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Abstract

This report represents a first step in the framework of an accurate systematic

evaluation for the following transactinium isotopes: 231 232U, 23&U, 236U

2370, 237Np. 238Np’ 236Pu’ 238Pu‘ 2h1Am’ 2h20m

Microscopic neutron nuclear data have been evaluated and S5-group values

Pa, .

derived for the radiative capture, the fission, the (n,2n) cross section and
for the mean number of neutrons per fission. These data have been requested
for safeguard studies and burnup calculations. In the case of lack of
experimental data simple systematic methods have been applied for the determi-

nation of the cross sections.

Zusammenfassung

Diese Arbeit stellt einen ersten Schritt im Rahmen einer exakten systematischen
. . .o o s e e . 231 232, 234 236
Auswertung fiir die folgenden Transactiniumisotope dar: Pa Uy U U

237U9 237Np’ 238Np’ 236Pu9 238Pu' 2h1Am’ 2hzcm

3 » ?

Fiir den Einfangquerschnitt, den Spaltquerschnitt, den (n,2n)=Querschnitt und
die mittlere Anzahl der Spaltneutronen sind mikroskopische Daten ausgewertet
und S5=Gruppenkonstanten bestimmt worden., Diese Daten sind fiir Untersuchungen
in der SpaltstoffflulRkontrolle und fir Abbrandrechnungen angefordert worden,
Im Falle fehlender experimenteller Dateninformation wurden einfache systema=

tische Methoden zur Bestimmung der Wirkungsquerschnitte angewandt,
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I. Introduction

For the purpose of safeguard studies and burnup calculations for the
analysis of the fuel-cycle the following types of microscopic neutron
nuclear data have been evaluated and transformed into S~group cross

sections:

0 = radiative caopture cross section
0p = fission cross section

0, = Cross section for the (ny2n)=process

vV = mean number of secondsry neutrons per fission

The investigations were carried out for the isotopes

22:Pa

5, 3, 26, 5
T S

gggm, ggiPu

05"

2;§Cm

The whole energy range extending from O to 10 MeV has been subdivided in

the following five groups:

Energy range
Group | lower limit upper linmit Characterization
1 800 keV 10 MeV } .
. fast region
2 4645 keV 800 keV
3 1 keV 46,5 keV unresolved resonance region
L 0.465 eV 1 keV (partly) resolved resonange
region
5 0.025 eV thermal group

As weighting spectra over the whole energy range the spectrum of a typical
thermal reactor and that of a typical fast reactor have been used

(Figures 1,2,3)4

Zum Druck eingereicht am 8. Juli 1970
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The thermal group comprises only the energy of 0,025 eV and the values
indicated as thermal ones are in general unweighted neutron data at
0,025 eV,

This report represents the results of a first evaluation of the still
very sparse experimental data information for the isotopes investigated.
For a laﬁer time more thorough evalustions covering the full range of
mieroscopic nuclear dats types are envisaged, As far as reasonable

and practicable use has been made of the existing literature. CINDA 68
1-61_7 has been taken as basic source of reference information. Highest
priority has been given as far as considered suitable to the most recent
references. Whenever possible already existing evaluations have been
preferred. A comparison of>the present results with later published
eveluationswhich could no more be teken into account is given in chapter
Ve

The large gaps in the basic experimental data necessitated in man cases
the use of nuclear systematics for the determination of the desired data.

Here rather simple considerations and methods had to be applied because

3 = 7

of the limited space of time which has been available from the side of

the Karlsruhe safeguard project for the evaluation of the required data.

For each of the various energy ranges i.e. the thermsl one, the (partly)
resolved resonance region, the unresolved resonance region and the fast
energy range the derivation of the desired neutron nuclear data is treated

in a special chapter including each time all of the isotopes studied.

The tables 11 and 12 give a complete survey about the computed 5-group
constant values for the two reactor types.

In performing the calculations reported in this paper use was made of
the IBM 360/65 and partly of the IBM TOTkL, too.
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II. Neutron cross sections at thermal engﬁgxi(0.025 ev)

For the thermal values of the radiative capture and fission cross sections

of the various isotopes published experimental or evaluated information
238

was available with the exception of the capture cross sections of Hp
and 236Pu. These have been calculated according to the formuls

vtherm (11.1)

vthern

_*—:Il |
R O
Q

f
for s=wave resonances,

Here TY and T, are averages of the partial widths for capture and fission

The above formulsa is only strictly valid in the Breit-Wigner one-level

approximation, where T _ and fY are the parameters belonging to the first

£
resonance, Because of unknown resonance parameters for the two isotopes

. __the average values from table IIT,1.1 in chapter IIT and the thermal

fission cross section from table 1 have been used.,
e

The thermal 0= and cy=values for the isotopes considered are listed in

table 1 together with the corresponding documentation. The preferred

values are given in the tables 11 and 12,

Values for the mean number of neutrons generated by thermal fission
Veherm 2TC quoted in teble T+ Their determination is described in

chapter IV.5 which deals in general with the energy dependence of V.
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Heutron cross sections in the resocnance region

The experimental information in this energy range consists of measured
resonance integrals and resolved resonance measurements avallable for

237U, 238Np, 236Pu and 2h2Cm. The latter information

all isotopes except
is only for a few isotopes given up to some hundreds of eV, The resonance
integrals offer the possibility to determine directly by means of average
resonance parameters group averaged cross sections weighted with a

1/E spectrum.

Below L6.5 keV which is the upper limit of group 3 only s- and p=wave
neutrons contribute to the radiative capture and fission cross sections.

Consecuently one has

J o (E) ¢(E)aE
X
i B =0_1i 9=1_1
<0 >t =2 = <o, >+ <o > (III.1)
) § #(E)em "
AE
i
vhere x. = v or T
i=4or3
FTor the isotopes studied it can be assumed to a good approximation that

they are present in very strong dilution. If one uses the narrow-resonance
pprozimation for the collision density, the cross sections of an isotope u
averaged over an energy group 1 are given in this case by the following

relation /-9_7

A}'[ Ui(.‘_‘;) _‘(L—)dE X = vy or il
<02>i = ul with i = 4 or 3 (III.2)
b j F(E)aE P(5)= . : for
AL F(E)= collision density

= z,c(E) ¢(E)

In addition to the above mentioned conditions this formula presupposes

that the sum of the total cross sections of 21l other materials yu! + u

1s constant over AE.. One has to be aware of the fact that this second
1

condition is only then fulfilled, if the flux is not disturbed by resonances
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of the other materials u' # u, which is actually not the case,

The determination of the mean number of neutrons per fission in the
resonance region is described in chapter II1,5. The results are

given in table T« The values for o, OY and Vo, averaged over the

f f
energy groups 4 and 3 are quoted in table 11 for a thermal reactor

and in table 12 for a fast reactor spectrum,

III.1 Thermal reactor

For the collision density in the epithermal region the well=known t/E-
dependence was assumed which 1s expected to hold rather well in the whole
region of a thermal reactor. This special energy dependence of the
collision density enables us to determine the cross section averages

over the energy group 4 (0.465 eV -~ 1 keV) by means of the measured
infinite dilution resonance integral, More explicitly this would mean
that the average cross sections over group U4 are obtained as difference

between the measured infinite dilution resonance integral and the inte=—

e Teeas WV S L2 A CoaRiiLee SUUVVE & LRReVA L LA sy &

culation of the latter one has been performed in principle by Dresner /f10_7

and is outlined farther below

<o), = L [SRID®P o (1) 7 (TIT.41.1)

where x = y or T

That procedure permits the application of average resonance parameters
instead of resolved ones in an energy region where the latter ones should
be used, but where in general they are known only in a small subrange.
This is due to the fact that the resonance parameters have to be inserted
only in the second term of equation (III.1.1), and that this term concerns

the energy range above 1 keV, 1l.e. & range where the application of average

resonance parameters is appropriate.
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. ©,exn |, E
For the measured resonance integral (RIX) = the cutoff energy I

is
equal to the cadmiun cutoff energy. It has values between 0.4 and

0.6 eV denending upon the thickness of the Cd=layer covering the con-
sidered sample. ¥We have assumed the cadmium cutoff for all measured
resonance integrals as ildentical with the lower boundary of group b,
The resulting error is only theélsignificant, if there is a resonance
in the neighbourhood of 0.5 eV.

In the recion above 1 keV, however, no resonances are known for any of
the isotopes. The contributions of these resonances to the total
resonance integral is only a small correction., Iere the average
resonance paremeters will be sufficient and the cross sections averaged
over the energy group 3 were obtained by computation of the resonance

. . R . .
integrals as given by Dresner within the limits of 1 keV and h6,5 keV,

1 h6.5 keV
o o = .l
<0, >s = ('Ix)1 eV vhere x = y or f (ITI.142)
(3) B

The actual calculation of the resonance integrals proceeds as follows,
The contribution of the resonances above some cutoff energy to the total

resonance integral can be written in the following form

1
Tt I+=
w2 =0 o 4= =
=|I—~| < J= I~_]
2 2
vhere x =y or T

5t term of this equation represents the contribution of the s-wave
resonances, the second that of the p-wave resonances.

The caleulation of the resonance integrals has been carried out according
to Dresner / 10 7.

The quantities Ix are given by the expressions below,

o0

T
179) = 5 X (E)< > & x=y or € (IITe14h)
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The bracket denotes an average with respect 8o the statistical distri-
butions of the reaction widths,

The insertion of the reduced neutron width defined for s~wave resonsnges

by

1
J _ (0)T 4 =
=TT E 2 (III4145)
leads to
2=0 o % 2 riO)er aE
I 7(3) = == [ x°(E) /B< > = (III.1.6)
b d ™ 8% J E
D; E r

First we assume that all the resonances in the energy range from E* to

infinity have the same psrtial widths namely T ', T , T Then one
n Y

f.
obtains

=(0)J
T ar
‘n

;2=Of}4:;—2“2 32 () . — (ITT 4.7)
“x T = "X ‘% B (0)J = =d =dy f e
DJ B (:E?) (Tn /E+T-Y+Tf ) /:
With transformation to the new variable y2 = E;- it follows
2 .2 L
=01} = ha® X (Ef)_TJ f Ay
= ~ f =
* D; X 19%(y+B)
J
2,2 T
o 4rTx0 Tx (B=in (1+B)) (TITe1.8)
D E B
J
I =T
T + T

with B(J) = atommmafomn
FlO)

and x=vyor f



For p-waves the energy dependence of the neutron width is approximately

given by
35
77 ¥ 5(0)J 2-- (III41.9)
n n 2
.}_
0
Thus one obtains analogously as for the s~waves
2=1 T x T (B =T 5 as
gy =22 ) 5T & (III.1.10)
D 1 vy +B?
J
2.2 =
}
) ai s EE /- 1 {7r+ are tan n'T/ _2%
= e / Yy X
DJ o B,2/3/§- 2 B,1/3/— 6B'2[—
(,3'11/’.3 1)2
1 I +
x L (P'2/3_3'1/3+1 )_7
T° o+ ?J 2 o
h Rt = ) £ = :‘-—- = pot L .2e1 6 1
vhere B'(J) SOV =302 with C =5 :t:g 2410 "/ eV _7
ln A il I\O '—Q-II\O

for the nuclel considered,

The used symbols have the following meaning:

R - effective radius of the nucleus
9ot - potential scattering cross section, assumed to be 11b
*O ~ reduced neutron wave length

x, = h55018 S5 A” /5 VeV

with A = mass number of the target nucleus

Tere we have taken k% = 2.09'105 /" b*eV 7 for all

the nuclel considered

By = 5%%%}TT ~ statistical spin factor
with J - total angular momentum of the compound nucleus
I —~ spin of the target nuecleus
5J - average level spacing
I, - partial width for fission (x=f) and capture (x=y)

respectively
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Fn « neutron width

rr(lo) =~ reduced neutron width

r - total width =T + I (+ I.)

- n Y f

E ~ cutoff energy above which the contribution of

the resonances to the resonance integral has been

- calculated

The effect of fluctuations in the neutron widths has been taken into
account subsequently for nonfissile nuclei by applying asccording to

Dresner a correction factor to the expression for Ii=o. These factors

with values between 1,0 and 0.7 depending on the value of B have

been taken from the curve of Kuhn and Dresner 1-10, DD 98_7. PY has
been chosen as constant. Because of the many exit channels this is

s good assumption for FY'

For fissile nuclei the statistical distribution of the fission widths

has in a strict sense to be regarded addionally, DBecause of the large

caleulations were not considered worthwhile at present. This means
that for fissile nuclei no correction factors at all have been applied.
Doppler broadening of the resonsances as well as interference effects

between the resonances have not bheen considered.

A, Resonance parameters

The average resonance parameters used in the calculations are summarized

in the tables IIT.1.1 and IIT,1,2. Even and odd isotopes are listed

L

separately. For the p-wave strength function the value S1 = 2,0010" ',

independent of J, was assumed throughout for all isotopes,

-

Since even nuclel have the spin I=0, the gquantum numbers J of the

total angular momentum may teke the values

%— for 2=0
(IIT.1411)

1 -
J1’2 =3 for £=0

J =



Then it follows for the statistical spin factor of even nuclei for
S=Wwaves gJ=1/2 = 1 and for p=-waves gJ=1/2 = 1 and gJ=3/2 = 2, The
resonance integrsal consists therefore of one s~wave resonance series
and two p=wave resonance series, For odd nuclei the possible J=values

and the statistical factors &1 have been tabulated in table ITI.1.24

In addition to the basic s-wave resonance parameters in the tables are
also given the pe=wave neutron widths and the average level spacings
for all J=values possible for 2=0 and %=1. Here the J~dependence of

the average level spacing predicted by the Fermi gas model has been

used.
5 comst J(T+1)26° (IIT.1.12)
J T 23+1 n

For the spin cutoff parameter o the value ! has been assumed, recormended
by Harvey /" 11_7.

Hence it follows

J2 2J1+1

= .

- .

= 2Jé+1 J1(J1+1)/20
J1 ) e

- 2
D eJ2(J2+1 Y/20
(III:1.13)

In order to obtain absolute values for the average level spacing D. one

8)
can make use of the observed s-wave level density
po’)" = L = L = 1 + - L = - 1 + - L
obs  Ca=0  a=0,d=|1-4 Da=0,0=|et|  Pr=0,5, Pr=0,d,
(ITI 141L)
This leads to
2
27 #1 J1(J1+1)/2o
=D = (III41415)

De=0,5

=D (1+ - >
1 obs 2J1+1 ng(J2+1)/2c
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The parity dependence of D has been shown by Ericson / 62_7 to be

2,
very small and has been neglected.

Using the average level spacings calculated in the indicated manner

the neutron widths have been obtained Dby

(0) (0)

= 7 [e] A - R .
Tn 2=0,J' DJv°uo ana Tn g=1,3" = DJ"'S1 respectively
with
] 1 3 3
-3l 202+ 3 |- 2 3" < T+ 5 (ITT41416)




Tabelle TIT.1.1:

Average resonance parameters for the even nucleil investigated

-l )
- - (0)77% | (0)7%
T T
oY N _ il n§=1 n&=1
Isotope é meV~7 Reference Sox10 Reference Reference é meV_7 Reference 1 meV_7 Z meV_7
232 . :

U (h)] 50 1 1.0 12 (1) 1 360 1 (a) 2.62 144
23 )| o5 1 1,2 13 (i) 1 - neglipible 3.82 2,10
036 subthres=

U (n)} 23 14 1.3 13 (i) 1,14 - hold 346 1.90
238 fission

(h)| ko mean 1,3 cale.(b) taken fror/|2040 calc,from 1435 0.7h

value 15 (f) (a)
236 assumned
Pu(h)| ho for fige 1.0 assumed taken fror|i 105 calc.from 17 0.808
sile nue value from 15 (f) (a)
clei systematics
of neigh=
bouring
. nuclel
2")01-’11(1’1) 38 16 (1) 1,1 16 (1) 16 (1) 104 Jwith <I_/D> 1,49 2,70 1.48
=OOT7.1O-3
given in
7
22 (n)| 0 9 (s o ) : . :
Cm (o) 40 10 0,76 18 (i) 840 [taken from 1.8 {calcefrom 1.76 04966
15 (f) (e)




Table IIT,1,2: Average resonance paranmeters fqr the odd nuclei investigated
T B T
Isotope [ ch“7 Reference SOx1O Peference |/ eV_7 Refdrence|/ meV 7| Reference I Reference | J(2=0)
237 pa(n) 8 1 0.60 1 Ok 1 - % 1 132
237 average assumed . | 1 ]
U (n) 24 fromU23k, 1.0 value from fgl‘f ?gke(,tx‘)fror - 2 19 031
U236,U238 systemetics Do i
of neighe -
N =J
bouring D2,=1
1237 nuclei 5
Ip(h) Ly 20 (i) | 1.0 20 (i) 0.67 {20 (L) - 5 1 233
2k 1Am(h) Lo 1 141 21 0.81 | 1 0,21 2 -55 1 [2;3
Dyaol €V 7 Dyaq eV 7 r{0) men 7 rgczﬂﬂ [mev ] e By
Isotope J1 J2 J1 J2 J3 Jl; J‘1 J./3 J1 5 J3 JLL J1 J2 J1 J2 3
231 ‘ . 1
Pa 1.09 O.7h| 3,07 1209 0.7k 0.65]0,0655 0.042]0.61% 0,218 0,148 *O.130-§- % T -gj- % %
23T ) , 1 3 1 3 2
U 14 Lot 1k ho7 2.8 - {1.h0 0.470/2.80 0.9k 056 - | ¢ § T % -
237 - = 5 7 9
Mo | 1.5 1025) 2013 145 1,25 1.25[04155  0,1p5[0.426 0429 0,25 0.25| 5 Lz | 2 Zx b 2
2k L o 51 3 2 T 9
Y . » 2;. . N ( Da '.‘ 5 O‘ )] Ve r (. (. et Pa— o P - ——
Anm [1 73 14501 2.5 1473 1,50 1,50(0,190 0O TJ)I 508 04346 0,30 0430 kY 75 5 ) )
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Comments to the tables III,1,1 and II1I,1,2

(a) Using the thermal fission cross section and the s-wave strength function

the average fission widths has been calculated from the formula

vk2 T
o -9 « £ (TIT.1.17)
= Py ——— iddsie
ftherm VTTT-——_ 0 Lx
‘thernm
valid for even nuclei with = 2J+1 = 1 The meanin £ I is
LG L% {;J _gm » b 1 X ;g oL i S

explained below,
The relation can be deduced by considering the fission resonances &s

isolated and describing them by the one-level formula. Then it is

i ].,r e
2 /Tr ‘n %
fe] (’-F\) = Y'rﬁr — Sm———————————D {TTTAT.Q_"‘\I
o\ LT > (Lilgis1iy
- r E W2 T
(i‘-—r‘, ) + e
r 4

where the index r runs over the various s=wave resonances. >0 contrie-

butions are completely nepligible because only the case I»0 is of

¢

interest herc.

Under the condition.thatﬁ<<Er«and I‘I_<<Er it follows

2
™o réohﬂ I
oan) = ‘/-? y - (I11.1.19)

ha

The enersy region above I is now subdivided into intervals i of the

length Afi. The resonances in such an interval are designated by r..
A e i
N . . [ . ey
Their nurber in the interval i is consequently given by == , where
D .

-
e

Dy is the averase value of the level spacings in the interval i. Thus
rields
-~ 4 )\ .. 9 {’\\
e AARSCERS OE S £ s P S
< ‘ . ) . 1 -
o (B) =—= YY) = = ) < >, (171.1.20)
T /: g - Vea) 3 e 1
& ir. o YD1 D. B
i T i r

Because no correlations between T, T and Er exist, we can assune
e

for all the resonances in the interval i to have the same nartial widths

nanely the mean values of the partial widths in the intervel i



=(0) - X
T m )
Fs and rfi‘ Then it follows
nk% Tig) rfi AE{
0 (F) = ) E—— s (ITI.1.21)
. 1/{—? 1 By D.
1 1

In order to be allovwed to introduce energy indenendent reaction widths
one has to make the asswiption that all the resonsnces above i have
the same partial widths and the same level spacing., The mean values
of the neutron and Tission widths and the mean level spacing of all

these resonances have been adopted as appropriate quantities., This

vields
2 =(0)= \
i ri )Fp oz,
0A(B) = = e ) (117.1.22)
* % - iny
D ]

In the liniting case A3i+dE. this leads to

1
o () = oy

s e A (a8 -

X T r, = .Y r
. B JORY o 1 1. 4 1 . 0 . f 7 e " \
Gfi‘f«‘j - ; 5 G = ;.4,0——- L A B D B o 3

o) = - = 1 /1 iR
'V/TT D 4 .u(j I 3a

for T<<n
r

The snecialization on thermal energies permits the determination of

the ratio ;f/Eﬁ from this formula. Ff thus depends on the position

of the lowest resonance. The lowest energy at which resonances of
fissionable nuclei are situated is nostly 0.3 eV, We have chosen rather

arbitrarily an energy of 0.5 eV vwhich coincides with the cutoff energy
*

L
i e

—~
-
[
~—

. . . , s
In these cases the se=wave strength function was obtained by making

w

use of the infinite dilution fission resocance integral,
The contribution of the resonances of the s-wave series, assumed as

.

isolated , to the resonance integral is given by

r T
RIT o = 21 A - Bt (ITT.1.24)
T£0=0 = e’ 0 L ,fj Fr Liets

where "r" runs over all sSe=Wwave resonances.
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Yith r§>>r§, T; (wvhich is the case for the isotope studied) it follows

rvor

r'=r IT one assumes the contributions of the p- and higher f-wave

fl
neutrons to the total resonance integral to be small compared to that
of the s=wave neutrons = a condition which is generallv fulfilled

for the heaviest nuclei - one has to a good approximation

(O)r
RID % RIgy., = 2n Ay ] i (TTT41.25)
r T Mem=0 T ST o L 37 TIT. 1,
J.’r
Analogously as under (a) the equation (III,1.25) is transformed into
S 2 .,2
A R S 7/ 11,26

/TR 0

Different from case (a.)g ™ has here the meaning of the cadmium cutoff
enersy.

IT the fission resonance intepgral above I is known Trom experiment, this
forrula grives the possibility to determine the s-wave strenpgth function

o ™1ls has been the case

——

The average Ffission width has been caleulated from the apnroxinate formule

(TT7.1.27)

. -
The indreated value lor T,
A

the eirht known resonences between 5,97 eV and 75.1 eV. It was checked

of U™"" dia the averare of the Pa=values for

whether this value ée_ be taken as apnropriate average also above T5 eV.
For this purrose the resonance interral contributions of the known
canrture and fission resonances un to 75 eV have been caleulated., Then
the difference between the reasured and these nartial resonance interrals
for canture and fission resnectively rives the contributions of the re-
sonances above T5 eV, The chosen I' and Pf velues should fulfill the

approxirmate relation:

i !w T

oy oevy vy (TIT.1.20)
- o -

leITSeV Ty
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g

found to be actually the case

Tor lack of avallable data the gversge resonance ﬂuramete”s of <7 “Cm

f)b)

have been assumed to be the same as for

by thelr similar fission berriers and binding energies.

The level density o 1/,* has been obtained from Py =0 (2J+1)

¢

L.l

totel anpular momentum of the levels conaldered. In

D

where J 1s th

revort written by Moore and Simpson /15 7 e, is glven for nuclel
- - 9

with even Z as a function of the neutron biading enersr,

If no contrary comrient is renorted the average resonance parameters
have beer obtained as aritnmetic mean vslues of the resolved resonan

parameters pgilven in the guoted reference work.,

a

~o

ce
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D. Resonance Integreals

In the Ffollowing table measured and evalusted data of infinite dilution

resonance integrals for capture and fission have been listed,

Table IIT.1.3: Infinite dilution resonance integrals for

capture and fission

[« IPTY O -
Isotope Rly/ b 7 Reference Corments RIT/ b 7 Referecnce Comments

rama

2
?d1pa 480 22 evaluation of 0 negligible subthres-

measured re- hold fission /-1 7
sonance inte=- -
grals
232, . . ]
U 220 22 evaluation of 320 22 evaluation of mea=
neasured re= sured resonance
sonance inte- integrals
gralspreferred

value in /722 7

N
Ly
A=

U 70070 23 preferred value
in /723 7, cal~
culated from re-
sonance naras
neters

O
[AV]

TOO 2 recommended in negligible subthres-
/"o 7 hold fission /-1 7

U 332410 14 calculated fron
preliminary re-
solved resonance
parameters up to
272.8 eV

Loo+ho 1 rgcommended in 8] 2 negligivle subthres-
/717 hold fission / 1 7

310 2 estimated from
resonance para=
neters

100 2 recommended in
[27

measurenent
~carried out in
order to resolve
the discrepancies
in that value

N
i
+=

L1725



Table TITI.1.3 continued

0
Isotone Rly/ b ] Reference Corments

RI:Z-b_7 Reference Comments

419270

Preferred
value:

b7

2]

i

LI

obtained by the
U236 and gold
cadmium ratios;
relative to

(U236) _,,
Ctherm =hH%1bh

experimental
value, determined
relative to the
value of 1550h
for gold

most recent and
decision measu

. 4
2L

caleculatad by a -
manney n oiﬁind“7 -

unknown value,
assurmed tec be O

2

>

o

cated in detail
in reference /~3 7

experimental value,
1/v part of the in-
tegral not included

adjusted from the
nonl/vemeasurenent of 870b
of reference 1'25_7
calculated from re-

sulved resonance para=
meters, extranolated

to high energies

experimental value O

+he aincle meanyy n
ne s1in L GEUTLCw L
ment a T

nrobably for the lacke
ing 1/v part of the
measured interral

sversze of the two velues
for the resonance inte-
sral which include the
1/v=part of the integral

w

he integral over

he resonances bhet~
een D.5eV and 1kel
has been estimated
to he N.3bjapainst
the canture intesrel
it may be neglec=-
ted



Tahle I11.1.3 continued
Isotone RT Z_b_7 Reference Comments RIZ/-b_7 Reference Comments
29 caleulated 15004500 3 single nmeasurement
from (s) availatle
23C,, . .
™u 197 caleulated 960 calculsted from (s)
fror: (t)
23?‘13 IDEN L0 o -
Pu 32604280 2C corpletely oute
side explenation
from resonance
narancters
150 2 estimated from 25 2 rmeasured value
resonance para-
meters
145,3 Ts3 caleculated from 23.7 T.3 calculated from re-
resonance nara- sonance paraneters
meters up to 100keV ur to 100keV
Preferred Preferred
g lios values
148 average value of ol average value of
the two calculated the two available
resonance integrals ones
2h1AN 1600 2 calculated fronm re=~ §.5 2 calculated from re-
solved resonance solved resonance
narareters,extrapo= paraneters,extra=-
lated to high énergies nolated to high
enerscies
o2hp P .
Cr 050 2 calculated from re-
(u) solved resonance
naranctersjextras
polated to hil enersies
WG 7  ealeulated Iror re= 18 T caleulated from
sonance paranelbers resonance parane-
up to 100 keV ters up to 100keV
~ 670 8 from the measured 30 & from the measured
gbsorption integral absorption inte-
(700b) with Capt/Abs gral (T700L) with
=0,96 (the lower limit Capt /Abs=0.96
value of that ratio as
estimated in /78 7)
Preferred Preferred
value: value:
670 preferred because 30 preferyed because

of the experimental
basic data

it is based on a
measurement of the
absorption integral
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(s) The resonance integral has been czleculated from the approximate formula

e -
RI T

Y . . .
— = Tl where the mean capture and fission widths of
RT T Table IIT,1.1 have been inserted,

236

(t) The capture resonance integral of Pu has been obtained using the

formulae of Dresner (III.1.3, ITII.1.8) with the average values of

(o) .

TV, I, and F as listed in table III,1.,1. There only the contri-

butlon of the s=waves has been taken into account,

2ho

okl
(u) For “Cr1 the same resonance parameters as for Cm have been agsumed.,

Then the value of the absorption rescnance integral too, may bhe taken
2khh .
to be the same as for Crre  All the references and data given cone

nlin ~nhl
42 204

o~
cerning the resonance integrals of Cn refer to Cm,

I1I.2 TFast reactor

In the resonance repgion the weighting of the cross sections was performed

by using the 1AP=Core snectrum (Fipure 2), For the resolved resonance
region this has an important consequencé because the NAP-spectrum gives
the greatest weisht to the upper part of the energy range of group 4. In
that range, however, the resonances for the most part are unknown and the
known resonances, above all the highest ones, from the first part of the
energy proun do not nlary a great vart in the averasings because of that

speclal form of the weighting snectrum, Therefore the cross sections for

Q

the resolved resonance region have been computed by using the statistical

method of the IFARREY~(Ccde / 32 7 Ml in that case, where cross sectiong

AU .

n

have been alresdy calculsted with resolved resonance narareters, the

e yalue

a
3

have been adonted, This concerns the following iscbores:
Caleculations with resolved resonance
Isotone [narsreters ud to Relerence
231 ; - . 4 et a
3pa 100 eV /726 7 Drake and iichols
232 -
T 75 eV
~at
230 N
=T ATN Y - .
y 30 e /720 7 Dreake and Hichols
230y 39 eV -




The cross sections for the unresolved region have been throughout cale-

culated with the NIEARREX=Ccde.

The resulting cross sections have been checked at several energies for

f_)’\
232y and the four odd nuclei investigated.

The averaging was carried out according to the formula (III.2).
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Hentron cross sections in the fast region

Tor this enersy range energv-dependent cross sections could be extracted
fron the literature for a large part of the isotopes considered., For
the isotones fTor which no cross section data were available simnle nuclear

svstematics have heen annlicC to generate the desired data.

The averaging over the two fast enersgy grouns has been carried out

acceording to

<o > = (1) , Waere x = vy, ¥, 2n (Iv.1)
[ e(®)an i=2or1
(1)

hy using a computer progran of Mrs, Krieg 1-27 7+« The tables 11 and 12

give lists of the mean values for capture, fission, (n,2n) reaction cross
sections and Tor the mean number of neutrons per Tission in the fast

energy region.

IV.1, Veilghting snectra

As for a thermal reactor the cross sections were weighted with the flux

spectra displayed in Ffigure 1 /763 7.

For the fast reactor the flux spectrum of a 1000 e HAl=type nlotted

in Tipure 3 was used / 64 7. Ve mot it in the Torm of groun Tluxes

b= f oslma.
AL
1

In order to obtain the proup averaged Tlux densities these have to be
divided by the corresnoending energy intervals AEi° The resulting step=

function was approximated by a smooth curve,

V.2, Radiative canture cross section

Measurements of the capture cross section in the fast energy range for
Lo . . 237., 236
the isotopes in regerd here have till now only been performed for Lpand 3%y

at several energy points. For some other nuclel studied here calculations

had been carried out so that radiative capture cross section wvalues for

L o . .
the isotopes 231Pa, 232U, 23)'U, 236U, "38Pu have been avallable point-



- Ol -

wise over the entire energy range from 46.5 keV up to 10 MeV and for

the isoctope 237ﬁp over a subrange from 0,15 MeV up to 1.5 eV, The

references are given 1n table IV.2.1.

Teble IV.2.1: References for capture cross section data in the

energy range from 46,5 keV up to 10 MeV

Isotone(References| Comments
231 ~ - .
Pa 29 calculated from unresolved resonance parameters with=
?32U 50 ocut taking into account competing nrocesses; ahove 0,2
Lo % ot 1
MeV & 1/E=dependence was assumed for oy(n)
23k, \ . . . .

] 30 he results of calculations with unresolved resonance
parasmeters have been extranolated above 1 keV by
agssuming & similar shape as that measured for o  of
U236 because of the rather similar s-wave resondnce
parameters

236 .
S 30 T keV = 0.3 HeV caleulated from unresolved resonance
parancters; 0.3 = 4 eV smooth curve throush exneri-
ental—data—peintsi——above—ii—ieV—1/ . : metd————re
237.. ] . . .
J7ﬂn 31 measurements with the activation technique at 8 neutron
energies between 0,15 and 1,5 MeVy -
238, . . .
T Pu { below 2 eV calculated with statistical theory with the
. N -
basic value <RY/Q%$2.SM‘1O Sy
avove 2 MeV the o ~shane was obtoined by commarison with
U3 ¥
. 23 23R 236 2k . 2ho . .
Tor the isotones “BTU, i, 7 Pu, M1 and T 70y, for which nv(ﬁ)—valueg

have not been measured hitherto, the average values of the canture cross

seetlon were obtained by the approximstely valid relation

g’
1- Yy i . ) o
<O >, B e with 3 o= 2 and 1 resncchbively (7v.2,1,)
Y 1 =P 3¢ Y
and ¥ denoting the isotore studicd



- 25 =

This formula presupposes a similarity in the resonance structure of
238 .
3“U and the isotope eroncerned.

T a
In the forrula <0323“

2
> mesns o ( ) ( 3 ‘U) averaged over the groups 2
and 1 resprectively by use of the weighting snectra in these groups as

displayed in the figures 1 end 3. Here use was made of the microscopic

capture cross sections of 230U as given on the KEDAK-file /765 7. As
. 8 -, .
average capture widih for 23JU the value Tngg 23 meV was taken which

is consistent with the most recent capture cross eection measurements
of lMoxon / 28 /.
[

237,

For ip GY—values were available only in the energy range from 152 keV
up to 1.5 MeV. An extension of the capture cross section curve beyond
these energy limits by assuming the shape of a, to be the same as that

of similar isotopes did not seen reasonsable because of the very few

data points givern. - Therefore the average values over the partial groups
2' wwith the energy limits of 152 keV and 800 keV- and 1' -with the energy

limits of 800 keV and 1.5 MeV-~ of the groups 2 and 1 respectively have

9?8n 237,

o4

N o
= Tt~ T & ot
peern determine @ Ior Uoen NDes L€ average caplulre Cross Seliuidis

b

over the entire groups 2 and 1 have then been calculated from

P37, TR3T,

Y -1 - Y e 3 - ,
<0U238> <<;U-2-38> with 1 2 and 1 (IV.2.2)
Y i Y it it = 2' and 1!

The averages are given in the table 11 for all isotopes,

IV.3, TFission cr

v
O
0
(5]
1}
[
0
ct
=
Q
S

- ~ - ~ L [0}
For the isotopes dS'Pa, L3uU, 236U, ZBTHp, 230Pu fission cross section data

based on measurements in the energy range from 46,5 keV to 10 MeV have

been given in the literature. The references are quoted in table IV.3.1.

For the other isotopes no experimental information at all has been

available.
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Teble IV.3.1: References for fission cross section data in the

energy range from 46,5 keV up to 10 MeV

Isotiope i References | Comments

231 :
3 Pa .29 up to 3 MeV smooth curve through measured data points;

above 3 MeV the authors say that there they have
assumed the opeshape to be the same as that of similar
isotopes

234 .. . .
U 33 measured fission ratios of U234/U235 have been given,
the revised values Z“33~7 have been taken.

236U 33 Recently measurements of the fission cross section for

34 U236 relative to U235 in the energy reange from 1 to 5 MeV
have been carried out very carefully by Stein et al./ 34 7.
Therefore his experimental values are recommended here in
that range whereas out of it the values selected by Davey
/"33 7 have been adopteds In figure 4 the preferred values
of Davey are plotted as well as the measured values of
Stein after multiplication with the U235 fission cross
section values recommended by Davey 1-33_7.

p 33 The same as for U23%; most recent experimental values of
Stein et al. / 34 7 are in good agreement with the re-
vised data of Davey based in the range from 1.0 to

5.0 MeV on earlier measurements of Stein et al, There-
fore a revision was not necessary.

238 .
Pu 7 Based on recent experiments of D, Barton not more
specified,

530 . -
Tor 77U, Drale has also performed an evaluation / 20 7. But zhove 1 keV

experimental values do not exist and thus crude estimates not described

in det&il have been nmade. We have therefore preferred to utilize also
232 s s ie s . 237 236 2h2 . 230

for U the fission systematic gpplied to 3"U, “"pu, ° "Cnm and Hpe

Tt is based on the following considerations of Zaryatnin / 35 7.

The fissile isotopes nmar be divided roughly into two groups: one for the
isotones being fissicnable by thermal neutrons and the other for isotopes

with & figsion threshold above thermal energies.

* In the meantime Davey himself has revised the fission cross section values
for U236 recommended in 1968, His now preferred values / 70 7 are also
based on the experimental data of Stein et al. in the energy range 1-5 MeV,
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- - - 3
The compound nucleus theory of Bohr / 66 ] describes the fission cross

section above some threshold energy by

T

G, =0_ ¢ = (I7,3.1)
T

I o]
0
Here 9, is the cross section for the formation of the comnound nucleus and
T
?i the branching retio of the probability for the decay of the compound
nucleus by fission. This yields for the relative fission probability

£ . of the compound nucleus

O
Tf
- o - o
f = R (IV.3.2)
0 o) r
c
i ~ - 3 ) R AT . S P 41 £3 o4
£t neutron energies of about U to T MeV a new rise of the fission cross

section sets for both groups of fissicnable isotopes, i.e. for the iso-
topes fissionable by thermal neutrons as well as for the isotopes with
a fission threshold above thermal energies. The excitation energy becomes

then high snough to permit evaporation of one neutron without reducing

the ewxeitation energy of the residual nucleus below its fission threshold.
The system then gets a second chance to underge fission 1—36_7. The thres=
hold enerpgy for the (n,nff) reaction is equal to the fission barrier Ef(A)
of the original target nucleus As The fission cross section above this

threshold shall be desismated by o, « At neutron energies of ebout 12 eV

%

3

-1
a third chance of undergoing fission appears due to the emission of a second

Below the threshold for the (n,n'f) nrocess the fission cross section is
equal to that for the compound nucleus of mass number A+1, Above this thres-
hold and below the threshold for the (n,2n'f) reaction the fission of the
cormound nucleus as well as the fission of the excited target nucleus of

nass number A contribute to the total fission cross section. The general

e
form of the function o_.(E) is shown in the following fimure for the two

tymes of fissile isotopes.

Figure IV,3.1 (from Zamyatnin / 35 7)

a) isotopes fissionable by thermal neutrons
b) isctopes with a fission threshold above

thernal
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The threshold ene :
; FEY Eyp

By p = EF(A+1) - AR(A+1), ises the difference between the fission barrier

and the neutron binding energy of the compound nucleus of mass number A+1,

for the (n,f) process is given by

The fission Drobabilitv after emission of one neutron is obtained by

A+1
)fA, where fO is the probability for fission of the compound nucleus

vlth mass number A. This vields

£
1 A+ A1
— fg + (1-¢O )f‘é (IV.3.3)

o]

and further

cf1 (1“fg+1 \

— 2 +

7 1 ey £y (IV.3.h)
0 0

The values of the ratio Op /c caleculated in such a way show according to
Zemyatnin sufficiently yood agreement with known experimental values of

this ratio, so that one can estimate unknown fission cross sections in the

T T O e s TPt he

Togion albove | &V, LL Lthe FISSion CroSs SCCLLORE [or these 1G0Lope:
known in the energy region of about 2 to 5 MeV.

If these latter values are ﬁnknown -as in the case of the isotopes in study
here= there exists a possibility to predict them by using an empirical
correlation proposed by Barschall and Henkel 1-37_75 They plotted the fission
cross section for fission induced by 3 MeV neutrons against the parameter
Zh/B/A of the compound nucleus and found a linear relationship. The theo-
retical significance of the paranmcter Zh/3/A in this context is not yet

know at present.

The systematic variation of O (3 MeV) with Z and A is based on older
measured cf-values. 1% has therefore Pbeen checked by plozjéng nore recent
values of known fission cross sections at 3 MeV against 2 ' 7/A (figgre 5'
and table 3).

The isotopes 232U,, 237U, 236Pu, 2LL‘?Cm. 238Np, for which this fission sys=

tematic has been studied, belong to the first category of fissile nuclei
in the above distinction, that is to those which are fissionable by thermal

neutrons. As for 211'2Cm an 237

U the magnitude of the thermal fission
cross section, however, is very small.
The behaviour of of(E) has been assumed in the already indicated manner

(figure IV.3.1a). The unknown ofouvalues for these isotopes were read
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L/3

from figure 5 with the calculated parameters Z /A of the target nuclei.

In accordance with Zamyatnin we have assumed g, = 3b for all isotopes inde-
pendent of the neutron energy. Then it was possible to calculate the fission
cross section at th? second plateau Ofyqe The results are shown in table k,
The op,~value for 242 o Opy = 2499b can be compared with the cross section
measuremed by Fomushkin l‘h1~7 for fission induced by 14.5 HeV neutrons

0 (14,51eV)

contributes to the total fission crcss section which i1s not the case at

i

3.03b, althourh at energies of about 1% eV the (n,2n'f) process

energies of the seccond plateaun. Otherwise one could have cmphasized the good
agreement of the two values.,
The fission cross section between the nlateau values g, end Op, Was assumed

to increase exponentially according to the HillwWheeler formula derived

from chennel-theory / 42 7 .
1) = 4 - 1 o
0(E) =0y + (o, 0.y (IV43.5)
1+e hy f

E. is the fission barrier energy of the compound nucleus, Tor the quentity

M 230

T the value T = 500 keV / 67 7, which refers to *Pu, has been taken.
The functions of(E) for the isotopes considered are nlotted in Ffigure 6 and
are listed in table 5. The average fission cross section over the energy
group 2 can he inferred dirsctly from the figures as the value of the
first plateau.
. .. . . o 2k .

In our investigation of fission cross sections 1t is only Am which now

. . 241 -
3t11)l remains to be treated. For M a few measuvrements of the fission

cross section are available. They are cuoted in the following table.

Tebhle IV.3.,2: Tission cross section measurements for ghiAm
Authors Enerpsy Range og-values é-b_7
Seeger, Hemmendinger, Diven /_hh_7 20 eVe 1 MeV listed dala points and
plots

Bowman et al, / 43_7 | 550keV~ 6 MeV preliminary curve
Protopopov et al. /745 7 1446 MeV (2435£0,15)
Kazarinove et al. [/ 46_7 2.5 MeV 195042

1446 MeV 2,95+041.5
Fomushkin et al. / 41 7 14,5 Mev 2,30£0,15

2:5320,12
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In the energy range from 30 keV up to 500 keV the average o_-~values deter-

mined by Seeger et al. for selected intervals have been usega

From 600 keV up to 3 MeV the fission cross sections have been read from
the curve of Bowman et al. In the range from 600 keV up to 1 MeV covered
by both measurements, those of Bowman et &l, and the Petrel measurements,
the apreement between them is very goods

The experimental data points of Bowman gbove 3 MeV have not been adopted
because they do not show the theoretically expected behaviour: The thres—
hold energy for the (n,n'f) process on 2h1Am is 6 MeV é-h0_7, that means
the cfrvalue corresponding to 6 MeV should be located on the rising branch
of the of(E)—curve of 2h1Am. But the measurements of Bowman et al. do not
show this behaviour.

Above 3 MeV the shape of the fission cross section has been adapted to that
given in reference 1-59_7 and adjusted to pass through a o= value of 2,53b
on the second plateau., This value has been selected among the four measure-
ments at about 14,5 MeV,

The value of o, = 2.30b obtained by Fomushkin by detecting the fission

fragments with ionization chambers shows a good agreement with the value

of Protopopov, who has performed his measurements with a gas scintillation
comter filled with Xenon. His other value of 0&(1h.5 MeV) = 2,53b has
been determined by using glass-plate fragment de%ectors insensitive to
a-radiation. This experimental method has to be preferred because of the
high a=activity of 2h1Am. In the case of ionization chambers the high
backeround has to be taken into account and this will often be difficult.
Thus one has only to come to a decision between the two values of 2.53b

and 2.95b., From the formula of Zemyatnin (IV.3.4) one can infer the fission
cross section of the first nlateau by inserting the known value of the

Qh'Am and ghdAm has been de=-

second plateau, The fission probability for
termined by using figure 5 and with g, = 3b. The resulting cfo-values

are Op, = 1.8b following from the cf1—value of Pomushkin and ot = 2,1b
following from the 0f1~value of Kagzarinova. The value of 1.0b is in good
agreement with the plateau value measured by Dowman et al. and in moderate
agreemeht with the value measured by Kazarinova. Therefore the value of
of(1h.5 MeV) = 2,53b given by Fomushkin has been assumegh?o be appronriate
for the second plateau. The preferred of(E)—curve for © Am is showm in

figure 7.



V.. (n,2n) cross section

The (n,2n) process competes with the other processes only in the energy
group 1, because the threshold energy for this reaction is between about

€ and T MeV for the isotopes studied., Measurements are completely lack=-
237
~ T

ing for all isotopes in regard here except for Ir at a single energy

noint, Calculations cf the (n,2n) cross section have already been per=

231, 032 23hU 236 238

formed for the isotopes 2, U, s U, Pu, Authors and

nethods are given in the following table.

Table TV.h.1: References for (n,2n) cross section data

Isotore | Threshold|Author Corment
231 6 () . . ot . . .
039Pc 04 MeV|Drake, Michols statistical method, described
=2 7432 eV 297 by Pearlstein /36 7

3), . . -
gng 5,80 “eV|Drake, Hichols evaluation by Parker /7377

Py 643 Mev / 30 7 based on cross sections for similar

' nuclides and optical model cale
culations

n .. -

23py 6,93 MeV|Dunford, Alter statistical method /7 36_7;
/77 7 curves given
e s s 2 23 238 23 2k 2h2

Tor the remaining iscotones ‘37U, JYHp, Bka, p36Pu, 1Am and Cm

(n,2n) cross section data have not been available and have heen calculated

r 237Np, contrary to

with the method indicated by Pearlstein £-h7_7.’ Fo
the other isotopes mentioned, exists a single measurement of the (n,2n)

eross section at 14,5 eV which has served to fit the (n,2n) shape from

Pearlstein,
Pearlstein uses the following relation for Gn,Qn
o o
s S e ohal cn,en (IVha1)
n,an n,e Gn,e %M

Here 1s o, thé total non-elastic cross section and 9 M the sum of the
]

' .
cross sections of all the processes, in which the only nucleons released

are neutrons
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c =g + 0 + 0 cens (IV.,k.2)

+
nM n,n' n,2n n,3n

The contribution of these reactions, in which more than one neutron is
emitted (below 10 MeV this concerns only the (n,2n) reacgion), to the

total neutron-producing reactions is given by the ratio 32122_
n,ME
The ratio can be obtained as a function of the guantity S = ?E (where
. . wno,
EB - binding energy per nucleon in the target nucleus, En - incldent

neutron energy) from a curve in dependence upon the parameter p = haEB

(where a is the level density parameter ). This parameter determines

the increase of ¢ above the threshold.
n,2n

o]
. ] . . . s .
The ration aﬂii-lndlcatlng the competition between neutron producing

n
reactions and

figure 3 in reference / LT 7 using the neutron excess factor (N=Z)/A

(N - number of neutrons, 7Z - number of protons, A - mass number).,

For heavy nuclei like those considered here the ratio of o_ .. to o

n,M n,e
is almost equal to unity, because the cross sections of the charged

particle reactions are very small and the fast neutron capture cross

section can also be neglected. Then it follows
o =0 +0 (IV.h443)

Thus gbove the fission threshold except O M only the fission cross sectlon
b

contributes essentially to the non-elastic cross section., The non-elastic
cross section ¢ at 14 MeV is given by Pearlstein as a function of the
mass number A, Wé have assumed for Gn,e’ analogously as for the calculation
of unknown fission cross sections, a value of 3b, With the fission cross

section from chapter IV.,3 it then follows for ¢

n.M
= - ; : TV.hb
Un,M’ Gn,e On,f(E) ( )
Gn 2n
Now the (n,2n) cross sections could be determined from the rastio 2
nM

obtained with the calculated parameters p and s from the curves of

Pearlstein,
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For Yp the (n,en)—cross section values from threshold up to 10 MeV
have first also been caleulated like for the other isotopes regarded
here according to the systematic given by Pearlstein with g, = 3b and
taking into account cf(E) in the manner described above, Then p,2n

at 14.5 MeV was determined according to Pearlstein by teking into account
the competition of the (n,3n) process, the threshold of which is at about
12.5 ¥eV., The measurement of the (n,2n) cross section at 14,5 MeV gives:
Op,on (145 MeV) = (0.39£0,07)b /749 7

For the adjustment to this value all the (n,2n) cross section values have
been multiplied by the ratio

o (14,5 MeV)

exper. 0.39

TS Te7) = Goaah = M7
calc.,

The (n,2n) cross section values for the various isotopes are given in

table 6 and displayed in figure 8a and 8b.

IV.5, Hean number of neutrons ner fission

The averages of the mean number of neutrons per fission v over the five
energy groups are here given as the average values of the gquantity veo_.

EX
A%t low energles up to the upper limit of zroup 3, v does not change

with neutron energy. Thus yields
Vo> = V. <05 where 1=3,4,5 (IV.5.1)

Over the energy range of group 2 v is still almost constant and the average

has been determined as arithmetic measn value of the v=values at the two

energy limits of the group

- 3(E2)+3(E3)
VO, = 5 <07, (IV.5.2)

‘The mean numbers of fission neutrons in the range of the energy groups 2,3,4

and 5 are given in table 7 for all the lisotopes in regard. As for group 1
first of all the products G(E)Gf(E) have been calculated and then the average

values have been determined from equation (IV.1) setting cX(E) = G(E)of(E).
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The Swgroup values of Vo are surmarized in the tables 11 and 12.

£
Yith regard to the isotopes studied here the mean number of neutrons per
fission v has hitherto been measured only for 23L‘U and 237Hp at single

energy points,

231

For Pa and 23e,

T Drake 1“29 7 has investigated the variation in v as a
function of the neutron energy. The procedure, sccording to which V(E)
232

U the

values have not been adopted for the same reason as indicated studying
231
or

has been determined, is not deseribed in the report, As for
the fission cross section., F Pa we have taken the values given by
Drake as a basis for averaging.

. . 234
Among the U=isotopes 1% was

U for which Fillmore £-50_7 has given a
review of available experimental data for 5, the mean number of prompt
neutrons. The measured data points obtained by Mather et al, [-51_7
covering the energy range up to about 4 MeV have been fitted in that

evaluation by

3P(B) = 2,371 + 0,1353 E (MeV) (IV.5.3)

252

. . . - .. - 52
with normelization to the v_ for spontaneous fission of ct vn(es cf)
= 3,782, This relationship for the dependence of v on the energy of the

neutrons indueing fission was used for the determination of V(E) for
23uU in the whole energy range above the fission threshold.

To the other Uwisotones and the Pu~isotopes the systematics of Schuster

and Howerton £~52_7 were applied, as the calculated results of these authors
235U, 238U and 233U compare favourably with experimental data.

The variation in V as a function of the energy of the neutrons causing fission

has been described by Leachnman /7537 in the following manners:

+ v (E) (IVe5.k4)

v(E) = Vo 1

where v, and, 2 depend upon the fissioning isotope concerned. Schuster and
Howerton have modified this equation by teking into account the various
fission modes, that is the standard (n,f) process, the (n,n'f) fission above

about 6MeV and the (n,2n'f) fission above about 12 MeV.
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Instead of Vo the v=value at thermal neutron energy, they have introduced
Vippes the V=value at the fission threshold energy., For Viyp Schuster and
Fowerton have deduced the following systematic for U-isotopes,

v (8) = o+ g (a-235) + 6(-1)" (1V.5.5)
vhere o = 2,39, 8 = 0,02 and § = 0,06,

The censtants have been obtained by fits to the 235U—data. If one ignores
the oddeeven effect, then o is identical with the value of v for 235U at
threshold. The second term gilves the change in Vingp with mass number A

of the uraniwm isotope. The third term takes account of the Ffact that

a nuecleus with an even number of neutrons tends to split into two frarments
with glso even numbers of neutrons.

For the determination of the slone v, of the linear relation for v(E) =
second systematic ecuation has been given by Schuster and Howerton for

U=isoctopes.,

v1(A) =y 4+ A (A=~235) (IV.5.6)

P

where v = C,13C and 2 = 0.000.

A takes into asccount that the slope v, increases by 4,57 per additional
[
>

Y
1 23

nucleon in the U~isotope studied in comparison to U, a fact which has

been inferred by Schuster and Howerton from the measurements of v(E) for

2138 R . .
“B‘U, 233U and 235U. According to Schuster and Howerton this behaviour

has to be expected because v, varies inversely with the neutron binding

1
energy and this decreases by about 3% for each additional nucleon.

Abvove the threshold of the (n,n'f) and (n,2n'f) reaction the branching ratios
between pure (n,f) and the other fission modes have to be estimated at each
energy point. At energies up to 10 MeV only the (n,n'f) process competes
with the standard fission mode. Then the general equation for v(A,E) deduced

by Schuster and Fowerton obtalns the following form:

S(8,E) = R(n,0)/ vy (A)+v (8) (B=E, (n,£) 7 +
(IV.5.7)

+ R(n,n'f) /14y, (A=1)+v, (A=1) (E-E,, (n,n'f) 7

h
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R(n,f) and R(n,n'f) give the contribution of the two fission modes,
being considered here, to the total fission,

The calculations for the Pu~isotopes have been performed by using also
the above formuls with the only difference that the equations for v

1

and Viny found by Schuster and Howerton are the following ones:

A T
%mJA) 2.77 + 0,02 (A=P39) + 0,06(~1) (17.5.8)

"

v, (A) = 0.124+ 0.006 (A=239) (I¥.5.9)

The magnitudesof R(n,f) and R{n,n'flhave been obtained exéept for 238Pu

from the geplots in figures 4 and 6, where the dashed curves are the

assumed eitensions for the various fission modes. TFor 2381—‘11 these values
t in the evaluation of Dunford

and Alter [-32_7 with the assumption that the first plateau is fixed at

1 MeV. They are summarized in table 9 for all the uranium and plutonium

isotopes investigated.

The threshold energies for (n,f) and (n,n'f) fission according to chapter

II1.3 have the following meaning:

Ethr(n,n'f) = Ef(A)

where A 1s the mass number of the target nucleus.

The threshold energies for the two fission modes as well as the values Yy
and vy for the uranium and plutonium isotopes are given in table 8.

The cnange of v with neutron energy is shown for these isotopes in table 10
and in figure 9.

For the Mpm~, Am= and Cm=isotopes it was impossible to derive similar sys-
tematics because ot the lack of data, Therefore the linear energy dependence
237NP, 238Nps

for the four isotopes have been

of V given in equation (IV.5.4) has been assumed to be valid for
2h1Am and 21"2()!?1. The constants Vo and vy
deternined as follows,

v is the average number of neutrons for thermal neutron-induced Iission.
A general correlation for these values is given by Gordeeva and Smirenkin

/754 7 for the isotopes with Z > 90
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= Q - “~ »
vthErm&l 0.18/1‘-2 + O.OO7A 16'00 + 6\) (IV|5010)

+1 for oddw-odd
whre § = 0,00 £ with { ={=1 for even=even target nuclei
v
0 for odd=A

The formula may be applied only to those nuclei far removed from the range
of closed shells and subwshells. It is based on the representation of the
nunber V of prompt neutrons enmitted per fission by linear functions of Z

and A, that is for a fixed neutron energy
V=07 +CA+C
ho) 2

1 3

63 takes account of the oddweven effect. The coefficients Ci have been
determined by leastesquare fits to experimental data. on thermal fission

. N
229Th» 23311, 23511, 239 2 2h1A

of the six tarpget nuclei Pu, ° 'Pu, Am, For
the fit these experimental walues have been renormalized by the authors

to v (®3y) = 2,43, The formula predicts the values of v_ for neutron-
thermal )

induced fission for nuclei with Z > 90 and I > 152 to within about 3%. The

contribution of the delsyed neutrons, however, to the total number of neutrons

£t Yo,
i Theratore 146 Ao et noan ANCoT Ao vYor wovh mont &
e dASL G LULS AU ik [ )

= e v
enm ea 15 Llest

Cifid uvw

oh
—

7
LiUWw MOCLL UULIO LS L T WUE wilwil

[0

aanl

to take their number into account here especially also because of the lack
of information about it. The above formula (IV.5.10) vields the quantitiés
Vo given in table IV.5.,2 for the four isotopes being considered.
The quantity v

; in equation (IVe5.L4) indicates the increase of v with in=
creasing energy.
Alrmost all of the excitation of the fissioning nucleus, increasing with
increasing incident neutron energy, appears as excitation of the fragments.
This leads to

dv
T N 1/E, (IVe5.11)

where E is the incident neutron energy and EO the average energy required
to release a neutron. Terrell has quoted a value of 6.7 MeV for E_ and

0]
with that it follows v, & 0.15 MeV™ 1-55_7. This value has been adopted

! 237

for the isotopes except for Np, for which the existence of measurements

has offered another way for the determination of Vi
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For ¥p the following experimental data information for v(E) has been

availsble.
Table IV.5.1

Average
- -
neutron energy ) Reference | Comment Renormelized value v

1.40 eV 2.,61+0,09 1-56 7 |indirect method
- on "Topsy" and
"Jezebel" cri-
tical assem=
blies

1,67 MeV 2,90+0,0k /756 7 lrelative to
- T U235, but
standard
value not
given

1.8 MeV 2,96+0,05 [757_ 7 |normalized 2,91
to vgggéggl renornmalized by us to

=2 47 Venerm(U235)=2.43

~d

AR AT - = 57
prompu neu= Ze]

trons; nore renormalized to v, (U235)
malized to = 2,43 téeré

Gtherm(U235)

=247

The experirental value of Huz'minov 1-58_7 has been excluded, because after
renormalization it has become equal to the thermal value obtained by for=
muta (TIT.5.10). The other three experimental data points and the calculated

Lad - - - -
thermal value of v have proven as appropriate to a linear fit with slope

v1 = 0,13,

The following table gives a survey on the used values for v, and v

L ]

0

23Ty, 238 ok 2ho
3 ]

Teble IV.5.2: Straighteline functions V(E) for Tin, Am, Cm
Isotope Vo ) v, v(E)

32 - -
Q’Tﬂp 2.67 0013 MeV™ V(BE)=2,6T+0.13E

1

238ZII) 2.77 0015 "IeV_ ;(E)=2077+Oo15E
2h1Am 3,08 0415 Mev'1 V(E)=3,0840,15E
2u2Cm. 3.19 0.15 eV V(E)=3,19+0,25L

The change in v with neutron energy is shown in the plots of figure 10 for
the gbove isotopes,
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Final consideration

In the finsl phase of the investigations reported here an evaluation of

237

cross section data for ¥p carried out by the Idaho Nuclear Corporation
has been published 1-60_7 which has not been regarded.

In the resolved and unresdlved resonance region the computation of cross
sections in this report is based completely on the resonance data of

D. Pays, The Idsho evaluation uses s great part of the Paya data, but
also older ones, They intend, however, to incorporate fully the Paya

3 . .
Q“YNF file, In the fast region

data in their next major re-evaluation of the
for the capture cross section the measurements of Stupegia et al. / 31 7
have been taken as a basis in the Idaho report as well as in this work,

23 . :
7Np the Idsho evasluation 1s based

As for the fission cross section of
on the results of Perkin and White at low energies, and in the fast region
the greatest weight is given to the data of White, The same basis have the
recommended fission data of Davey used in this report. The (n,2n) cross

section values have been determined in the two reports according to the

procedure given by Pearlstein, In the Idaho evaluation, however, the shape

of o, has not been fitted to the experimental value at 14.5 MeV /L9 7,
ﬁ._ - -

If the adjustment of the curve would be performed, one would obtain Gn on
. ?
values larger by a factor of about 2.6 and these would be in better sgree-
ment with our results than the original values reported in the Idaho eva-

luastion, Strictly the same values would yield only with identical o

G . n,e
and 3243'— values (we have assumed on e toqbe 3b in sccordance with the
n,e . A L UM
value used in the fission systematics and 3E*& = 1, whereas the Idaho
1 e .
evaluation uses o, = 2,85b and.gglﬁ = 0.96: both values derived from

? Nye
the corresponding Pearlstein curves’.

237

For the mean number of neutrons per fission of Np the Idsho evaluation

gives

V(E) = 2,61 + 0,16E

. . . -1
This energy dependence has been determined by assuming a slope of 0.16 MeV
and passing through the average of the two measurements of Hansen 1_56_7.

In this report the two measurements of Hansen have been used together with
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a Russian measurement to fix the slope of the straight-line function v(E),
vhilst the thermal Vevalue has been taken from a systematic formula (see
chapter IV.5.). The last procedure for the deduction of V(E) has to be

preferred, because the slope for V(E) as assumed in the Idaho evaluation

237

for Hp is not characteristical for this isotope (the assumed slope has
been derived in 1-68_7 for a universal curve V(E) for neutron energies above
1.6 MeV for 232U, 235U, 23%py by adding a constant energy to the incident

neutron energy for each nuclide). Both functions V(i) have been displayed

Ll

in figure 10, ) . —

It would be Just as well mentioned here that C.L, Dunford and H, Alter 1-7 7

Q
have given for 23UPu a straight«line function for v(E)

.v.("'n) -

T n 7
Lt - Zel

[ =4
4
which has not been adopted in this report, In this formula the multipli=-
cities of fission modes have not been taken into account as postulated by

Schuster and Howerton and carried out in this work, Both funetions vw(E),

that of Dunford and Alter and that one derived here, are displayed in figure

74

9, The differences in v are of sbout 4% at maximum,

236

Concerning U the average resonance parameters used in this revort

have been based on preliminary results of Carlson (referenced in CIIDA 68)
obtained from 1T nositive resonances between 5.45 eV and 272.8eV, Iiis
finally published results Z_Th, not referenced in CIHDA 69_7 based on
resonance measurenents for a single negative resonance at =2.7 eV and

28 positive resonances up to an energy of 415 eV have not been taken

into account. These results show that we have assumed too larse values

D and too small values for fY and £, In a later re-
evaluétion this defect has to he corrected., A comparison of the

varsmeters 1s given in table V.1 below.
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236

Table V.1t Average resonance parameters for U

Resonance |Values nreferred|Values given by A.D, Carlson et al,
perameter |in this report | (CA9057) o
14352043 caleculated from measured average
+ .
S x 10 L 1.3 +0.k capturevc?oss sections
0 1.02_0 5 calculated from resonance para=~
' meters
o+
5, % 10 b 2.0 243 0.6
r, /[ mev 7 | 23 23,041
B [Tev 7 1743 [15.752
(0) +0.6
r . . 5
n L meV_7‘ 2.25 16 _0ts

Certainly these resonance neasurements of Carlson can give a decision cone-
cerning the thermal capture cross section determined by MeCallum /69 7

by subtraction of a calculated scattering cross section value from a measured

AT A~ 7w

g, ., -e This value differs Ly a large amount irgm;;hg,gV-valueswresultinagmg,ggggg
from activation measurements. It may be that this discrepancy is due to
a wrong sgattering cross seetion value which has been obtained by MeCallum
from parameters of the two lowest resonances at -8eV and +5.48 eV. There-
fore it would be important to calculate again this value with the recent

naraneters of Carlson.
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Teble 1: Thermal neutron cross sections at 0,025 eV

Isctope oyl-b_7 Reference ofl-b_7 Reference Comments
231 o .
91Pa 200t 10 1 0 1(curve) values at 0.025 eV o recommended in /1
200 20 0.,00L5 29 in /729 7 recormended values at 0,025 eV
‘ GY from aveilable measurements (the same
ones are considered as in /" 1.7); op cal-
culated from resolved resonance parame=—
ters.,
preferred: preferred:
200 0 The smell subthreshold fission was negw
lected,
Qggu T8+ k4 1 TT+ 10 1 in 1-1_7 recommended values, cY for ther-
mal spectrum, Op for thermsalized spectruj
6.8 29 81.2 29 calculated from resolved resonance para=
meters
preferred: preferred:
78 7 the og-value in /717 is based on two
neasurements:
1.81+15b Elson etal.Phys.Rev.89,320,1953
2,70+10b Seaborg etal.CS=34T1,p.2,1946}
with the value from / 29_7 one obteins o,
as arithmetic mean of the three values,
2ggu 95+7 1 0 2 in ['1 and 2 resp._7 recormmended values
at 0,025eV; GY based on measurements;
o, is expected to be about 0.,006b /2 7
95410 23 value preferred in 1-23_7
preferred: preferred:
95 0
2ggU 64041 1 0 2 in [7,2 and 30 resg? recommended values ¢
641 30 0,025eV; o, based on several activation
measurements
546 3 0 3 in /73_7recommended values at 0.025eV; o,

=6.,0+0.kbobtained in resonance integral
measurements

546047 14 obtained from preliminary cy-measurementg
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Table 1: continued
‘sotope Gyl-b-7 Reference cflﬁb_7 Reference Comments
preferred: preferred: The first two o_~values quoted here are
546 ° averages over t;e same available measure=~
ments both taking into account the oY-value
of 8.1b /769 ] obtained from a measurement
of o g Without thet valie an unweighted
average of 5.6b would follow from the basic
measurements., Also most recent measurements
1'1h_7 show the tendency to lower values.
3SZU 480 3 2 3 values at 0,025eV, obtained from measure=-
ments of the corresponding effective cross
sections
r37Np 170 6 0,019 6 experimental values at 0.025eV
93 169 0,02 in /73 7 preferred values at 0.025 eV, ob-
- tained from measurements
preferred: preferred:
170 0 the small subthreshold fission neglected
}Sng 43 ;:i:g— 22004200 3 of-value at 0,025 eV from measurement
?ggPu 33 from 162 5 Op measured in the thermal column of the
38 (II.1) WTR =
9hPu 500+100 1 i/ 1_7 recommended value at 0,025eV,
based on measurements
546,45 7 1643 T values at 0,025eV calculated from single=
level resonance parameters
5467 3 16.3 3 preferred values at 0.025eV; o, from o,, =
563b
preferred: preferred:
547 16
;;Am 582 1 3,1320,15 4 values at 0.0ESeV;oyfrom a measured o, -
values with of=3b;
preferred: preferred:
582 3 o, measured in the thermal column of the

bl
MTR relative to op (Pu239)=806b ,

renormalized to cf(Pu239)=7hO.6b /717
it follows o.(Am241)=2.88b




Isotope °Y£-b-7

Table 1:
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eontinued

Reference sz-b_7 Reference

Comments

242
96

cn

20410

6

- 0.8

o measured for pile neutrons; Op calcu=
lated from Oytherm under the issumptlon
that the value estimated in /[ 8_7 for

the ratio OY/cAbS=O.96 for Cm2L4 can be

tsken also for Cm2Lk2
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Teble 2: Preferred microscopic values of the fission cross section

of 236U
Neutron energy l'MeV_? o(nsf) /b7

04550 0.0

0,608 0.0

0.672 0.017
04743 0.048
0.821 O.142
04907 0.290
1.00 0,331
1.25 04567
1450 0.649
2,00 04782
2.25 04837
2,50 ' 0,840
2.75 0.806
3,00 0.T790
3425 0.797
3450 0,810
375 0.816
4,00 0.806
he25 0.802
k.50 0.807
b5 0,786
5.00 04779
5.49 0.80
6.07 0.93

6,70 1.27

Tob1 ' 1455

8.19 1.72

9.05 1.73

10,00 1.6h4




Table 3:
(see figure5)at 3 MeV with Zh/3/A

- 5h o

Variation of the fission cross section

(A mass number of the target nucleus)

Target nucleus Zh/3/A of(3MeV) Reference
[
226
gphe 14732 0.
2S§Th 14738 04130 Davey / 33_7
QS}Pa 1.772 1430 Drake, Nichols /729 7
2§§U 1,782 1,71 Davey /[ 33_7
Qg’gu 1,775 1,40 Davey /7337
o 1,767 1,18 Davey /733_7
Effn 1,760 0,790 Stein et al, /~ 3k 7
ve - -
238
92! 1,745 04500
et 1,778 1,59 | }
239 Davey l 33_7
Pu 1,788 1.82
ol
240 1,781 1,57
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Table k: Plateau values of the fission cross section

for the isotopes 232U, 237U, 238Np, 236Pu, 2h2Cm
Target nucleus|Fission barrier [E_(A+1) |first plateau |[f second plateau
/750 7 B O /™o 7 © o -
A - - o - QO = - b / b 7
E. / MeV 7 |/ MeV 7 B e
232y 5,49 5,93 |1.86 0,62  |2.67
531 experimental
23Ty 5,80 exps 6,07  |0.67 0,223 [1.325
236y 6.40 exp. 0.8h) 0,281
1238 15.427 (a) 6423  |1.24 0.413 2412
237Np 6,04 exp. ; ; 1.50 04500
2365, 5,078 (a) 6,05 2,54 0.846  |2.96
235y 4,70 exp. 2.79 0.93
|22, 4,847 (a) 5469 2,70 0,90 (2,99
241 e bo40 expe 2,96 0,986

Among the fission barriers reported by Prince Zah0_7 those which have been
determined by experiment or, if nonexistent, which have been calculated from

(a), were selected.
0 even~even

(2) E (MeV) = (19,0-0.36 722 /ave) e =404  odd
O¢T  odd=odd

R.Vandenbosch, G,T. Sesborg, Phys. Rev. 110 (1958) 507
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Table 5: TFission cross section dats in the fast region
for the isotopes 232U, 237 238 Dy 236Pu, 2h20m

(see also figure 6)

1+ Average fission cross section values over group 2 from 46.5 keV to 800 keV

Isotopes | U232 | U237 | Np238 | Pu236 | Cmok2

o> 1486 | 0,67 | 1.24 2,54 2,70

2. Fission cross section values in the energy range of group 1 from 800 keV
up to 10 MeV

s

_ U232 N U237 _ Tp238 _ Pu236 _ Cmeh2
E/MeV_7 UE e ||EL Mev 7 %, ¢ E/ MeV_7 %, E/ MeV 7 %, ¢ E/ MeV_7 %,z
[ L7 7 o7 b7
0.80 1.86 0.80 |0.67 0.80 1.2 0.80 2,54 0.80 2,70
P hes 11,86 549 0.67 545 124 4,20  |[2,54 3.9 2,70

4,75 1.90 6615 0469 575 1,28 L ks 2,56 L, 15 2,71
4,9 2.0b 6.3 0.81 59 ERY 4.6 2,63 4,3 2,76
5.0 2.27 6ok 1.0 640 1.68 Lot 2475 Lok 2.85
541 2,50 645 1,18 6ol 1492 4,8 2.87 L,5 2,93
5425 2,64 || 6465 1.30 6425 2,08 4,95 2.9k 4,65 2.98
5450 2.67 649 1.3251| 645 2412 5420 2.96 k.9 2,99
10,0 2,67 111040 14325]{10.0 2,12 {110.0 2,96 {110.0 2,99




Pable 6:

2h1
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(ny2n) cross sections for the isotopes
238Np. 236Pu

242

Am, < "“Cm
(the underlined energies indicate the threshold of the (n,2n)

237U,

process for the nucleus considered)

2 .
37Np,

U237 Np237 Np238
E_/_-MeV_7 d(n,2n) E[‘MeV_? o(n,2n) E['MeV_] o(n,2n)
X [v7 [T
0.80 0. 0,80 0, 0.80 0.
Salb 0. 5439 0.
640 0.466 5.5 0,035
645 0.827 6.0 0.303
7.0 1,072 6479 0, 6.5 0,423
Te5 1.273 T+0 0,0457 T+0 04581
8.0 1,44 745 0427 Te5 0,686
845 1.525 8.0 Oulsk1 8.0 04756 .
9.0 1575 845 0.576 8.5 0,805
S RN S i3 3 9,0 0+675 5.0 0.831
10,0 1,63 945 0.821 945 0.849
10.0 0.973 10,0 0,863
Pu236 Am2k1 Cmak2
E/ MeV_ o(n,2n) E/ MeV_7 (o(n,2n) E/ MeV_7 j0(n,2n)
[ 7 /™7 /™7
0.80 0. 0,80 Os 0,80 0.
T4 04 5482 Os 6.90 O
7.8 0.0032 6.0 0.0289 7.0 0.
8.0 0.0062 645 0417k TS5 0.,0017
845 0.0148 7.0 0.282 8.0 0.,0039
9,0 0,0228 Te5 04347 845 0. 0059
9.5 0.,0284 8.0 04367 9.0 0.0072
10,0 0,0320 845 0,40k 945 0,0081
9.0 0.k28 10.0 0.00875
9.5 O.bl2
10,0 0,452
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Teble T: Average values of the mean number of neutrons per fission
for the energy groups: 5: 0,025 eV
L: 0.5 eV = 1 keV
3: 1 keV =~ 46,5 keV
2: 46,5 keV = 800 keV

Isotope ;h#;52$3 52

{2315, ) 255
232 2% 2,49
23hu - 2,43
236y - 2,40
237U - 2,465
237Np - 2,73
238y, 2.77 2,83
236p, 2,87 2,92
238p, 2,83 2,88
24 3,09 3415
2420 3.19 3.25




Teble 8:
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Mean number of neutrons per fission for the isotopes

232U’ 236U’ 237U' 236Pu. 238Pu

Isotope | vy, . v, Threshold / MeV_7
(n,f) process (n,n'f)process

U236 2,47 0.136 40,96 5,80
U237 2.37 0,142 «0.27 6.40
Pu236 2.77 0,106 =097 4,70
Pu238 | 2.81 C.118 =0,16 k.90
Pu235 2,63 0,100
™237 2,67 0.112
U231 2.25 0,106

— | 235533 0+130
232,

v(E) = Rn’f(2.39+o.112(E+o.hh))+Rn.dk(1+2.2s+o.1o6(m-h.966))

236U

V(E) = Rn’f(z.h7+0.136(E-O.96))#Rn'n,f(1*2.33+0o?30(E-5.80))

2 37U

v(E) = Rn‘f(2.37+0.1h2(E+0.27))+Rn'n,f(1+2.h7+0.136(E-6.h0))

236Pu

v(E) = Rn’f(2.77+0.106(E+0-97))+Rn‘n,f(1+2.63+O.100(E—h.70))

238Pu

VE) = R

’f

(2.81+0,118(E+0,16) )+R_ _, (1+2,67+0,112(E=L,90))
n,n'f
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Table 9: Branching ratios f

4}

or Vv

U232 | U236 U237 Puz36 Pu2 38
E/™MeV_7 Raye [Paate E/ MeV_7 oyt [Pante E/ MeV [/ Roye | Baynte E/ MeV_] Roe |Fante E/ MeV_7 Ro,e  Paynte
0.8 1.0 |0 0.8 1.0 0. 0.8 1.0 0. 0.8 1.0 O 0.8 1.0 0.
4,5 1.0 O 5.7 1.0 0, 5.9 1.0 0. b2 1.0 0. 1.0 1,0 0.
4,75 0.978 0,022 6.0T 0.86 |0.14 6.15 0.97 0,03 4,45 0.992 |0.008 1.2 0.95 0.05
5.0 0.82 (0,18 6,70 |0.63 0,37 6.3 0.83 | 0,17 L6 04965 {0,035 1.5 0.91 0,09
541 0.T4 [0.26 T 41 0.515 {0,485 6.4 0.67 0.33 4,7 0,92 [0.,08 2.0 0.91 0,09
5.25 0,705 |0.295 8.19 0.465 {0,535 6.5 0,568 | 0,432 4.8 0.88 |0.12 3.0 0.80 0,20
5450 0,696 | 04304 9.05 0.46 |0.54 6.65 0,515 | 0,485 L,95 0.86 {0,1k 4,0 0.75 0.25
10, 0.696 {0,304 |]10, 0.49 {0.51 6.90 0,505 | 0.495 6.0 0,86 {01k 6.0 0.T4  0.26
10. 0,505 | 0,495 |{10, 0,86 |04tk 8.0 0.77 0423
10. 077  0.23
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Table 10: v=values as a function of the neutron energy

fiir several U=~ and Pu=isotopes

U232 U236 U237 Pu236 Pu238

E/ MeV_ 7|5 | |E/ Mev 7S E/"MeV_7 (% E/ MeV_7|%

gl
~
g
~J
<t

0.8 2.53 0.8 2.45 0.8 2452 0.8 2,961} 0.8 2,92
L,5 2.9%4 1.0 2.46 1.0 2455 1.0 2.9811 1.0 2,95
L,75 2,98 2,0 2,61 2.0 2,69 2.0 3.08|| 1.2 2,98
540 3,05 3.0 |2.75 3.0 2.83 3.0 3,19 1.5 3.0k
5.1 3.08 4,0 2.88 k.0 2498 b,2 3.32{} 2,0 3.10

5 33111 5.0 13,0201 5.9  [3.246 L5 (3,381 3.0 3.23

5.2
5,50 [3eth{| 5.7 [3.11|] 6.15 |3.31]] 4.6 [3.37]] k.0 3436
0 3.19{| 6.07 |3.19]] 6.3  [3.33|] k.7 |3.39]] 6.0 3460
740 3.30|| 6.70 [3.32]| 6.  [3.36]] 4.8 |3.41]] 8.0 3.83
8,0 3.41 Tl 3.45]] 6.5 3.39 4,95 |3.43]]10.0 4,07

9.0 3.52 8419 3455 6465 |3.43 5.2 3.L46
10.0 3.63 9,05 |3.6T|| 6.9 3.46 6.0 1355
10,0 [3.79(] 8.0 13.62|] T.0 [3.64
9.0  |3.75 8,0  {3.75
10,0 |3.89|] 9.0 [3.86
10,0  {3.96




Table 11: Segroup averaged values of o(n,f), o(n,y), o(n,2an)
and Go(n,f) for the case of a thermal reactor spectrum
(cross sections in barn)
inergy Group 5 4 3 2 1
thermal group 0.5eV = 1keV  1ReV - M6.5kgv 46,5keV -~ 300keV 800keV = 10 MeV
Isotope <0Y> <cf> <V°f> <0y> <qf> <vof> <oy> <cf> <ch> <g > <0f> <30f> <0Y> <gf> <Cof> <02n>
Pa231 200 o - 61 o - 3.5 0 « | 043 0418 046 | 0.05 1.2 k2 2,96 10'?
U232 78 7T 188 20 39 95 0.7 5.0 12 | 0,16 1.9 4.6 0,06 1.9 7.3 1.495107°
U234 95 0 - 91 0 - 1.k 0 - N0.31  0.29  0.70 0,14 1.3 4.9 8.87510‘“
U236 5.6 0 - 5h 0 - 1.h 0 - 0.31 0,00k 0,01 0.1k 0.69 3.5 6.01 1073
U237 480 2 W8 37 0o - 2.2 0 - 10,18 067 1.7 0.07  0.68 3.1  2.85 1072
Np237 170 0 - 122 0 - 4.6 0 - 0,96  0.28  0.76 0.17 1.57 6.2 79 1073
Np238 43 2200 609k 3.7 191 528 0. 1¢ 8.1 22 0,30 1.2 3.5 0.12 1.3 6.0 1.58 1072
Pu236 33 162 465 25 123 353 1.0 4.8 1L | 0,30 2.5 T.b 0,12 2.6 9.7  6.66 1077
Pu23s 517 16 L5 18 2.8 749 2.k 064 1,8 0.1 141 3.0 0.03 2.3 9.0 3448 10"LL
Am2L 1 582 3 9,3 . 208 1.1 3.k h,5 0,02 0,07 | 0,30 0,07 0.22 0.12 1¢5 841 5.81 10‘3
Cm2k2 20 0.8 2.0 a7 3.9 12,4 2.9 0.13 041 | 0.30 2.7 8.8¢ 0.12 2.7 11,6 3421 10‘h
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Table 12: 5-group | averaged values of o(n,f), o(n,vy), o(n,2n)
and Vo(n,f) for the case of a fast reactor spectrum
(cross sections in barn)
Energy Group 5 ) 3 2 1
thermal group 0., 465eV w 1keV 1keV = h6.5kEV L6, 5keV - 800keV 800keV - 10MeV
'Isotope < G’Y> <‘0f> <VO:£‘> <cy> <Of_‘> <\)Of‘> <OY> 'of> <Vg f> <qY> <gf> <\)o‘f> <0Y> <gf> <\)gf> <02n>
Pa231 200 0 - 10.6 0 - 3.0 0 - 0.53 0411 0,28 | 0,07 1.1 4,2 9.40 1o'h
U232 18 7T 188 3.7 10,3 25 0.8 2.2 5.3 0,18 1.9 b7 0,07 1.9  T.3 b6k 107F
U234 95 0 - 5.8 0 - 0.9 0 - 0.33 04,19 046 | 0,18 1.3 L9 2,84 1o'h
U236 5.6 0o - 4.9 o - | o0w o - 0.33 0.0015 0,0036 | 0.18 0.62 3.5 1,95 1073
U237 480 2 4,8 | 16 0o = |30 0o - 0,07  0.67 1.7 | 0,18 0,68 3.1 9.91 103
Np237 170 0 - 1543 0 - 343 0 - 1.1 0,18 049 | 0,22 1.5 6.2 1454 1073
Np238 k3 2200 6094 2.1 18,3 51 0.5% 7.8 22 012 1.2 34 0:30 143 6.0 5,51 1073
Pu236 33 162 k465 Lo 8.8 25 1.0 [2.0 5.8 0412 2,5 Te3 0630 2.6 9.7 2,08 107
Pu238 54T 16 L5 6.9 1.6 4,5 1.2 0.28 0,78 0,16  0.88 2,5 0,03 2.2 9.0 1.10 10—&
Am2k 1 582 3 9.3 15.7 T4 bk 341 0,59 1.8 0.12 0,05 0416 | 0,30 1.4 8,1 1.97 1073
cmakh2 20 0.8 2,6 Te5 0.32 1,0 1.6 0,066 0,21 0.12 2,7 8.8 0430 2,7 1146 1,02 1077
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Figure captions

Pige 1 Flux spectrum of a thermal reactor
Fig, 2 NAP=core spectrun
Fig. 3 Flux spectrum of a fast reactor
) . . 236
Fige 4 The fission c¢ross section for U
. . - . 4/3
Figse 5 Correlation of o, (3MeV) with Z ' °/A
Fig. 6 The fission cross section in the fast region for
] 4 ‘ a 4o
23hU’ 237U, 230Pu, 23“Hp, 2}‘Cm
. 2h1
Fige T Preferred shape of cf(E) for Anm
Flgs. va The energy dependence of o(n,2n) for “J’U, :iju, C‘HAm,
238.. 237, ko
Fig. &b 38ﬂp, 37ﬁp, 2 %0
. - . 236
Fige 9 v as a function of the neutron energy for 232U, 23 U,
) 236, 38
23Ty, 230, 230,
- U ~ = er
Fige 10 v as a function of the neutron energy for ?BTNp, P3°ﬂp,
241
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