-05 
3.3420-05 
2.9210-05 
2.5480-05 
2.2270-05 
1.9460-05 
1.6990-05 
1.4830-05 
1.2940-05 
1.1290-05 
9.8680-06 
8.6280-06 
7.5340-06 
6.5760-06 
5.7300-06 
4.9920-06 
4.3540-06 
3.8030-06 
3.3210-06 
2.8980-06 

MEAN ENERtiY 2.28151 



TABLE 7 

RATIO R OF FISSION SPECTRUM INTEGRALS FOR 

SEVERAL FISSION REACTIONS 

R = 
20 MeV 

N (E) dE 
15 MeV 

20 MeV 
N (E) dE X 10 -5 

E = 0 MeV n E = 2 MeV n E = 14 MeVf n 

232Th(n,f) - 2.080 7.54 

233U(n,f) 4.311 6.106 13.50 

2 3 5U(n,f) 2.779 4.132 10.79 

238U(n,f) - 3.234 9.13 

239Pu(n,f) 7.184 9.593 17.29 

252Cf(sf) 12.35 - -

t Corrected for multiple-chance fission (see text). 





FIGURE CAPTIONS 

Figure 1 Fission Neutron Spectrum for 232Th(n,f) at E n=2 MeV. 
Dashed line incorporates fragment spin (b = 0.1). Continuous 
line neglects fragment spin. 

Figure 2 Fission Neutron Spectrum for 233U(n,f) at En= 0 MeV 
Dashed line as for Figure 1. 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

Fission Neutron Spectrum for 235U(n,f) at E n=0 MeV 

Fission Neutron Spectrum for 238U(n,f) at E n=2 MeV 

Fission Neutron Spectrum for 239Pu(n,f) at En = 0 MeV 

Fission Neutron Spectrum for 252Cf Spontaneous Fission 
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