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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 233y
or **%pu 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 enerqgy
(0-14 MeV say) of the neutron which causes the fission. To calculate
thishigh 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 Mirten and Seeliger [Mdr84a,Mdr84b] of Technische Universitdt
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 perform 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 Heilghts,
Australia. It occupies about 400K bytes of CPU memory.

IT 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 ¢(€,0C) corresponding to a fixed

residual nuclear temperature T is given approximately by
¢(£,Oc) = k(T)oc(e)e exp(~e/T) (L
where k(T) is a temperature-dependent normalization constant given by

-1

k(T) = [J oc(e)s exp(-e/T)de} (2)
0

and where



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

Gc(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

2T/T%, for T < T
m m

P(T) = (3)
0, for T > Tm

where the maximum temperature Tm is related to E*, the initial
average total fragment excitation energy, and to a, the nuclear

level density parameter, approximately by

3
T =[<E*>] (4)

m a

<E*> is given by

* tot>

<E"> = <E >+ B + E - <E (5)
r n n £

<Er> = average energy release in fission, calculated for seven
mass and charge divisions centred about the average of the
A and Z distributions

B = neutron separation energy

n

En = kinetic energy of neutron inducingthe fission

<Et°t> = average total fragment kinetic energy; from data of [Un73].

£

The nuclear level density parameter a is taken as
a = A/(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
2oc(c)e
¢(e,oc) = ———;—~ K(T)T exp(-€/T)d4T (7)
T
m 0

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

general result [Fed2,Te59]

(VE+/E )*?
f
1 ¢(e,oc)
N(E,E.,0 ) = —— —= de (8)
€ 4/5; Ve
(/E-VE)

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 nucleon Ef.

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

the laboratory fission neutron energy spectrum N(E,Ef,oc)

(/§+/E—;)2

1

N(E,E o () e de  x

g =
C ) . 2

fl
28 Ty R/

T
m
X J kK(T)T exp(-¢/T)4T (9)
0

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

calculation ([Ma82]. /

Values for the compound nucleus formation cross section OC(E)
are calculated for the central fragments of the light and heavy
mass peaks using the global optical model potential of Becchetti-
Greenlees [Be69]. TPFor the present work, values of OC(E) for central

235

fragments in the reactions U{n,£f) and 239Pu(n,f) were taken from



5

[Ma85]. For the reactions 232Th(n,f), 233U(n,f), 238U(n,f) and
252Cf(sf) the values of oc(e) were calculated with the computer
code SCAT2 [BeB8l]. The range of values of £ used in the above

is 1 keV < € < 40 MeV. For e < 1 keV,oC(c) is taken to be
o_(e) = a+ B/Ve (10)

with the constants a, B determined from the oc(e) value and
slope at 1 keV. For £ > 40 MeV the value of oc(e) at 40 MeV is
used. One hundred values of oc(s) were calculated for particular
energies. Other oc(e) values at energies intermediate to these were
derived using cubic-spline interpolation.

For 232Th(n,f) the average light and heavy fragments were
taken to be ?2Kr and '"!xe respectively, and <Eft0t> was taken to
be 163.5 MeV. These values were taken from the data of [Tr79] for
2 MeV neutron fission of 232Th.

In the present work the fission neutron spectrum was calculated

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

IT.2 Incorporation of fragment spin

It has been found by Wilhelmy et al. [Wi72] that 232Cf(sf)
fission fragmwents possess large angular momentum (J V7+21) 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 wvalid.

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

8' in the CMS, the laboratory neutron energy E is given by

E = Ef + € + 2(Efe)§cose' (11)



For anisotropic neutron emission which is nevertheless symmetrical
about 90°, the CMS neutron energy spectrum may be taken as [Te59]

¢(€,oc)(l+bcosze')

@(e,cc,e') = WYE {(12)

where b = W(0" /W(90°)-1 is the anisotropy
and W(6) 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

(/E#VEf)Z
o(e,0 ) [1+b(E~e~E ) */4eE | de
N(E,Ez,0 ) = = /_ (13)
4VE, (V- @;}2 £ (1+b/3)
rather than that of equation (8). Therefore, the modified form for
the laboratory fission neutron energy spectrum becomes
(/E+/E;)2
. Ve
N(E.Efloc) = " Oc(e) e de x
ZVEf Tm(1+b/3) (\/E——\/ETf.)z
T
[ m
x k(T)T exp(-&/T)dT +
o
(14)
(/E+/E;)2
[
+ y b OC(E)(E—e-Ef)2 de x
3/ m2
8E_"2T’ (1+b/3) | JE-VE )2
£ m (VE Ef) /e
T
m
X k(T)T exp(-€/T)ar

The calculation represented by equation (14) gives the resultsrof the
present work. Numerical integration was used: Gauss-Legendre for the
integrations over ¢ 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.



The value of the anisotropy constant b was taken as 0.1, from [Ga76].
III RESULTS

The results of the present calculation for neutron fission of

232Th’ 233U, 235U 238U 252

‘ 239y and for spontaneous fission of Ccf

.
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

J N(E) 4E
R = 15 Mev (15)
J'ZO MeV

N(E) dE
0

The R values are obtained by numerical integration of the data of
Tables 1 to 6. As expected, R increases with En. 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

£ 235y, The R value calculated from first-chance

neutron fission o
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 Pigures 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.
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TABLE 1

Numerical Values of Fission Neutron Spectrum for 232Th(n,f) at En = 2 MeV
(Anisotropy Constant b = 0.1)

ENERGY (MEW) NCED

0,01 6.2310-02 11.00 4,049L-04
0.05 1,3760-01 11.20 3.,4620-04
0.10 1.9100-G1 11,40 2,9590-04
0,15 2,2930-01 11,460 2.5310~04
0.20 2,5920-01 11,80 2,161D0-04
0,40 3,2990--01 12,00 1,8450-04
0.460 3.5310-01 12,2 1,5780-04
0.80 3.5200-01 12.40 1.3470--04
1.00 3.4050-01 12,60 1,1500-04
1.20 3,2380L-01 12.80 ?,8220~0%
1.40 3,0470-01 13.00 B,38720~-05
1.60 2.8410-01 13,20 7.,1470-05
1,80 2,6250-01 13,40 6.0990-05
2.00 2,4000-01 13.40 5.,2100-0%
2,20 2,17720-01 13.80 4,4370-05
2.40 1.9570-01 14,00 3,7830-0%
2,60 1,74720-01 14,20 3.2280-0%
2.80 1.5520-01 14,40 2,7490-05
3,00 1.,3730-01 19,60 2.3420-05
4.20 1.2100-01 14.80 1.,9940-09
3.490 1.0640-01 15.00 1.7000~0%
3.460 9.,3280-602 15.20 1.4450-0%
3.80 8,1760-02 15,40 1.2320-05
4,00 7.1570-02 15.60 1.0480-0%
4,20 6.2610-02 1%.80 B8.9170-06
4,40 5.,4730-02 146.00 7.5900-06
4,60 4,781N0-02 16,20 6.4550-06
4,80 4.1740-02 18,40 5. ABS0D-06
5,00 3.6410-02 16,60 4,66411-06
5,20 3.17240--02 14.80 3,.9640-04
%5.40 2.72630L-02 17.00 3.37200-06
5.60 2.4030-02 17.20 2.8620-06
3.80 2.0880-02 17 .40 2,4330~06
6.00 1.8120-02 17.60 2,0680-06
620 1,57110-02 i7.80 1.7540-06
5.40 1.3800-02 18.00 1,4880-04
$4+60 1.,1760~02 18,20 1,2620-06
&80 1,0160-02 18.40 1,0710-06
7.00 B.72590~03 18,60 9.1060~-07
7.20 7.5550-03 18.80 72.7310-07
7.4G H5,5020-03 19.00 beS620-07
7.460 5.,5940-03 19.20 S.5630-07
7.80 4,03080-03 19,40 4,7070L~07
8,00 4.,1300-03 19.60 3.9870-07
8.20 3.5450-03 19.60 3.3810-07
8,40 3.0440~03 20.00 2.8480-07
8.60 2.6120-03

8.80 2.2380-03

%.00 1.9180-03

9,20 1.6450-03 MEAN ENERGY = 1.968311
9,40 1.4080-03

.60 1.204D-03

9080 10033["‘03

10,00 8.8340~049

10,20 7.559““04

10.40 6:.4700-04

10.40 S,5350~04

10.80 4,7350-04



TABLE 2

Numerical Values of Fission Neutron Spectrum for 23343(n,f) at En = 0 MeV
(Anisotropy Constant b = 0.1)
ENERGY (HEV) NCE)
0,01 S.91001-02 11,00 6.2680-04
0,05 1.3040-01 11.2 S5.4200-04
0,10 1.8100-01 11,40 4,6860-04
0.18 2,1730-01 11.60 4,0540-04
0.20 2,4%8N0-01 11,80 3.5010-04
0.40 3,1270-01 12.00 3.0240-04
0.60 3.3610L-01 12,20 2,5150-04
0.80 3.3870-01 12,40 2,2580-04
1.00 3.2724D0-01 19,50 1.948L-04
1.20 3:1300-01 12.80 1,6830~ 04
1.40 2.9630-01 13,00 1.4540-
1.0 2.7800-01 13,20 1.253n—o4
1.80 2.5840-01 13,40 1.0810-04
2.00 2,3780-01 13,50 9.3370-05
2.20 2.1740-01 13,80 8.0400-05
2,40 1,9650~01 1300 4.9310-05
2,60 1.,7680-01 14,20 S 9B2D-05
2.80 1.583D0-01 - gt
3,60 1.4120-01 14,40 5e1510-05
e il 14,60 4,4370-05
3 1.2550-01 14,80 3.8280-05
5,40 1.1130- 15.00 3,2940-05
3060 7,8540-02 15,20 2.8340-05
$.80 8.7170-02 15.40 2,441D~05
4.00 7.7030-02 15,50 2.102D-0%
4,20 6.802L-02 15,80 1,8080-09
4.40 é.0020-02 16,00 1.5570-0%
4.60 5.2920-02 16420 1.3390-05
4.80 4.,8640-02 16,40 141510-05
35.00 4,1040-02 16.60 92,8980~
J»«O 8130~ 16.806 8.5090-06
5440 3.1740-02 17,00 74317006

G.80 2.7870-02 17.20 &.28560-06
5,80 20444002 17,40 $.4060~06
6,00 2.1410-02 17.60 4,5420-06
620 1.8740-02 17.80 3,9880~05
6.40 1.8370~02 18.00 3.422D-06
$5+60 1.4300~-02 18,20 V934N
6,80 1.2470-02 18,40 “5219
7,00 1.0860-02 18,60 ‘.1593»05
7.20 2:4540~03 18,80 1,8830~
7.+40 8,2300~ 03 19,00 1,6000-06
70\‘.)0 7 1th[‘ 19.20 10373["‘06
7.80 6.216h~06 19,40 1,1750-06
8.00 5. 3970-03 19,40 1.0070-04
8,20 4.6820- 19.80 8.6430-07
8,40 4, 067D 03 20,00 7,4190~07
8,60 3,5270-03

8,80 3.0540-03

9.00 2,6480-03

9,20 2,2970-03 MEAN ENERGY = 2,083
9,40 1.,9880-03

9,60 1.,7210-03

‘?oBO 1 0492”"03
10,00 1,2910-03
10,2 1.1180-03
16.40 2.,678D-04
10,60 8.373D-04
10,80 7.244D-04



Numerical Values of Fission Neutron Spectrum for

TABLE 3

235

0.01
0.08
0.10
0,13
0,20
0.40
0.60
0.80
1.00
1,20
1.40
1.60
1.80
2,00
2,20
2,40
2,60
2,80
3,00
3,20
3.40
3.60
3.80
4.00
4,20
4.40
4.60
4.80
B.00
.20
S.40
S5.40
S5.80
6.Q0
620
é6.40
6,60
6.80
7.00
72.20
7.40
7.60
7.80
8.00
8.20
8.40
B.60
8,80
?.00
?.20
9.40
?.40
?.80
10.00
10,20
10,40
10,60
10.80

(Anisotropy Constant b = 0.1)
ENERGY (MEV)

5.9510-02
1.,3140-01
1.8260~01
2,1940-01
2.4810~01
3,1750-01
3.,4300-01
3.4400-01
3.3420-01
J.1940-01
3.018L~01
2,8270-01
2,6210-01
2,4050+-01
2.1890-01
1.9740-01
1.72690-01
1,572720-01
1.4010-01
1.240D-01
1,0940~-01
?.6440-02
8.,4890h-02
7+4620-02
6.,554D-02
$.7520~-Q2
S$.0450-02
4.,4220L-02
3,8700L-02
3,388D-02
2.9580-02
2.,5820-02

2.2520-02

1.9600-02

1.7050-02
1,4810-02
1.2850-02
1.1150-02
@.6470~03
8.,3500-03
7.2160-03
6,2340-03
5,3790L-03
4.,6420~0%
4,0020-03
3,4520-03
2.9750-03
2,5590-03
2,2040-03
1.8990-03
1.6330-03
1,4040-03
1.,2090-03
1.0400~0%
8.9330-04
7.,6840-04
6.6030-04
5,6740-04

N(E)

11.00
11,20
11,40
11.60
11.80
12,00
12.20
12.40
12,60
12.80
13.00
13.20
13,40
13.40
13.80
14,00
14.2
14.40
14,60
14.80
15,00
18.2¢0
15,40
15,60
15,80
15,00
16,20
16.40
16,690
16.80
17,00
17.20
17,40
17.60
17.80
i8.00
18,20
18.40
18,60
18.80
19,00
19.20
19,40
19,60

19.80
20,00

MEAN ENERGY

4.,87240-04
4,1840-04
3.5240-04
3.,0820--04
2, 54980-04
Q272004
1.,9500~-04
1.,472110~-04
1,4320-04
1.2290-04
1,0530-04
2.0140-0%5
7.7250-05
6.8210-0%
S.46620-05
4,8460-0%
4,15820-0G5
3.54080-00
3+0350-08
2,5980-09
2,2200-05%
1.8970-0%
1.6220-08
1.3880-08
1.1830-05
1.0110-0G0G
8,5638BL-06
7.3890~0C4
6.2900-06
S.3870-04
4.,5790-06
3.2080-06
3,3351-06
2.8430-06
2,423N-06
2.,0830~06
1,7570-0¢6
1.4980~-0¢
1.2800-06
1.0910-06
Pe2V5-07
7:9080-07
6+7160-07
S:7218D-07
4,8740-07
4,.,1510-07

U{n,f) at En = 0 MeV

2,03401



TABLE 4

Numerical Values of Fission Neutron Spectrum for 23%y(n,f) at En = 2 Mev

0.01
6.0%
U.10
0,15
0.20
0.40
0.60
.80
1.00
1.20
1.40
1.60
1.80
2.00
2.20
2+40
2+60
2.80
3.00
3.20
3.40
3.60
3.80
4.00
4,20
4,40
4.60
4,80
B3.,00
9420
540
Se60
%.80
4,00
G+20
6+40
660
6.80
7,00
7.20
7.40
7.80
7+80
8.00
8.20
8,40
B8.60
8,80
?.00
9?20
?.40
P60
?.80
10,00
10,20
10.40
10.60
10.80

ENERGY (MEW)

S.9840-02
1.,3210-01
1.8350-01
2,2040D-01
2.,489h-01
3.17250~01
3.,4200-01
J3.425D0~01
3.326D~-01
3,1820-01
3,0100-01
2.8180-01
2,6130-01
2.3980~01
2.1810-01
1.9670-01
1.7640-01
1.5740~-01
1.3990-01
1.2400-01
1.09611-01
?.5740-02
8.532n-02
7.5160-02
6.,6140--02
$,8180-02
5.1090-02
4.485p-02
3.,933L-02
3.4470--02
3,0170--02
2,63720-02
2.3030-02
2.,0090-02
1.2500~-02
1.,5240~02
1,3240-02
1.1%00-02
?.9770~-03
8,46490-03
7:4940-03
60484&“03
$5.4090~-03
4,8500-03
4,1940-03
3 .623[!*03
3.1290-03
2,4699D-03
2.3320-03
2.0130~03
1.,72350n-03
1.4970-03
1.2920-03
14113003
?,5910-04
8.2750~04
7.1290-04
6.1390-04

{Anisotropy Constant b = 0.1)

N(E)

11,00
11.20
11.490
11.60
11.8¢
12,00
12,20
12.40
12.60
12,80
13.00
13.20
13,40
13.60
13,80
14.00
14,20
14.4¢0
14,60
14.80
15,00
15.2¢
15.40
15,60
15.80
16.00
16.20
16.40
16.60
15,80
172,00
17.20
740
17.40
172.80
18.00
18,20
18.4¢0
18'{)0
18,80
19,00
19.20
19.40
19.60
19.80
20.00

by
?220-04
3.3750~-04
2,9041L-04
2.,4980~-04
2,1500-04
1.8480-04
1.5880-04
1.3650--04
1.1730-04
1.0070-04
8,6620-05
7.4330-0%
6.37801-0%
5,4780-0%5
4,7010-03
4.0300-05
3.4580-05
2.,2570-05
2,3410-08
2.,1790-05
1.8680-05
1.8990-08
1.370L-05
1,1760-05
1.006D0-08
8.4070-04
7.3660~-04
$.3030-04
5.39210-04
4,4180-06
3.2510-06
3.3770-04
2.8840-06
2.4830~04
2:106D0-046
1.805D-06
1.344D-06
1.3200~-04
1,1260~04
FeG970-07
8.1880-07
7.0020-07
S,9890-07
S,118D0-07

MEAN ENERGY =

2.04501



TABLE 5

Numerical Values of Fissjion Neutron Spectrum for 239Pu(n f) at E = 0 MeV
(Anisotropy Constant b = 0.1)
ENERGY (MEW) N(E)

0,01 $5:5190-02 11,00 8.,46600-04
0.05 1.217D-01 11.20 7.5420-04
0,10 1.,6900-01 11.40 6.5710-04
0,1% 2,030D0-01 11.60 $.7230~-04
0,20 2.,2940-01 11.80 4,9800-04
0.40 2,9390-01 2.00 4,3350~04
0.60 3.1890-01 '.._0 3.7740-04
0,80 3.2220-01 12,40 3.2810--0
1.00 3.15850-01 12.60 2,85230-04
1.20 3.0400-01 2.80 2,484D-
1.40 2,8990-01 132,00 2.1570-04
1.460 2.,7370-01 13.2 1,873D0-04
1.80 2.558D0- 01 13.40 1,6300-04
:.000 50\5\58[‘ 1‘5060 1041:!['“04
2,20 753*01 13,80 1,2290-04
2,40 1.9810-01 14,00 1.06870~-04
2,60 1.7960~ 14,20 Pe27220-05
2,80 1.6190-01 14,40 8.0380-0%5
3.00 1.4550-01 14,50 6¢9790-03
3'20 1.304["_ 14080 60061[""05
X,40 1.1465Dh-01 15.00 $,2510-05
5. 40 540D~ 15,20 4.,5580-05
g'gg ;.ggggﬂg; 15,40 3.9540-05
4.00 8.2580L~-02 15,50 3.4240-0%
4,20 7.3440-02 13,89 2:9690-05
4.40 &,5270-02 15.00 2.5750-05
4.&0 5079611"02 16020 20232[““00
4.80 §.141D0-02 18,40 1.9330-05
%, 00 4,5560~02 14,60 1.67250~-05
-Jtt-u 4.035”__04- 16080 1»4-.}0[‘ Od
.40 3,5680-02 17.00 1,2530-095
5, 60 3,1530-02 17,20 1.083D~
5.80 2,7840-02 17.40 704250~
&. 00 2,4540--02 17.40 8.1580~064
6H.20 2,1620-02 17,80 7.054D-04
&40 1.9030~ 18.00 6.0960-04
5,60 1,6720-02 18,20 $5.2730L-06
6»80 10469["‘02 18040 4»572["‘06
7.00 10289['"0” 1&3.60 3.‘)\53“'"06
7.20 1.,1300-02 18.8¢ 3.4300-04
7,40 9.2090-03 12,00 2,94650-06
7 .60 B.,8740- 12.20 2,5580- 06
7.80 7.5930-03 19,46 2.2080~
8,00 6,644D~03 17,50 1, 910“'°é
. pe = o 19080 1.655[‘“06
8,20 2.B8120-03 20,00 1.4320-06
3.40 5,0820-03

8,60 4.,4430-03

8,890 J.8790-~

$.00 3.,3910--03 MEAN ENERGY = 2.18354
9,20 2,28610-03

?+40 2.5840-03

9'60 ......;6['"0"‘

?. 80 1.9700-03

16,00 1.7180-03

0,20 1,4980-03

10,40 1.3030-03
10,60 l.140L-03

10,80 Pe?540~



Numerical Values of Fission Neutron Spectrum for

TABLE 6

252

Cf Spontaneous Fission

0.01
0.05
0,10
0.1%
0.20
0.40
0.60
0.80
1.00
1.2
1,40
1.460
1.30
.00
i.~0
2.40
2,40
2,80
3.600
3.20
3.40
3.%0
3.80
4.00
4,20
4.40
4. 40
4 .80
5.00
Jv&O
G040
5'60
530
6.00
6. 20
6,40
bebO
&+ 80
7.00
7,20
740
7.+%0
7.80
0.00
B.20
8.40
B.50
6.80
.00
P20
?ek0
?.460
V.80
10.0600
10,20
0.40
10,80
10.80

(Anisotropy Constant b =

ENERGY (MEWV)

5.3090~02
1.15690-~01
1,$200~01
1.9420-01
2,1950L-01
2.8110-01
3,0570-01
3.09860-01
2.0440-01
2:.2450-01
2,8210-01
2.6230-01
2.,5090-01
2.3340-01
2.1520-01
1.97240-01
1.72990-01
1.6340-01
1.4790-01
1.3350-01
1,2020~-01
1.0820-01
9.72150-02
8.7110-02
7.,8060-02
$,738380-¢2
62500~
5.5820~-
4.9830"02
4.4420~
39570~ 0
J.8210-
3.1290- Os
2,7800~
2.,4650-02
2.,1880-02
1.9360- 02
1,7150~
1.516D»02
1.3410-
i.185 u"
1.0460"02
9237003
8.1350-03
7.,1950~03
6,3460-03
.,5930--03
4,2290-03
4,3460-03
3.82720-03
3.368N0-03
2.963D"03
2,6110-
22250 03
2.,0200~-03
1.2760-03
1.5600-03
1.,371D0-03

0.1)

NCE?

11,00
11,20
11,40
11.89
11.80
12.00
12,20
12.40
.~’60
12.80
13,00
13.20
13.40
13.60
13,80
14,00
14,20
14.40
14.60
14.80
15,00
15.20
1%5.40
15.50
15.80
16,00
14d.20
16.40
16,60
16.80
17.00
172,20
12,40
17.60
17.80
18.00
18,20
18,40
18,00
18.80
192.00
19,20
19,40
19.40
19.80
20,00

1.2050-03
1.0570L-03
?,2840-04
8.1540-04
7:.1470-04
$.,2210-04
S.5010--04
4.8200-04
4,2260-04
3.7050-04
3.2430L-04
2.8410-04
2.,4910-04
2.,1790-
1.9080-04
1.3720-04
i, 461U"04
1.2780-
1,120N0- 04
2.72870-05
B,5590-05
7.49230~0%
6'5483"05
S.7200~
.u(‘l in- 05
e 3740~
3.821&*05
J3.3420-0%
2.,9210~-0%
2.59480~-05
2,2270-05%
1.,2450-0%
1.6990-
1.4830-
1,29490-085
1.1290-0%
P, 8680-06
8.,6280-06
2:5340-06
S5+5260-06
$5.7300-06
4.9920-04
4.,3540-06
3.8030-06
3,3210-06
2,8980-046

MEAN ENERGY =

[

[

w;



TABLE 7

RATIO R OF FISSION SPECTRUM INTEGRALS FOR

SEVERAL FISSION REACTIONS

20 Mev

15 MeV

20 Mev

N(E)dE

N(E)dE x 10~

5

2329y, (n, £)
233U(n,f)
2350 (n,f)
ZSGU(n,f)
23%py (n, £)

2520f (sf)

En = 0 MeV En = 2 MeV En = 14 Me\iTL
- 2.080 7.54
4.311 6.106 13.50
2.779 4.132 10.7%
- 3.234 9.13
7.184 9.593 17.29
12.35 - -

Corrected for multiple-chance fission (see text).






FIGURE CAPTIONS

Figure 1 Fission Neutron Spectrum for 2MTh(n,f) at Enp=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 Ep =0 Mev.

Dashed line as for Figure 1.

Figure 3 Fission Neutron Spectrum for 235[J(n,f) at En=0 MeV.

Figure 4 Fission Neutron Spectrum for 238U(n,f) at Ep=2 MeV.

Figure 5 Fission Neutron Spectrum for 23G’Pu(n,f) at En=0 MeV
252

Figure 6 Fission Neutron Spectrum for Cf Spontaneous Fission.



NCE)

TH232 + N(2.0MEV)

L 1 ) ‘r A _' L]

] 4 ! t i

2

8.0 12.0
LAB NEUTRON ENERGY E (MEV]

20.0



NCE)

U233 + N(0.O0MEV)

1 1 Y l

LA L L4Ll

0.0 4.0 8.0 12.0
LAB NEUTRON ENERGY £ (MEV)



NCE)

U235 + NCO0.OMEV)

! N i Y 1

A i ' i I

8.0 12.0
LAB NEUTRON ENERGY E (MEV]



NCE)

U238 + N(2.0MEV)

|nunl L ]

0.0 4.0 8.0 12.0 16.0
LAB NEUTRON ENERGY E CMEV)



NCE)

PU2338 + N(O0.OMEV)

0.0 4.0 8.0 '12.0 18.0 20.0
LAB NEUTRON ENERGY E (MEV)



NCE)

CF252  SPONTANEOUS FISSION

o777

ff

10

10 ¢

10

10

10

10

10 | y ‘ i L L J | ' 'l l A J ' L L J ] l

0.0 4.0 8.0 12.0 16.0 20.0
LAB NEUTRON ENERGY E (MEV)



