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Abstract

This report represents & first step in the framework of an accurate systematic
evaluation for the following transactinium isotopes: 2311’8., 232U, 23"‘U, 2360,

8
237U’ 237Np, 238Np, 236Pu’ 23 Pu, 2h1Am. aka

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

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 caleculations. In the case of lack of
experimental data simple systematic methods have been applied for the determi-

nation of the ecross sections,

Zusammenfas sung

Diese Arbeit stellt einen ersten Schritt im Reshmen einer exakten systematischen

Auswertung fiir die folgenden Transactiniumisotope dar: 231Pa, 23211‘ 2~3hU 23611,

237U' 237nP, 238Np, 236Pu’ 238Pu, 2h1Am’ 2hzcm

Fiir den Einfangquerschnitt, den Spaltquerschnitt, den (n,2n)=Querschnitt und
die mittlere Anzahl der Spaltneutronen sind mikroskopische Daten ausgewertet
und SeGruppenkonstanten bestimmt worden. Diese Daten sind fiir Untersuchungen
in der SpaltstofffluBkontrolle 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 caelculations for the
analysis of the fuel-cycle the following tyves of microscopic neutron
nuclear data have been evaluated and transformed into S-group cross

sections:

OY - rediative caopture cross section

Op = fission eross section

0,,~ ©ross section for the (n,2n)-process

- - -

v = nean nunber of seccndary neutrons per fission
The investipations were carried out for the isotopes

231

912

232y, 23y, 236, 231,
e, e

e i

"ot

23§Cm

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

the following five groups:

Energy range
Group lover linit upper limit Characterization

1 800 keV 10 MeV 1 .
fast region

2 46,5 keV 800 keV

3 1 keV 46,5 keV unresolved resonance region

b 0.465 ev 1 keV (partly) resolved resonance
region

5 0,025 eVv 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).

Zum Druck eingereieht 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
nicroscopic nuclear date types are envisaged. As far as reasonable

and practiceble 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 alreaéy 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
V.

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
of the limited space of time which has been availgble 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 thermal 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 tebles 11 and 12 give a complete survey about the computed 5-groun
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 TOTH, too.



Neutron cross sections st thermal energy (0,025 eV)

Yor the thermel values of the rediative capture and fission cross sections

of the verious isotones published experimental or evaluated information

was available with the exception of the capture cross sections of 23aﬂp

and 236Pu. These have been caleulated according to the formula

(II.1)

0Ytherm ythern

'-:l} -
»
a

b

Here ?Y and ?f are averamses of the partial widths for capture and fission

for s=wave resonances.

The above forrula is only strictly valid in the Breit-Wigner cne-=level

approximation, where T and ?Y are the parameters belonging to the first

T
resonance, Recause of unknown resonance parameters for the two isotopes

the averapre values from table IIT.1.1 in chapter III and the thermal

fission cross section fron table 1 have been used.
Lanze |

The thermal o~ 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

Vinern & quoted in table 7+ Their determination is described in

chapter IV,5 which deals in general with the energy dependence of Ve
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Tleutron cross sections in the resonance region

The experimental information in this energy range consists of measured
resonence integrals and resclved resonance reasurements availsble for

237U, 238 236Pu and oh2

all isotopes except Yo,

Cmy The latter information
is only for a few isotopes given up to some hundreds of eV. Thne rescnance
integrals offer the possibility to determine directly by means of average
resonance parameters group averaged cross sectlons weighted with a

1/E spectrun.

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

Consecuently cne has

- A‘_I- - -
<g >t = —2 = <ci_0>l + <o =13 (III.1)
= { o(®)an =
AT,
1

=4

wvhere x = y or

(93]

i =4 or

Tor the isotormes studied it can be assumed to o good aphroximetion that
ther are npresent in very stronsg diluticn. T one uses the narrow-resonance
anprozimation for the collision density, the cross sections of zn isotope u
averaped over an cneryy group i are given in this case by the following
relation 1-9_7

a
3
~—~
"
S
S
e
~
t1
S
B
H
il

yor

i=hor3 (111.2)
7(B)= collision density
= I, (E) ¢(8)

In addition to the above mentioned conditions this formula presupposes
that the sum of the total cross sections of 21l other nmaterials u! % u
is constant over AEi. One hes to be aware of the fact that this second

condition is only then fulfilled, if the flux is not disturbed hy resonances
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of the other materials u' % p, which is actually not the case.

The determinetion of the mean number of neuirons per fission in the
resonance regicn is described in chapter III.5. The results are

given in table 7. The values for o and Vo averaged over the

£ % T
erergy groups 4 and 3 are quoted in tsble 11 for a thermal reactor

and in table 12 for a fast reactor spectrum.

II1.1 Thernal reactor

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

over the enerzy group 4 (0.465 eV - 1 keV) by means of the 2asured
infinite 3ilution resonance integral, More explicitly this would mean
that the average cross sections over group 4 are obtained as difference
between the measured infinite dilution resonance intepgral and the inte-
gral over the resonances above z cutoff energy E® of 1 keVe The cal-
culation of the latter one has been performed in principle by Dresner 1-10_7
and is outlined farther below

1 -y 2 EXD
<g_>), = — / (RI_) = - (R1_) 7 (IIT.141)
B (i)g% T ey * Ei=lkeV”

where x =y or [

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 parareters 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, i.e. & range where the application of average

resonance parameters is appropriate.
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For the neasured resonance integral (}?I;)e:{‘g the cutoff energy X~ is
ecual to the cafmium cutoff enersr. It has values between 0.l anad
Q.6 oV denending unon the thickress of the Gi-layer coverins the con-
sidered samle. ile have assumed the cadniun cutoff for all measured
resonance intesrals as identiczl with the lower boundary of groun k.
The resulting error is only thensigmificant, if there is a rescnance
in the neighbourhood of 0.5 eV,

In the recion dtove 1 keV, hoWwever, no resonances are knovn for any of
the isoctones. The contributions of these resonances to the total
resonence integral is onlr & snall correction. Ilere the average
resonance narzmeters will be sufficilent and the cross scctions averaged
over the enersy croup 3 were obtained by computation of the resconance

integrals as riven by Dresner within the limits of 1 keV ond %6.5 keV.

1 "'6.5 ReV
<°x>3 =‘“T°j§§ (RIx)1 reV vhere x =y or T (II1.1.2)
E
(3)

The actual caleulation of the resonance integrels proceeds as follows.
he contribution of the resorniances above some cutoff energzy to the total

resonance integral can be written in the Tollowing fornm

1 3
T4+ T ~

RI_(E®) = 221 £ 1§‘°(J)+ 223 s sl 69 (IIT41.3)
'_".I I-—é—| J=| I—é-l - b

vhere x = y or T

Tie "inst term of this equation renresents the contribution of the s-wave
resonances, the second that of the p-wave resonances.

The cal~uletion of the resonance integrals has been carried out according
to Dresner / 10_7.

The quantities Ix are given by the expressions below,

o0

_ 2 T
IL—O(J) = _211’ I *2(E)< nx s
x = E r
DJ I

ah

.r_- x=vyor T (III.‘."’)



-7-

The bracket denotes an average with respect to the statisticel distri-
butions of the reaction widths.

The Insertion of the reduced neutron width defined for s-wave resocnances
by

1
J_ I.(O)J’ + =

rn a B 2 (IITe1.5)
leads to
=0 2.2 = 2 rz(10)er aE
I {3) === [ X°(E) /E< > == (III.1.6)
x - " J E
D; E r

First we assume that all the rescnances in the energy range fron E® to

infinity have the same partial widths namely 'fz(lo), fy, Tf. . Then one

obtains

=(0)J
_ 2.2 ® r dE
18=0(g) = 222 (2% v é“ . nﬂo)"f‘ = (II141.7)
B; (T, VEs . £/
With trassformation to the new variable ya = i—;— it follows
x B, X 1% (y+8)
J
2.2 T
= La"k“0 “x (B-ln (1+B)) (III-108)
- o 2 J
D E B
J
T+ Tg
Tr(IO)J /Ei('



o

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

given by
3.2
=J v =(0)J SR
77 200 F B (II141.9)
n n 32
0
Thus one obtains analogously as for the s-waves
2.2, % ©
2=1 hn™x"(E -J <
Ix (3) =_lr_.:..§.....)_ T '[.%L.._ (111‘1.10)
) * 1 y+Be
J -
2.2 =
)
= o *0 .r_’.c. /"'_.._..._1 {-T-r- + arc tan (]3‘1/3_2 !
= — / = -
5. £ T p?/33tR 51337 6n2/3
1 (B2
x = 1\'2/3 “'1/3+1 -
o+ T 2 o
R n - - -
where B'(J) = -%o - is/z wita C = =5 = —39-%%1;.2-10 [evt 7
T ET e Xy bmxg - -

for the nuclei considered,

The used symbols have

R -

zpot -

*a -
_ 27+

By T Bl2i+1)

D -

I‘ -

the following meaning:

effective radius of the nucleus

potential scattering cross section, assumed to be 11b
reduceé neutron wave length

*y = b55018 £L /5 /6T

with A = mass number of the target nucleus

lere ve have taken xa = 2,09+10° /“b*eV_7 for all

the nuclei considered

statistical spin factor

With J - total angular nomentum of the compound nucleus
I -~ spin of the tarset nucleus

average level spacing

partial width for fission (x=f) and capture (x=y)

respectively
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rn - neutron width

Péo) - reduced neutron width

T - total width = T_ + T (+ T.)
n Y by

- cutoff energy gbove which the contribution of

the resonances to the resonance integral has been
calculated

The effect of fluctuations in the neutron widths has been tsken into
account subsequently for nonfissile nuclei by applying according to
Dresner a correction factor to the expression for Ii=0. These factors
with values between 1.0 and 0.7 devending on the value of B have

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

a good assumption for TY.

For fissile nuclei the statistical distribution of the Tission widths
has in a strict sense to be regarded addionally. DBecause of the large
uncertainties in the fission widths, however, the rather extensive
calculations were not considered worthwhile at present. This means
that for fissile nuclei no correction factors at all have been applied.
Doppler broadening of the resonances as well as interference effects

between the resonances have not been considered.

A. Resonance naraneters

The average resonance parancters used in the calculstions are sumnarized

in the tables III.1.1 and III.1.,2. Lven end odd isotopes are listed

seperately. For the p-wave strength function the value S1 = 2.0-1Crh.
independent of J, was assumed throughout for ell isotopes,
Since even nuclei have the spin I=0, the gquantum numbers J of the
total anpgular momentum may take the values
1 -
J = 5 for 2=0
1 3 (III.1411)
J1v— =5y 5 for 2=0
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Then it follows for the statistical spin factor of even nuclei for
s-vaves gy 4 /2 = 1 and for p-waves 8321 /2 = 1 and €5=3 /2 = 2. The
resonance integral consists therefore of one s-wave resonsnce series
and two p-vave resonance series. For odd nuclei the possible J-values

and the statistical fectors 51 have been tebulated in tzble ITT.1.2.

In 2ddition to the basic s-wave resonance paranmeters in the tables are
2lso given the n~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 mcodel hes been

used,
5 - copst eJ(J+1 )20’2 (IIT.1.12)
J = 2J+1 e

Tor the spin cutoff parameter o the value 4 has been assumed, recormended
by Harvey / 1 1_7.

Hence it follows

- 2
D 2J1+1 er(J2+1)/2c

= T 3741 TJ.(3.+1)/2a2 (IIT41.413)
B 2 A

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

g one
can make use of the observed s-wave level density
Do‘)" = 1 = 1 - 1 + - 1 = — 1 + - ]
Pobs  Pa=0 Pp=0,0=|1-Y  De=o,0=|meg|  Pee0,5,  Pe=0,9,
(III.2.14)
This leads to
2
} 23 +1 eJ1(J1+1)/2°
Py=0,3, = Dons (1* 3531 T (371725 (I11.1.15)
e

1
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The parity dependence of ﬁl’. 7 hes been shown by Ericsen /762_7 to be
. L

very small and has been neglected.

Using the average level spacings calculated in the indicated manner

the neutron widths have been obtained by

(0) =7 [ ] (0) - R -
rn £=0,J" = DJ! SO and rn 2=1,3" = DJ“'S1 respectively
with
II- ll < J' < I+l II_ _3'_] < J" < T+ 3 (IIT.1.16)
2 - -~ 2 21 — ) ale

Here SO and S1 are the strength functions for s- and p-vave neutrons

respectively,



Tabelle IIT.1.1:

Averare resonance parancters for the even nuclei investipated

1

T [
A 5 - (025 )L0)77F | L(0)7F
Ty n Jobs Ut ni=0 _|"g=1,d=2 ng=1 | ngat
Isotope |/ ch_7 Reference ||S,x10 [fteference |/ eV_7 [Reference |/ meV_7{Reforence |/ meV 7| [TeV_7%( / meV_7 ['meV~7
2325 )| s0 1 1.0 12 (i) [ 1341 1 360 1 (a) 1,31 7.20 | 2.62 1.4k
23"U (h)| 25 1 1.2 13 (i) 19,1 1 - neplipriblell 2,29 10,50 3.82 2410
536 subthres-
U (nh)| 23 1 1.3 13 (i) 17.3 1,14 - hold 2,05 9450 3.6 1,90
238 finsion
ib(h)|[ ko nean 1.3 cale,(b) 6.76|taken from|2040 calc.from || 0,38 3.72 1435 0,7h
value 15 (£) (o)
236 essunied
ru(n)| ho for fige 1.0 assuried 7.35|tnken fromli 105 calcsfrom || 0,735 4,0k 147 0,808
sile nu- value fron 15 () (o)
clei srstematies
of neirh-
houring
. wieiel
23pa(n)| 38 16 (i) 1.1 15 (i) 13.5 16 (i) 100 |with <I' /D> 149 71 2,70 1,48
=$-77'!O'3
riven in
7117
22, ()} 0 6 8 (3 i - G6o | | 6 66
CIn(e) 10 [V} 007‘ 18 (l) «'.8 ':;;L.t.'(:t;‘)from 10’1 C&lc.{z?ﬂ N6 9 ‘083 107 Ol9 D

Ll S
e



Table III.1,2: Averare resonance parareters for tae odd nueclel investigated

T 3 T
Y ) gbs -
Isotope |/ rtcV_7 Reference S(,)x10'H Peference |/ ev_7 Reference| / meV 7|Refcrencel| I |[Peference|d(2=0)|J(2=1)
23Tpa(n) | bg 1 0.60 1 0.l 1 - & 1 152 0313233
237 ) averape assumed . 1 . P
U () 2h fronu23h, 1.0 value from S?]J ?‘Ekc(ex;)fron - = 19 031 031323
U236,0238 systenctics Dyo =
of neirh~ i’
bouring D =1
237 nuclei B 5
p(h) LY 20 (i) | 1,0 20 (i) 0,67 {20 (i) - 5 1 233 132433k
21”/1;,1(11) 4o 1 1.1 21 0,81 | 1 0,21 2 -g- 1 253 |132333h
‘132=0['ev_7 52;1 ./’-eV_7 I‘iil -meV_7 P_3(221 Z-r!‘.GV_7 f,’.g-:o 6381
Isotope J, J2 J1 JE J3 Jh J‘1 J2 J1 n ,J3 Jh J1 J? J‘| J;? 2.3. Jy,
> .
Tea | 1009 0uth| 397 1,09 0uTh 0.65[0.0655 0,0h2{0,614 0,218 0,8 01308 # | ¢ 0 F %
2 ,
3Ty 14 Lo7 11h b 2.8 - (1.0 0.470{2,830 094 0,56 =~ 7} % 71; f— ?; -
23 .
7rrp 1,45 1.25] 2,13 1.5 1,25 1,25{0.145  0,125]0.426 0,290 0.25 0,2% % -}r-g- %5 »?-5 ,'_1% -?—2-
M [ 1073 1450] 255 1.73 1450 1.50]0,190  0,165]0,508 0,36 0,30 0,30 L3 L %
| -
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Co——ents to the ftables IIXI.1.1 and IIT,.1,.2

(a) Using the thermal fission cross section and the s-wave strength function
the averase fission widths has been calculated from tahe forrmula
2

wko - rf .
Ui‘ther:". = = =0 :;; (¢I.L.1.17)
thern .
valid for even nuclei with g_ = 2041 = 1. The meaniag of T is
) 2ZZI+15 h -

exnlained below.

The rel®tion can be deduced by considering the fission resonancec as

isclated and 2escribing therm by the one-level forruzla. Then it is
r .r
2 /I This
g (p) =fms /S 2 (ITZ03.075
- r T

-
(E-Er)°+ ﬁi

where the index r runs over the various s-wave resoncnces. >0 contrie-
butions are cormpletely nerlizible because only the case I»0 is of

interest here.

Under the condition that 3.‘<<I-§r~ a rr«Er it follows

e rio)r ¥
o (L) = ) —= (TI7.1.19)
s/ﬁ- r E;

- . . N ms s L . - .
The enerqy regsion above I is now subdivided 1nto intervals 1 of the

length tL;« The resonances in such an interval are designated br r

3. it

Their nuber in the interval 1 is coanscouently given by —= | where

- ’
- - . . . . 01 . .
D:.L is the averase value ol the level snacings in the inte¥val 1. Thus
rields
2 0 o n
™ rid)ri T mhy LT ré“) r,
o () =— Y ) — = Yy —= < —— >, (IT1.1.20)
T s 3 e Vel 5 2
£ ir. I S D. i
1 rs 1 T

RBecause no correlations between T, I“_1 and I’-r exist, o can assume
for a2ll the resonances in the interval i to have the sane wartial widths

nanely the mean velues of the partial widths in tiae intervel i



(b)
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T ( ) - >4 ~ -
rni ane T it Then 311 follows
o o)y ™
a ¥ {8 T . am
— 0 v wl fa 1
o P(_-A.) = 2 o =
= ) 1 .";i n.

In corier to0 be zlloved to introiuce cnergy indencndent
one has to make the asswmtion that all the resonzneces
the same partial widtns and the same lewl snoeing.

of the noutreon and Tission widths and the mean level

these resonances hinve been zodopted as

rields
2 =(0)= -
it T( )I‘_,. AT
(T‘) - o n 2 2
Oa\e? = 72 - ! %
Vi 0 1 L.:;
Ir the liniting case AT.‘-i n. this leads to
.
2 =(0) = n
& ¥ 3
X ™ nx
- ¢ rn I‘]_. 1 .. 0 .
Gf(.*.) = = J’“ -5 cui = —_ .:-0
v D R VT
Tor i<«

{171.1.21)

reaction widths

ahove 17 have
T™The mean valucs

anacine of all

anpropriate quantities. 'Thisg

(177.1.72)

(171,1.23)

i

o
r

The snecialization on thermal energies »enilis the determination of

the ratio T r I from this forrula.
of the lovwest resonance.

fissionable nuclel are situated is nrostly 0.3 eV.

T'e

thus depends on thc nosition

The lowest enerry at which resonances of

Ve have chosen rather

arbitrarily an energy of 0.5 eV which coincides with the cutoff enerpy

In these cases the s-wave strenrsth function was obtained by maling

usc of the infinite dilution fission resoance integral.

The contribution of the resonances of the s-wave serics, assumed as

isolatedl , to the resonance intepral is

’)-"2

[-<]

T =
Rlep=0

2
*q

:

where "r" runs over

given
r r
or
1 n °f
R

an
-

all s~wave resonances.

.
o
by

(ITT.1.24)
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ith 1‘1‘})]":, l‘:; (vhich is the case for the isotope studied) it follows
o I one assumes the contributions of the »— and higher L-wave

neutrons to the total resonance interral to be snall caompared to thot

of s-¥ave neutreons — a conGition which is generally MmiTilled
fo. . .; heaviest nuclei - one has to 2 food annroxiration
~{0)r
C LW <0 2.0 ‘n
RT =9R =D -
‘..f ..\Irn:o i 14 ko g :‘-37:_'5‘ (II] 01.25)
‘_lr -
Anelojously as under (a) the equetion (TI7.1.25) is transformed into
={0 2
r( ) o , had 32
L 2 "mn - ax 0 - -
RI, = 2miy —w=- ) 375 = S, (131.1.26)
- DR e Gy 3 ¢

Piffereat from case {a), T™ has herc the weaning of the cadmiwn cutoff

cnergr.
.. . . . . .
ITf the fissicn resonance interral above I 1s known fron experirent, this

formla rives the possibhility to determine the s-rave strenrth function
oot

~ [P LN P
¢ N

) ™is has been the case For

(c) ™he averare fission width has beer caleulsted from the wwroximate Tormulrn

T LT
—= (T77.01.27)
T r

-

= 230 . ., :
(7) The infiented vodve for T. of U™ is the evercro of the T -values for

+tve cl~hi linewvn resononces bebtieen 5,07 eV and T5.1 eV, It was cheocked
vhcther tiils velue cen be tollen os apnropriate average also above T5 eV.
Tor this rurnose the resonance interrel contributions of the known
canture and fission resonances w» to 75 oV have heen caleulated,  fGhen
the 41 “fereace belween the reasured and these nartial resonance interrals
for camture and fission resnsectively sives the coutributions of the ree-
sonances above T5 ¢V, The choscn T‘Y and f‘f velues should fulfill the
ayrroxirate relation:

(<~
T |

~T5eV &

(11T 1.27)

H,'-ﬂ I{‘-l

LR
Flelrsev
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ket - -
s‘s o3

Tound tec 2 cctua

> the cese.

- L2
Tor laek cof avallable datn the overszge resonance harareters of m
akk .
nave heen assumed o be ke sare nas for © Cn. This can be JustiTied
k*5en eilr sirilar fission darriers and birndins energies.
Te level densit- o, 5 1/N. has Leen obtained frone. = o (2 J+1)
b . w

wwhere J is the Lozl anpriar momentu of the lewvels cons:.dered. o a
rerort written by loorc and Sirmson / 15 7 Ch is iven for nuclei

with even T =3 & Dunetion of the neutron m--chn'- enexr; .

ie corment 15 resorted the

ne gonLtrary

haove beern

~

parareters given in the quoted r

The values indiceted have been

reference lairself from his owm

ottoined &s arithmetic wean

averarss rescnance naraneters
vzlues of thie reselved resonance

reference wWork.

caleulated Ly the author of the cited

experimental éata.



I« Resonance JInterreols

In the follovinr table measured and evaluated data of infinite dilution

recsonance integrals for capture and fission have been listed.

Table 1IT7.1.3: Infinite @ilution resonance integrals for

canture and Tission

W gem o em
Isotone Rlyl b 7 Reference Corments RIf/ b 7 Refercace Carments
21 . - -

23 Ta fo a2 evaluation of 9] nerlifgible subthres-
measured ro- hold Tission /731 7
soilance inte-
orels

2 . .

32U 220 22 cvaluation of 32C 22 evaluation of mea-
recasurcd re- sured resonance
sonance inte=- intepgrals

rralssyreferred
value in /722 7

234, 70070

[yv)
P

nreferred value
in /237, cal-
culated from re—
sonance MHara-
neters

TQ0 2 recamended in 0 2 negligible subthres-
/"2 7 hold fission /717

U 332418 14 calculated fron
preliminary re-
solved resonance
paraneters up to
2728 eV

r

hooko 1 rgconmcnded in 0 negligible subthres-
/717 hold fission / 1.7

310 2 estimated fron
resonance hara-
neters

hoo o] reconmended in

/27

"W17405 24 rmeasurercnt
carried out in
order to resolve
the discrepancies
in that value



Table TIT,1.3 contirued

00 e o
Isotope BI / b 7 Peference Corments lej-h 7 Reference Corrents
ve - L .

k19-70 2y cbiained by the
U23% and gold
cad=iw ratioss
relative to

an

(}JEJJ) =6+1b

experirental
ralue, deitcrnined
relative to tae
value of 1557h
for old

k17 —ost recert and
dexisicon measus-

e

il

,a
I
J
o
O
[V

caleculslcd b a -
nanner not indi-
cated in detail

in reference 1-3_7

uninown value,
assuned te e O

cxperirental value,
1/v part of the in=-
terral not included

nh3 2 adjusted fron the
nonl/v=peasurereat of 570L
of reference /725 7
500 a2 calculated fron re-~
s lved rcsonance para-
rmeters, ciiranolated
to 21irli encrries
250 3 exnarirental value O 3
ol an the sin~le measure-~ O +he interral over
nent avellable of thic resonances hot-
uTQh / 25 7 co*rected ween 0.52Y and 1kel
in"a mzapner not in- has been estinated
dicated in rarticular; to be N.3hjarainst
nrobably for the lacke- the canture intenrel
ing 1/v nart of tae it ray be nerlec-
neasured interral ted
Proforre
valua:
ohn averssc of the twe values

for the resoanance inte-
rral which include the
1/v-part of the integral



Toihle T3T.1.3 contizucd

0 e N
Isotone 3771 b 7 Teterence Corents

—

O .
RI_/™» 7 Pcfereuce Corrents

Ao

I 20 calendlated 15074500 3 sinslec ncasuretcnt
fron (s) availatle

23C -

™ 197 calculated ofn calswlated fram {s)
fror (i)
-

“ma 32604080 2% corpletely out-
side exnlaznation
fron rosonance
narariters

150 2 estirmated from 25 a rmeasured valuce
yesonance jara-
rcters

1%5.3 7,3 caleulated from 23.7 Ts calculated from re-
resonance nara- sonreice parawcters
reters up to 100keV un to 100keV

Treferred I'referred
value: value:

148 averare value of ol averare value of
the two caleculated the twe available
resonance interrals ones

0]

Lh‘An 1600 2  calculated from re- 5.5 2 calculated from ree-
solved resonence solved resonance
narareters,extrayo- naraneters,extra-
lated to high energies nolated to hirh

encrries

240

tn 450 2 caleulated from re-
(uw) solved resonance
Naranctersiextro-
polated to Lil:f. uierries

Gho T caleulatud “wov: re= 18 T calculated from
sonance narsnclers resonance paramec=
up to 100 keV ters up to 100keV

670 & from the measured 30 & from the measured
absorption intepral ahsorption inte-
(700b) with Capt/Abs gral (700b) with
=0,96 (the lower limit Cart /Abs=0.96
value of that ratio as
estimated in /78 _7)

Preferred Preferred
value: value:
670 preferred because 30 preferred because

of the experimental
basic data

it is based on a
neasurement of the
absorption integral



{s) The r2scnuance interrszl has been czlculeied fron the apnroximate formula

[
i
<

|

T
11 where the nmean capture and fission widths cf
T Tetle ITT.1.1 Rave been inserted.

4
[
48

236

(+) The capture resonence intezral of Pu has been obiained using the

forrulze of Dresner (IXTe1.3, ITI.1.f) with the averare values of
r_, T, and rﬁo)
bution of the s—waves hag been taken into account.

as listed in table IIT.1.1. There onlyr the centri-

2k o4k

n
(u) Tor ©“Cn the same resoaance parameters as for Cr have been assumed.

Then the value of the absorption rescnance integral too, ray be taken

2 R
to be the serme as for Em(‘n. A1l the references and data fiven con-
- . L L
cerning the resonance integrals of 2 20::1 refer to 24 Cm,

II1.,2 TFast reactor

In the resonance reqion the weirhting of the cross sections was nerformed
by using the 7EP-Core snectrun (Fifgure 2). For the resolved resonance
rerion this has an irporiant consequence because the TAP-snectrun gives
the rmreatect weirht to the upper part of the ener/y ranpe of group %. In
+that range, aovever, thie resonences for tiue most part are unknown and the
lno'm rescnances, above all the hizhest ones, from the first nart cf the
enerry rroun £o not j;l:l:r a rreat part in the averzrings because of that
sneeial Torm of the weighting snectrurs Therefore the cross sections for

4the resolived rosonaice resicn have heen commuted by using the statistical

rmethod of the MARRIN-Code /732 7. Ml in that case, where cross sectiong

hnave bheen alresdrr czleculated with resolvad vesonance nararctoers, these val

-

hove heon adorted. Thls concerns the Tollowins isctores:

=
2

13-4

falculations -7ith resolved resonance

Tsotone Hnarerneters un to Refercnce

’\1 - ~vre ., -

' a 100 oY /729 7 Drake and ilichcls
712

R '7} "75 c?]

nal

’-3‘1? <

ar 317 ev /73~ 7 Droke and lichols
23 3 e7 -7




The cross sections for the unresolved rezion have been throughout cal-
culated with the IEARRLX-Cede.

The resulting cross sections have been checked at several energies for
o7
“32U and the four odd nuclel investigated.

The averaging vas carried out according to the formule (III.2).



Tlowkron cross sectionk in the fast re~ion

Tor this enerry rance enerryv-dependent cross scctions could be extracted
fron the literature for = larre vrart of the isotopes considered., Tor
the isotones for vhich no cross section data were available simnle nuclear

srstenaties have heen annliscd to gererate the desired data,

The averasing over the two Tast encrsmr rrouns has becn carried out

accordins to

] o, s(E)an

<c > = (1) , where x = vy, f, 2n (Iv.1)
Jooa(@en i=2o0r:1
(1)

by using o computer nrogran of lrs. Krieg /727 7. The tables 11 and 12

rive lists of the mean values for capture, fission, (n,2n) reuction cross
scctions and for the mean nwiber of neutrons ner fission in the fast
onerey reglion.

Y,

IV.1, Yeighting snectra

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

spectra displayed in Tigure 1 /763 7,

Tor the fast reactor the flux sipectrwm of a 1000  Tle 1lAT-iyne nlotted
in Tipure 3 was uscd / G 7« Ve smot it in the forn of pgroun {luxes

(;Ii = 5 4)(1")(1..
"l

EM Y
In order to obituin tLhe proup averared flux densities these have to be
divided by the corresmonding encrgy intervals ARi. The resulting step—

function was approximated by & smooth curve.,

IV.?2. Radiative canturc cross sectilon

Measurements of the canture cross section in the fast energy ranpge for

. . . ’ 6
the isotopes in reperd here have t111 now only been performed for 23(upand 230y

at several energy points. TFor some other nuclei studied here calculations

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

r l r p
231y, 237 23, 236, 238

the isotopes U, Pu have been available point-
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wise over the entire enersr range from 46,5 keV up to 10 MeV and for

the isotone I» over a subraage from 0.15 eV up Lo 1.5 ileV. The

references are given in table IV.2.1.

Table IV.2.1: ZXRefercnces for carture cross section data In the

enerry ranpe from 46.5 keV up to 10 MeV

Isotone{References|Comrents
231 ! .

Pa 29 calculated from unresolved resonance parameters withe-
?SQU 59 out taking into account cormeting nrocesses; above 0.2
e eV a 1/C=dependence was assurmed for cY(R)

23k, A - . ‘s

u 30 the resulis of calculations with uaresolved rescnance
Darancters have been extranclated above 1 keV by
assuming o similer shane as that measured For o of
230 because of the rather similar s-wave resondnce
pararcters

23(’ . - 2 VeV ¢]

1] ] 30 1 LeV = 003 eV caleculated from wmresolved resonance
pararicters; 0,3 = U4 %V smooth curve throurh cxneri-
mental data points; above 4 eV 1/l-dependence assured

237. . . . .

JYJp 31 neaswrernents with the activation tecminue at & ncutron
cnersies between 0.15 end 1,5 “ileVg

233 e

T Pu 7 Delov 2 "IV calculated with_statistienl theory with the
basic value <T, /D30, 5he1072;
woove 2 eV the o =shiape was obicined by conparisen with
uzan Y

. 03 2N a2 oh1 nho .
Tor the isotones 'DTU, = m, “7ru, T A ana ““Cry, for which nv(ﬁ)—valucn

have not been reasurcd hitherto, the averarc values of the canture eross

scetilon were ohtained by the anproximately valié relation

Yo
- Yy ranh < s . L.
€3 5>, = oem=— <o 7>, wILh 1 =0 and 1 resnectively (7v.2.1,)
vyi T <U238 v i
r A and 1 denoting the isotenc studied
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This formula nresuproses & similarity in the resonance structure of

233 -
“J and the isotore concerned.

In the forrmla <&3233> reans UY(E) (233U) averaged over tae grouns 2
and 1 res»yrectively by use of the weighting snhectra in these grouns as
disnlayed in the figures 1 aaﬁ 3. Here use was nade of the microsconie
23%; as Fiven on the ¥XTDAK-file 1-65_7. As
238U tae value ?3238
is coasistent with the most recent capture cross eection measurements
of lioxon 1-28_7.

227.. - s e
For ‘Tnp oy-values were available only in the energy range fron 152 keV

canture cross sections of

average canture width for = 23 meV was taken which

up to 1.5 [1eV. /n extension ¢f thie capture cross section curve bevond
these energy limits by assuming the shape of GY to te the same as that

of similar isotones did not seen reasonzble because of the very few

data points giver. Therefore the average values over the partisl grouzs
2' —with the enerpgy lirits of 152 keV and 300 keVe- and 1! =with the erergy
limits of 8O0 keV and 1.5 MeV- of the rroups 2 and 1 respectively have

a
23% ana 237

been determined for %pe. The average capture cross sections

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

<021p237?i P23, _

I’;pﬂe L= 5238 I withi =2 and 1 (1v.2.2)
<g s, <g €5, ]

Y i Y i i' = 2' z2na 1!

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

IV.3. Tissioci cross section

Ial
For the isotopes 231Pa, m3hU, 236U, 237ﬁp, 238Pu 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.

Tor the other isotopes no experimental information at a2ll has been

available,
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Table IV.3.1: References for fission cross sectlon data in the

energy range from 46,5 keV up to 10 fev

Isotope|Peferences|Comments

231 < .
3 Pa 29 up to 3 MeV snmooth curve through measured data points;

above 3 eV the authors say that there they have
assumed the op-shape to be the same as that of similar
isotopes

U 33 reasured fission ratios of U234/U235 have been given,
the revised values / 33_7 have been taken.

u 33 Recently nmeesurements of the fission cross section for

34 U236 relative to U235 in the energy range 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 DEvey* 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.

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

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

Pa T Based on recent experiments of D. Darton not more
specified,

For 232U, Drole has also nerforred an evaluation 1-29_7. Sut chove 1 keV
experirental values do not exist and thus crude estimestes not described
in det&il have been nade. We have therefore preferred to utilize alio

. 232 237U' 9.36Pu’ zhzm ang 230

It is based on the follovins considerations of Zeryatnin 1-35_7~

fo U the fission s)rstenatic applied to Hp.

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

with a fission threshold above thernal energies,

* In the meentime 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 als in the energy range 1-5 MeV,
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The carmound nucleus theory of Sohr / 66 7 describes the fission cross

section above same threshold energy by

-

s

.t.o o] T

Qa

L]
[}
a
[ ]

(v.3.1

Eere O is the cross section for the formation of the cormound nucleus and
T;:the branching retio of the probability for the decay of the commound
nucleus by fission. This yields for the relative fission probability

£ of the compound nucleus

-0
[0}
Y r.
fo =—-f€‘ ='I.—‘ (TJ.3.2)

£t neutron energies of gbout 7 to T ileV a new rise of the fission cross
section sets for both mroups of fissicnable isotopes, i.e. for the iso-
topes fissionable by thermal neutrons as well as for the isctopes with

a fission threshold sbove thermal energies. The excitation enersyr becores
then high enough to mernit eveporation of one neutron without reduecing

the excitation enersyr of the residual nucleus belov its fission threshold.
The systen then gets a second chance to undergo fission 1-36_7. The thres=
hold erergy for the (n,n'f) reaction is equal to the fission barrier Ef(ﬂ)
of the original target nucleus A, The fission cross section zbove this
threshold shall be desirnated by O,. ¢+ At neutron ernergies of zbout 12 fe¥

a third chance of undergoing fissi;; appears due to the ermission of a second
neutron.

Below the threshold for the (n,n'f) vrocess the fission cross section is
equal to that for the compound nucleus of rass nurber A+1, Above this thres-
hold and below the threshold for the (n,2n'f) reaction the fission of the
cormound nucleus as well 235 the fission of the excited target nucleus of
mass nurber A contribute to the total fission cross sections The peneral

form of the function o (F) is showm in the following fisure for the two
f .~ -

tymes of fissile isotopes.

Fipure IV.3.1 (from Zamyatnin /35 _7)

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

therral
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The tareshold energy E,,p TOT the (n,f) process is given by
Eﬁhr=:E?(A+1) - EE(A+1)' i.e. the difference between the fission barrier

end the neutron binding energyr of the compound aucleus of mass nurber A+1,

The fission nrdbabilitv after enission of one neutron is obtained by

+
(-7 ~ 1)fA, where fb is the probability for Tission of the conpound nucleus
v1th mass number A. This ylelds

(o]

T
1 _ A+l A+
i :['g * (1-2h ):f‘g (IV.3.3)
and Turther
of1 (T-fg+1) X
. 't %o (IV.3.1)
f f
0 0

The values of the ratio cfllofo caleulated in such a way show according to
Zamyratnin sufficiently good egreement with known experimentel values of
this ratio, so that one cen estimate wnlnown fission cross sections in the
region above T IV, if the fission cross scclions for these isctopes are
known in the energy region of about 2 to 5 IfeV.

I these latter values are unknown -as in the case of the isotopes in study
here~ there exists a possibility to predict then by using an empirical
correlation pronosed by Parschall and lienkel 1-37_7. They plotted the fission
cross section for fission induced by 3 eV neutrons against the paraneter
Zh/3/A of the cormpound nucleus and found & linear relationshin. The theo-
retical significance of the parameter Zh/3/A in this context is not yet
knowv at present.,

The systematic variation of op (3 MeV) with Z 2nd A is based on older
reasured cf-values. It has therefore becn checked by ploﬁ?énn nore recent
values of known fission cross sections at 3 MeV against 2 /A (figgre 2!
and table 3).

237U’ 236Pu, 2h20m' 238

tematic has been studied, belong to the first category of fissile nuclei

The isotopes 232U, lip, for which this fission sys=-

in the above distinction, that is to those which are fissionable by thermal

2thm q 237

neutrons. As for U the magnitude of the thermal fission

cross section, however, is very small,
The behaviour of o (E) has been assumed in the already indicated manner

(figure JV.3.1a). The unknown Of ~values for these isotopes were read
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from figure 5 with the calculated naraneters Zhl 3/A of the target nuclei.

In accordance with Zspratnin we have assumed 0e = 3b for all isotopes inde-
vendent of the neutron energy. Then it was possible to czleulate the fission
cross section &t the second nlateaun og,. The results are shown in table :,
The opy-value for 2!“2(&:1 Opy = 2.99b can be corpared with the cross section
neasuremed by Formushkin _/_-1&1_7 for fission induced by 14.5 ileV neutrons

o .(14.5%V) = 3.03b, althoush at encrrics of about 1% [V the (n,2n'f) process
contributes to the total fission cross section which is not the case at
enerries of the sccond »lztesu. Otherwise one could have canhasized the rood
arreement of the two values.

The fission cross section betveen the nluteau values o, and Op, wes assuned
tco increase cxronentially accordins to the Eill-Wheeler formwla derived

from chennel-tlheory ['h;!_] .

Uf(n) = Ufo + (Ur1-0f0) ( 21 ) (IV.B-S)
1+e T

a

the Tission barrier encryr of the comound nucleus, For the cuantit:
- . 230
Tw the value tw = 502 eV /6T 7, which refers to

The functions o i,(’.'_‘) Tor the isotones considered are nlotted in fifure & and

L. i
£

Pu, has been taken,

are listed in table 5. The averare fission cross scction over the energy
srowp 2 can he inferred directly fron the fipgurcs as the value of the

first platean,
s - . e, s 2k .
In our investization of fission cross sections it is only © Am which now

a2k

still remains to be treated. For T M a Tevw measuvrerents of the Tission

cross section are availeble. They are cuoted in the following table,

Tghle IV.3.2: Tission cross sectlion reasurerents for 2k 1Am
Authors Tnerry Range as~values / -1)_7
Seeper, lermendinger, Diven _/_-1471_7 20 eV- 1 MeV listed data noints and
plots
Rowman ct al. Z_h3_7 550keV= G MeV prelininary curve
Protonopov et al. [7h5 7 14,6 eV (2435%0.15)
¥azarinove et al. /4G 7 2,5 MeV 1.,95%0,2
- 14,6 MeV 2,95+0,15
Fomushkin et al., /41 7 14,5 leV 2.30%0,15
- T 2.53%0,12
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In the energyr rangfe from 30 keV up to 500 keV the average ofrvalues deter-
rined by Seeger et al, for selected intervals have been used.
From §00 keV up to 3 Me¥ the fissicn cross sections have been read fron
the curve of Rowman et 2l. In the raonge fram 600 keV up to 1 MeV covered
by both reasurements, those of Dowmen et al. and the Petrel measurements,
the anreenent between them is very good.
The experirmental data points of Bowmen above 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 EhlAm is 6 MeV l‘h0_7, that means
the oipvalue corresponding to 6 l%eV should be located on the rising branch

2h1Am. But the measurements of Bouman et al. do not

of the of(E)-curve of
show this behaviour.
Above 3 MeV the shape of the fission cross section has been adapted to that

pgiven in reference 1-59_7 and adjusted to vass through a o= value of 2.53b

f
on the second plateau. This value has been selected arong the four measure-

nents at about 14.5 eV,

The velue of o, = 2.30b obtained by Tormshkin by detecting the iission
fragments with ionization chambers shows a good agreerment with the value
of Protonopov, who has performed his nmeasurenments with a ges scintillation
counter filled with Yenon. FKis other value of o_(14,5 MeV) = 2,53b has
been determined by using glass-nlate fragment de{ectors insensitive to
a-radiation. This experimcntal method has to be preferred because of the
high a=activity of 2h1An. In the case of ionization chambers tlhe 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 Zamyatnin (IV.3.4) one can iufer the fission
cross section of the first nlateau by inserting the known value of the
second plateau, The fission probability for 2h1Am and 2h2Am has been de-
terrined by using figure 5 and with o, = 3b, The resulting ofo-values

are op = 1.8b following from the cf1-value of Tomushkin and 9o = 2.1
following from the of1-value of Kazarinova, The value of 1.0b is in good
arreement with the plateau value measured by Dowman et cl, and in moderate
agreement with the value neasured by ilazarinova. Therefore the value of
af(1h.5 HMeV) = 2,53b given by Forushkin has been assumed to be appronriate

2h1

Tor the second platecau. The preferrecd of(E)-curve for Ann is shovm in

fipure 7.
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IV, (n,2r) cross section

The (n,2n) nrocess competes with the other processes only in the energy
rroup 1, because the threshold erergyr for this reaction is beiween about

6 and T !leV for the isotores studied. “‘ensurerents are cormletely lack-
- . . 237. -
inr for all lsotopes 1n regard here excent for 3{ﬁp at a single eneryr

noint. Calculations cf the (n,2n) cross
. 231 230 23k
forred for the isotopes “~ Pa, U, -

scction have ziready been ner—
6, 2
g, 23 u, 23 Pu., Authors and

riethods are riven in the following table.

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

TIsotorne|{Threshold | Anthor Corment
231 ey 2 - . 3
°3°Pa 66 eV Drake, Tichels statistical rethod, deseribed
“u T.32 'V [0 7 by Pearlstein /736 7
3! . . -
2;éu 5.{0 *eV|Drake, l'ichols evaluation by Parker / 37 7
U 553 eV / 30 7 based on cross sections for similar
nuclides and ontical nodel cal-
culations
23° . -
“Pu | 6.93 eV{Dunford, Alter statistical rethod / 36_7;
i 7_7 curves given
2 az 2 a2l
Tor the remeining isotopes ‘37U, ‘Tnp, 33Hp, 236Pu, *Tam and 2h2Cm

(n,2n) cross section data have not been available and have been calculated
with the method indicated by Pearlstein / 47_7. For 237Hp, contrary to
the other isotopes menticned, exists a single measurement of the (n,2n)

cross section at 14,5 :leV which has served to fit the (n,2n) shape fron

Pearlstein.
Pearlstein uses the following relation for %, ,2n
o o
o . =9 s Mo Un.2n ‘ (IV.ha1)
Ny Ny€ Un,e n]M
Here is % e the total non-elastic cross section and oM the sum of the
» ]

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

are neutrons
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= + + -
%% = %a,nt * “nion t %n,3m + aees {(Iv.k.2)
The contribution of these reactions, in which more than one reutron is
emitted (below 10 MeV this concerns only the (n,2n) reaction), to the

total neutron-producing reactions is given by the ratio —2125.

n,M
The ratio can be obtainer as a function of the quantity S = g— (where
EB - binding energy ver nucleon in the target nucleus, En - ;gcident
neutron energy) from a curve in dependence upon the parameter p = haEB
(where a is the level density parareter ). This rarameter determincs

the increase of o above the threshold.
n,en

The ration ;Elﬂ-indicaxing the cormretition between neutron rroducinr
reactions ang'zll other non-elastic processes can be read from the
figure 3 in reference th?_? using the neutron excess factor (N-Z)/f
(N - number of neutrons, Z - number of protons, A - mass number).

For heavy nuclei like those considered here the ratio of cn,H to %n,e
is almost equel to unity, because the cross sections of the charged
particle reactions are very small and the fast neutron capture cross
section can slso be neglected. Then it follows

g a (Ivohc3)

= +
n,e Un,M n,f

Thus zbove the fission threshold except o only the fission cross section

n,M
contributes essentially to the non-elastic,cross section. The non-elastic
cross section on,e at 1tk MeV is piven by Pearlstein as a function of the
mass nurber A. We have essumed for Un,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 o

n,M
= - 2 BRI
cn,rf. Crn.e Un,f(L) (v )
cn 2n
How the (n,2n) cross sections could be determined from the retio -——

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

Pearlstein.
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Tor 237?@ tke (n,2n)-cross section values fram threshold up to 10 MeV
have first also been caleulated like for the other isctopes regarded
here according to the systeratic given by Pearlstein with g, = 3 and
taking into account cf(E) in the ranner described sbove. Then o, on
at 14,5 eV was deternined according to Pearlstein by taking into account
the carmetition of the (n,3n) process, the threshold of which is at about
12.5 ¥YeV. The neasurement of the (n,2n) cross section at 14.5 MeV gives:
Op,on (14.5 ¥eV) = (0.3920.07)v /7h9 7
Tor the adjustrent to this value all tiae {n,2n) cross section values have
been nultinlied by the ratio
90 (145 V)

™hen  avper. _ 0.39

- )
(5.5 eV) . 0.26% - 1T
cale,

Un.2n

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

table 6 and displayed in fipure Sa and db.

IV.5., !ean nurber of neutrons ner fission

s

Tie averages of the rean nurber of neutrdns per fission vV over the five
enersy ~rouns are here given as the average values of the guantity 3-00.
At low energies up to the upper limit of group 3, V does not change

with neutron energy. Thus yields

o>, = Vs <o, wvaere i=3,4,5 (Iv.5.1)
Cver the enercy range of group 2 v is still almost constant and the average
has been deterrined as arithmetic mean value of the vevalues at the two

eneryy limits of the group

- (R, )+%(E,)
Vo>, = S <0.>, (1v.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 isotopes in regard. As for group 1
first of all the products 3(B)of(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 S—pgroup values of Vo » are swmarized in the tadles 11 and 12.

¥ith regard to the isotopes studied here the nean nunber of neutrons per

2JhU and 23Tnp at single

fissiaon v has hitherto been neasured only Tor
eneryy noints.

Tor 231Pa and 232U wrale 1-29_7 has investigated the veriation in v as a
function of the neutron snermr. The nrocedure, according to which v(E)
has been determined, is not deseribed in the remort. As for 2320 the
valines have not been adonted for the same reason as indicated studying
the fission cross section. For 231Pa'we have taken the values given by

Dreke as a basis for averaging.
34

Armong, the U~isctones it was 2 U for vhich Fillmore 1-50_7 has given a
review of available experimental dats for v, the mean number of prompt
neutrons. The measured data points obtained by Mather et al. 1_51_7
covering the enersy renge up to about 4 eV have been fitted in that

evaluation by

Gp(:) = 2,371 + 0.1353 E (1%eV) (1v.5.3)

with nornalization to the Gn for spontaneous fission of 2520f Gn(asch)
= 3,732, "This relationship for the dependence of v on the ener&y of the
neutrons inducing fission was used for the determination of V(E) for
23hU in the whole energy range above the fission threshold.

To the nther U=-isctopes and the Pu-isotopes the systematies of Schuster

and Nowerton / 52 7 were applicd, as the calculated results of these authors

for 23SU, 238U and 233

17 compare favourably with experimental data.
The variation in = as a function of the energy of the neutrons causing fission

has been described by Teachman /53 7 in the following manner:

V(E) = vg + v, (R) (Ive5.4)
vhere Vo anA v, depend upon the fissioning isotope concerned. Schuster and
Hoverton have nodified this equation by taking into account the various

fission rodes, that is the standard (n,f) process, the (n,n'f) fission above

shout 6'!cV and the (n,2n'f) fission zbove about 12 eV,
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Instead of v, the Vevalue at thermal neutron energy, they heve introduced

bt 3 3 X hn) Iy
Vi the v=value at the Iission threshold energys Tor Vinge Scauster and

IZowerton have deduced the following sycienatic for U-isotones.
A -
“thr(‘“‘) = a+ 8 (2-235) + 3(~1) (Iv.s.3)

vhere n = 2.39, € = 0.02 =2n@ § = 0.9€.

- ay 2 - L, 23 - .
The coastants Zave been obtazined by fits to the 5U—uata. If ozxe ignmeres

- - - - - - 2
the odd-even effect, then a 1s identical wrth the wvealue of v for 35U et

threshold. The second tern gives the change in v with rmass nuwrher A

thr
of the uraniwm isotope. The third term takes account of the fzet that

2 nucleus with an even nurber of neutrons tends to »0lit into twe frarrents
with also even ausbers of neutrons.

For the deternminsation of the slode v, of the linear relatiorn for (&) =
second systematic eouation has bheen rpiven by Schuster and Hovertoz for

U=isotopes.
v(n) =y + a (A-235) (1v.5.0)
where ¥y = C0.13C end A = 0.006,

1 increases by L.5 ner additional
2

nuclecon in the U=-isotope studied in comparison to <

A takes into account thet the slooe v
SU, a fact which has
been inferred by Schuster end Iowerton from the measurements of V(L) for
233{] . 233U and 235{1. According to Schuster and Foverton this behaviour

has to bhe expected because vy varies inversely with the neutron binding
energy and this decreases by about 37 for each zdditional nucleon.

Anove the threshold of the (n,n'f) and (n,2n'f) reaction the branching ratios
betveen pure (n,f) and the other fission nodes have to be estimated at each
energy point. At energies up to 10 MeV only the (n,n'f) >rocess conmpetes
with the standard fission mode. Then the general equation for vw(A,B) deduced

by Schuster and Fowerton obtains the following form:

V(AE) = R(n,)/ ™y +v (A) (B-E, (n,f) 7 +

‘l;hr(A
(IV.5.7)

+ R(nyn'£)/T1+v,  (A=1)+v, (A=1) (B-E., (n,n'f) 7

thr
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R(n,f) and R(n,n'f) Five the contribution of the two fission modes,
bein;; considered here, to the total fission.

The calculations for the Pu-isotopes have been performed by using also
the zbove formula with the only difference that the equations for v

1
and v r found by Schuster and liowerton are the following ones:

th
Voo (A) = 2,77 + 0,02 (A-R39) + 0.06(=1)"* (Iv.5.8)
v, (A) = 0,125+ 0,606 (A-239) (1¢.5.9)
The magnitudesof R(n.f) and R(n,n'flhave been obtained except for 238Pu

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

. 4 . .. 236
assumed extensions for the various fission modes. For “° Tu these values

have been taken from the correupondirns; plot in the evaluation of Dunford
and Alter [-32_7 with the assumption that the Tirst plateau is fixed at
1 MeV. They are summarized in table 9 for all the uranium and plutoniunm

isotones investigated.
The threshold enermies for {n,f) and (n,n'f) fission according to chapter

II1.3 have the following meaning:

’ = Iy + -‘3
Ethr(n,f) Ff(A 1) JB(A+1)

Eihr(n,n's) = Eg(A)

where A is the mass number of the target nucleus.

The threshold energies for the two fizsion modes as well as the values Yy

and v, for the uranium and plutonium isotopes are piven in table 8.

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

For the Hp=, Am- and Cm=-isotopes it was impossible to derive similar sys-

tenatics because ot the lack of data. Therefore the linear energy dependence

2
of V given in equation {IV.5.4) has been assumed to be valid for 237Np, 2J8Hp

2k

E

An and 2h20m. The constants Vo and v, for the four isotopes have been

deternined as follows.,

Vo 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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= - 16 X
Vthernal 0.189k7 + 0.007A - 16.60 + Sv (TV,5.10 ¢

+1 for odd-odd
whre 8 = 0,00 £ with £ ={=1 for even-even target nuclel
v
0 for odd-A

The formula may be applied only to those nuclei far reroved from the range
of closed shells and sub-shells. It is based on the representation of the
number Vv of prompt neutrons ermitted per fission by Idirear functions of Z
and A, that is for a lixed neutron enermyr

v =CZ2+CA+C
n e

1 3

03 +akes account of the odd-even effect. The coefficients Ci have been

determined by least-scuarc {its to exnerirental date. on thermal Tission
39 2k 2l

229 233U, 235U, ZJ,Pu’ 1Pu, 1Am.

the fit these experirmentel wvalues have been renormalized br the authors
(235
1

of the six tarpget nuclei Th, Tor

to vtherma
induced fission for nuclei with Z > 90 and 1T > 152 to within about 3%. The

17) = 2,43, The formula predicts the values of ;P for neutron-

contribution of the deleyed neutrons, however, to the total nunber of neutrons
emitted is less than 13. Therefore it has not been considered worthwhile

to take their number into account here especially also because of the lack

of information about it. The above formula (IV.5.10) wvields the qnantitiés

v, given in table 1V.5.2 for the four isotopes being considered.

0
The quantity v, in equation (IV.5.4) indicates the increase of v with in-

creasing energy.
Alnost all of the excitation of the fissioning nucleus, increasing with
increasing incident neutron enersy, appears as excitation of the fragments.

This leads to

Bl

X 1/r:O (IV.5.11)

vhere ¥ is the incident neutron energy and ¥, the average energy required

0

to release a neutron. Terrell has quoted a value of 6.7 lieV for EO and

with that it follows v, X 0.15 MeV™! /755_7. This value has been adopted

1 237

for the isotomes except for Hp, for which the existence of measurenents

has offered another way for the determination of Vi
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TFor Ip the Tollowing experimental data informotion for v(E) has been

available.
Table IV 05 1

Average

neutron enermy

Reference | Cament [Eenomalized value v
1.L0 eV 2. ;

0.09 [-56_7 indirect methed
on "Topsy" and
"Jezebel" cori-
tical assem~
blies
1.57 MeV 2.,90+0,0L /756 7 |relative to

= T {u23s, but
standard
value not
given

2,96+0.05 _/_-57_7 normalized 2,91

to G{gg;g&l Eenorm:(%é;g%_gyhus to
=247 Vthern =233

2.5 MeV 2.72+0,15 !/ 58 7 |oprompt neu- 2,67

trons; nor= rencrnalized to v, (U235)
x.z_zalized to = 2,43 tl(‘erg
Vihern (9237)

=247

+ J<i

(o)
-

-
>
0
"
s
i)
<3

The experirental value of Zuz'minov _/_'-58_7 has been excluded, beczuse after
renorralization it has become equel to the thermal value obtained by for-
mila (III.5.10), The other three exmerimental. data points and the calculated
thermal value of v have proven as appropriate to a linear fit with slope

v, = 0,13,

1

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

237 238 21 2k

Teble IV.5.2: Straicht-line functions V(L) for o, o, An, Cm
Isotope Vo v, v(E)

237:13; 2.57 0413 ey~ v(£)=2.67+0.13E

236, 2.77 0415 eV~ S(E)=2.7T7+0.15E

) - -

2n 3.08 0415 HeV™! V(E)=3.08+0,15E

) - -

220 3,19 015 Hev™ S(E)=3,19+0,25T

The change in Vv with neutron energy is shown in the plots of figure 10 for
the above isotopes,
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Finsgl consideration

In the final phase of the investirations revorted here an evaluation of
237

cross section dasta for Hr carried out by the Idaho Tuclear Sorporation

has been published 1'60_7 which has not been regarded,

In the resolved and unresolved resonance rerion the corputation of cross
sections in this report is based completely on the resononce data of

D. Paya. The Id=ho evaluation uses 2 great rart of the Faya data, dut
also older ones, They intend, however, to inceorporate fully the Paya
237

data irn their next major re-cvaluation of the . file. In the fast region

for the capture cross section the measurements of Stupegia et al. 1-31 7

heve been taken as 2 basis in the Idaho rerort as vwell as in this wvork,

<. . 3 . .
As Tor the fission cross section of 2“Tﬂp the Idzho evaluation is ltased

on the results of Perkin ané White at low enerrgies, and in tke fast rerion
the greatest weight is given to the éata of Vhite, The sare basis have the
recommended fission data of Dsver used in this rerort., The (n,2n) cross
section values have been determined in the two reports according to the
procedure piven by Pearlstein. In the Idsho evaluation, however, the shape

of o, has not been fitted to the experimental value at 1L.5 MeV /L9 7.
e L7
If the adjustment of the curve would be performed, one woulé obtain on on
9
values larger by a factor of about 2.6 and these would be in better agree-

ment with our results than the original values reported in the Idaho eva-

luatgon. Strictly the same values would yield only with identicel T e”
»
and 3242'- values (we have assured cn e to be 3b in accordance with the
]

e . < . A
value used in the fission systeratics and EEAL = 1, whereas the Idaho

0 Nge .
evaluation uses 9 e = 2.85b and a;hl:= 0.98: both valuves derived from
- . - ne
the corresponding Pearlstein curves’.

237

For tbe mean number of neutrons per fission of Np the Idaho evaluation

gives

V(E) = 2.61 + 0,16E
This energy dependence has been determined by assuring a slope of 0,16 MeV-1
and passing through the average of the two measurements of Hensen / 56 7.

In this report the two measurements of Hansen have been used together with
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a Russian nessurement to fix the slone of the straight-line function v(E),
whilst the thermal V=value 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 assvmed in the Idaho evaluation
for 237Np 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
1.0 eV for 232U, 235U, 23%py by adding a constant energy to the incident

neutron enerry for each nuclide). Both functions V(L) have been displayed
in figure 10.

It would be Jjust as well merntioned here that C.L. Dunford and H. Alter 1-7_7

233

have given for Pu 2 straipght-line function for V(E)

V(L) = 2.75 + C.118E (MeV)

vhich 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 functions v(E),
that of Dunford and Alter and that one derived here, are displayed in figure

9. The differences in Vv are of sbout 4% at maxirun,

236

Concerning 1 the averarne resonance parereters used in this renort

have been based on preliminary results of Carlson (referenced in CIIIDA (2)
obtained from 1T nositive resonances betwveen 5.45 eV end 272.%V. lis
finally published results /714, not referenced in CIIDA 62 7 based on
resonance neasurerents for a sinple negative resonsnce at -2.7 eV and

28 positive resonances up to an energy of 415 eV have not been taven
into account. These results show that we have assuned too large values

for Sn and D and too small values for FY and © In = later rc-

obs 1*
evaluvation this defect has to be corrected., A conparison of the

parericters is piven in table V.1 below,




Tabhle V.1t

Averepe resonance pararmeters for

-h1 -

236U

Tesonance |Velues nreferred|Values given by A.D. Carlson et al.
varameter |in this report | {3A9057)
1.35320¢3 calculated from neasured average
+h capture cross sections
e +0,
o *1C 1.3 1.02_8 g calculated from resonance pare-
' meters
+.
31 x 10 . 2.0 2.3 0.6
T, /mev 7 | 23 23,941
5/ | T3 15,4722
(O) - +0.6
T " .
a L neV_7‘ 2.25 146_gl5

Certainly these resonance neasurerments of Carlson can give a decision cone

cerning the thermal capture cross section deternined by ileCallun 1—69_7

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

Gtotal'

from activation measurerments.

This value diffexys Ly a 1

3 arge emount fron the cy—values resulting

It mey be that this discrepancy is due to

a wrong ssattering cross section 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 agein this value with the recent

narameters of Carlson.
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Table 1: Thermal neutron cross sections at 0,025 eV

IsotopeAgxl-b_7 Reference cfl-b_7 Reference Comments

231

91Pa 200t 10 1 0 1(curve) values at 0,025 eV; o, recommended in £f1_7
200 29 0.0045 29 in 1-29_7 recommended velues at 0,025 eVy
o, from available measurements (the same
ones are considered as in / 1.7); o, cal-
culated from resolved rescnance parame=-
ters.
preferred: preferred:
200 0 The smell subthreshold fission was neg=
lected.
zggU T8+ 4 1 TT£10 1 in /71_7 recommended values, o, for ther=-
mal spectrum, o, for thermalized spectrum
T76.8 29 81.2 29 calculated from resolved resonance para=
meters
preferred: preferred:
T8 7 the o ~value in {717 is based on two
neasurements:
1.81+15b Elson etal.Phys.Rev.89,320,1953
2.70+10b Seaborg etal.CS=34T71,p.2,1946;
with the value from / 29 7 one obtains op
as arithmetic mean of the three values.
ZSZU 9547 1 0 2 in /71 and 2 resp._/ recommended values
at 0.,025eV; UY based on measurements;
op is expected to be about 0,006b /[ 2_7
95+10 23 value preferred in 1-23_7
preferred: preferred:
95 0
23211 64041 1 0 2 in /1,2 and 30 resp/ recommended velues at
641 30 0,025eV; o based on several activation
measurenments
546 3 0 3 in /73_7recommended values at 0.,025eV; o,
=6,0+0.,ibobtained in rescnance integrel
measurements
5.620.7 14 obtained from preliminary cy-measurements



Isotope 07['1:_7

Table 1:

continued

Reference o i‘[. b 7
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Reference Corments

237
92Y

237
93

241
95

preferred:

5.6

k80

170
169

preferred:
170

43

33

500+100
54645
546.7
preferred:
54T

582

preferred:
582

preferred:
0

0,019
0.02

preferred:
o

22004200

162

16.3

16,3
preferred:
16

341320.15

preferred:
3

The first two cY-values cucted here amre
sverages over the same availsble measure-
ments both taking into account the oY-va.lue
of B.1b /769 _7 obtained from a measurement
of o o Without thet value an unweighted
average of 5.6b would follow from the basic
measurements, Also most recent measurements

/714 _] show the tendency to lower values.

values at 0,025eV, obtained from measure-
ments of the corresponding effective cross

sections

experimental values at 0.025eV
in _/.-3_7 preferred values at 0,025 eV, ob-

tained from measurements

the small subthreshold fission neglected

o f-ma.lue at 0,025 eV from measurement

Os measured in the thermal column of the

I:7.1r£R/"1_.7 recommended value at 0,025eV,

'ba.s;d on measurements
values at 0,025eV calculated from single-
level resonance parameters

preferred values at 0,025eV; °Y

563b

from o A'bs=

values at 0.025eV;oyfrom a measured o Abs™

values with ¢ f=3‘b;

c P measured in the thermal column of the
MTR relative to o, (Pu239)=806b ;
renormalized to oo (Pu239)=Th0.6b /717

it follows ¢ f( Am241)=2,88b




Isotope oyl-b_]

Table 13

Reference o J ’o_7
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continued

Reference Comments

2h2
96

Co

20410

6

0.8

8

¢. measured for pile neutrons; ¢ P calcu=
lated from o ytherm under the i.ssuxnpt:.on
that the value estimated in [ 8_7 for
the ratio oy,/o Abs=°'96 for Cn2kk can be
taken also for Cm2h2




Teble 2: Preferred microscopic values of the fission cross section

of 23611

Neutron energy [/ MeV 7 a{n,f) /o 7
0.550 0.0
0.608 0.0
0.672 0,017
0.743 0.0u8
0.821 0.1k2
04907 04290
1.00 0,331
125 0.567
1.50 0.649
2.00 0,782
2,25 0.837
2,50 ' 0,840
2.75 0,806
3,00 0.790
3.25 0.797
3450 0.810
3475 0.816
4,00 0,806
k,25 0.802
k.50 0,807
L, 75 0.786
5.00 0.779
5.L9 0.80
6.07 0.93
6,70 1.27
T 1455
8.19 1,72
9.05 1.73

10,00 1.6k



Table 3:
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(see figure5)at 3 MeV with 2°/3/a

(A mass number of the target nucleus)

/3 /A

Variation of the fission cross seection

Target nucleus o f( 3MeV) Reference
L7

226

gaRe 1.732 0.
agg'l‘h 14738 0.130 Davey /337
o3 pa 1.772 1430 Dreke, Nichols /729 7
33U 1,782 171 Davey /733_7
23211 12775 1.40 Davey /733 7
23 1,767 1418 Davey /"33 _7
2ggu 1.760 0.790 Stein et al. /7347
238

52! 14745 04500
23T 1.778 1459 .
239 Davey / 33_7

3 Pu 1.788 1.82

9
2lo

gl Fu 1,781 1457
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}: pPlateau values of the fission cross section

for the isotopes 232U, 237U,

238Np, 236Pu

242

Cm

Target nucleus Fission barrier EB(AéT) first_plateau T second plateau
A /™50 7 . °r 107 ° o /b7
L. [MeV 7 1/ reV7 1 L£°.
232y 5.49 5,03  [1.86 0.62 |2.67
231 experimental
U )4.966 (a) 2.13 0.71
23Ty 5.80 exp. 6,07  |0.67 0.223 [1.325
236U 6.)40 €XDe 0.8)4)4 0.281
238, 5427 (=) 6,23 1,24 0413 |2.12
23Ty 6,04 exp. 1,50 0,500
236p, 5.078 (a) 6.05  [2,54 0.846 |2.96
23y 4,70 exp. 2.79 0.93
2k2. 4,847 (a) 5.69  |2.70 0.90 [2.99
2kt 440 exp. 2,96 0,986

Among the fission barriers reported by Prince Z’h0_7 those which have been

deternined by experiment or, if nonexistent, which have been calculated from

(a), vere selected.

(a) E (HeV) = (19.0-0.36 22 JA+e)

0
E’O.h
0.7

odd

R.Vandenbosch, G,T. Seaborg, Phys. Rev, 110 (1958) 50T

even=even

odd-odd
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Table 5: Fission cross section data in the fast region
for the isotopes !320’ 237'0, 238Np. 236?11, ahECu
(see alsc figure 6)

1. LAverage fission cross section values over group 2 from 46.5 keV to 800 keV

’ Isotopes U332 | U237 | Np23® Pu236 | Cm2h2

A

T 1.86 | 0.6T | 1.24 2,54 2,70
™7

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

U232 =] _  Np23g8 _ Pu236 _ Cm2h2
E/ MeV 7 %,z E/ Mev 7 %,z E/™MeV_ 7 on.r ||EL MeV_7 o, ||ELMeV 7 o1
[v7 7 7 [ 7 ax

0.80 1.86 0.80 0.67 0.80 1.2k 0.80 2.54 0.80 2.70

L5
L.75
4.9
5.0
5.1
5425

5.50 2.67 6.9 1.325(| 645 2,12 5.20 2,96 k.9 2,99

10.0

1.86 5.9 0.67 545 1424 k.2 2.54 3.9 2.70
1.90 6415 0.69 5.75 1.28 4. k5 2.56 k15 2,71
2.0k 6.3 0.81 5.9 1.54 k.6 2.63 k.3 2.76
2,27 6. 1.0 6.0 1.68 T 275 L.k 2,85
2,50 6.5 1.18 61 1.92 4.8 2.87 ks 2.93
2,64 || 6465 1,30 || 6425 2,08 || 495 (2,94 (| 4,65 |2.98

2,67 ||10.0 14325{{10.0 2.12 {|10.0 2,96 |{10,0 2.99
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237, 23T

Table 6: (n,2n) cross sections for the isctopes u, Np,
ZBENP- 236Pu, 2h1Am. 2hzcm
{the underlined energies indicate the threshold of the (n,2n)
process for the nucleus censidered)
. U237 Np237 Wp238
E/ MeV 7 | o(n,2n) E/ ¥e¥ 7| o(n,2n) E/ MeV_7| a(n,2n)
[v7 VAN /7
0.80 O. 0.80 0. C.80 0.
5l o. 53t o
6.0 0,166 53 0,035
6.5 0.827 6.0 0,303
T.0 1,072 6479 0. 6.5 0.423
745 14273 7.0 0.0457 T.0 0.581
8.0 1.k4 7.5 0.27% TS 0.686
845 1.525 8.5 0.4 8.0 0,756
9.0 1.575 8.5 04576 8.5 0.805
9.5 1.61 9.0 0.675 9.0 0.831
10.0 1.63 9.5 0.821 9.5 0,849
10,0 0.973 10,0 0.863
Pu236 An2h 1 Cm2h2
E/ MeV_7 | o(n,2n) E/™MeV_7 o(n,2n) E/MeV_7 y9(n,2n)
{7 W /™7
0.80 0. 0.80 O 0,80 0.
T 0 5.82 0 £.90 o,
7.8 0,0032 6.0 0.0289 T.0 0.
8.0 0.0062 645 0417k TS5 0,0017
8.5 0.0148 7.0 0.282 8.0 0,0039
9.0 0.0228 Ts5 04347 8.5 0.0059
9.5 0.0284 8.0 0.367 9.0 0.0072
10.0 09,0320 8.5 0.0k 9.5 0,0081
9.0 0.428 10.0 0.00875
9.5 0.442
10,0 0,452
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Average values of the mean number of neutrons per fission

Table T:
for the energy groups: 35:
k:
3:
2:
Isotope ;h-s-.B 32
23lpa - 2455
232y 2.4 2,49
23"‘0 - 2,43
236y - 2,40
23Ty - 2,465
23Ty - 2,73
238 2,77 2.83
236p, 2,87 2,92
233p, 2.83 2,88
24 3.09 3.15
2h2q, 3.19 3.25

0.025 ev

05 eV = 1 keV

1 keV = 46,5 keV
46.5 keV - BOO keV



Table 8:
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Mean number of neutrons per fission for the isctopes
232y 2360’ 23TU’ 2369u, 238,

Isoctope { v the v, Threshold / -I‘Iev_7
(n,f) process (n,n'f)process

U236 2.47 0.136 40,96 5.80
Pu236 2.T7 0.106 =0.97 4,TO
Pu238 2,81 0.118 =0,16 4,90
Pu235 2.63 0.100

™27 2,67 0.112

U231 2,25 0,106

U235 2.33 0,130

23%J

v(E) = Bh’f(2.39+0.112(E+0.hh))+Rn.n?(1+2.25+O.106(E-h.966))
236U

v(E) = Rn'f(2.h7+0.136(E-0.96))+Rn.n,f(1+2.33+0.130(E-5.80))
237,

v(E) = Rn’f(2.37+0.1h2(E+0.27))+Rn‘n.f(1+2.h7+o.136(E-6.ho))
236Pu

V(E) = Rn’f(2.77+0.106(E+0.97))+Rn‘n,f(1+2.63+0.100(E-h.70))
238Pu

V(E) = Rn’f(2.81+0.118(E+0.16))*Rn‘n,f(1+2.6T*0.112(E-h.90))
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Table Ot Branching ratios for v

U232 U236 U237 Pu236 Pu238
E/™MeV_7 Ro,t |Paate B MV 7|Ry o Ry nig B/ MeV IR, o | By nee B/ MV IR o R neg E/MVIR, o R g
0.8 1,0 |0, 0.8 1,0 |0, 0.8 1.0 O 0.8 1.0 |0, 0.8 1.0 0.
ko5 1,0 |0, 5.7 1,0 {0, 5.9 1,0 0. 4,2 1.0 |0, 1.0 1.0 oO.
.75 10,978 10,022 || 6,07 |0.,86 0.1k 6.15 0,97 | 0,03 Lhs ]0.992 [0.008 || 1.2 0495 0.05
5.0 0.82 |0,18 6,70 |0.63 |0.37 6.3 0.83 | 0.17 L .6 0.965 [0.035 145 0.91 0.09
5¢1 0.74 ]0.26 741 0,515 |0.485 || 6.4 0.67 | 0.33 T 0.92 |0.08 2.0 091 0.09
5,25 0.705 ]0.295 8.19 10,465 {0,535 6.5 0.568 | 0,432 || L,8 0.88 |0.12 3.0 0,80 0.20
5,50 ]0,696 ]0.304 || 9.05 }0,46 |O.54 6.65 10,515 | 0.485 |} 4.95 [0.86 |O. 1k L0 075 0.25
10, 0,696 |0.30% |]10, 0.49 |0.51 6,90 ]0.505 | 0.495 || 6.0 0,86 |[0.1h 640 O,Th 0,26
10, 0.505 | 0,495 ||10, 0,86 |0.14 8.0 07T 0423
10, 0,77 0.23
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Table 10: v~values as a function of the neutron energy
flir several U=~ and Pu-isotopes

ikl U230 U237 Pu236 Pu238
E/ MeV 7|3 E[ MeV_7{% E/ MeV_7{S E/ MeV_ 713 E/MeV_7\S
0.8 2.53 0.8 |2.45 0.8 |2.52 0.8 |2.96}} 0.8 2.92
4,5 2,94 1.0 [2.46 1.0 |2.55 1.0  |2.98]] 1.0 2.95
k.75 2.98 2.0 2.61 2.0 2.69 2.0 3.08}| 1.2 2,98
5.0 3.05]1] 3.0 {2.7511 3.0 1(2.83}! 3.0 [{3.19}] 1.5 3.0%
5.1 3.08 k.0 2.88 k.0 2,98 4,2 3.32(} 2.0 3.10
5.25 3.1 5.0 |3.02 5.9 3.246| 4,45 (3,34 3.0 3.23
5.50 [3.1% 5.7 311 6415 [3.31 4,6 3.37T|{ %.0 3.36
6.0 3.19 6.07 |3.19 6.3  {3.33]] 4.7 [3.39]] 6.0 3.60
7.0 3.30 6.70 |[3.32 6. 3.36 4,8 3.41{] 8.0 3.83
8.0 3.1 Tkt 3,45 6.5 3.39 4,95 |3.43][10.0 L,oT
2.0 3.52 8419 |3.55 665 [3.43 5.2 3.46
10.0 3.63 9,05 |3.67 6.9 3.6 6.0 3455
10.0 3.T9 8.0 3.62 T.0 3,64
9.0 3.75 8.0 3.75
10.0 3.89 9.0 3.86
10.0 3.96
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Table 11}

S~rroup averaged values of a(n,f), o(n,y), o(n,2n)

and vVo(n,f) for the casc of o thermal reactor spectrum

(cross sections in barn)

Lnorgy Group 5 h 3 2 1
thernal proup 0,50V = 1keV 10V = U6,Skev 46.5keV ~ (0OkeV 800keV - 10 HeV
fnotope <0,>  <0g>  <Vo> 0,7 <og> Vo> | <o > <o o) <o > <o Do | <o > <> Vo> <o, >
Pa231 200 0o - 61 0 - 3.5 0 - 043 0.3 0ME | 0,05 1.2 k2 2,96 1072
U232 10 ™ 188 20 39 95 07 5.0 12 | 0.6 1.9 4.6 | 0,06 1.0 T.3  1.h951073
yash 05 n = 01 0 - 1.4 0 - | 0,31 0.20 0,70 | 0,14 1.3 L9 8.87510‘h
ya36 546 o - sh o - 1.0 0 - | 0.3 0,00k 0,00 | 0% 0,69 3.5 6.01 1073 |
uR37 480 2 he 37 0o - 2,2 0 -~ | 0.8 007 1.7 0,07 0,68 3.1  2.85 1072
p23y 170 0o - 122 0o - L6 0 = | 0,96 0,20 0.76 | 0.17  1.57 6.2 k.79 1073
Ip230 k3 2200 (OO 3,7 101 500 0.10 B.1 22 0,30 1,2 3.5 0,12 1.3 6.0 1.58 1072
Pu236 23 12 s 25 123 353 1.0 b8 1k | 0,30 2.5 7.4 | 002 2.6 9.7 6.66 1077
Pua3’ 5l 15 ks 17 2.9 7.0 2,% 0,64 1,2 | 0.1k 1.1 3.0 0,03 2.3 9.0 3,h8 10~
Al 1 502 3 9,3 | 200 1.1 3. B,5 0,02 0,07 | 0,30 0,07 0,22 | 0,12 1.5 8.5 5.81 1073
tmah2 PO 0.0 2.6 iy 3.9 12,0 2,9 013 N01 | 0,30 2.7 8,0 0,12 2.7 11.6 3.21 T
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Teble 12;

Serroun averared values of o(n,f), o(n,y), o(n,2n)
and Vo(n,f) for the case of o fast reactor spectrum

(eross acctions in barn)

Lnergy Group 5 ), 3 2 1
thormal rroun 0,iG5¢eV = kY 1keV = WG Skev hGi5keV - BOOkeV 800keV ~ 10HeV

Isotopo < qY> <of> <vqf> <0‘Y> <°f> <vof> <ay> <qf> <vof> <aY> <cf> <\)af> <0Y> <0f> <"°f> <°2n>
Pa231 200 0 - 10,6 0 - 3,0 0 - 0,53 0.11 0,28 | 0,07 1.1 k.2 9.40 10"2‘
U232 78 7 188 37 10,3 25 | 0,8 2,2 5.3 0,18 1.9 W7 [ 0,07 1.9 T3 4,64 10'h
u23k 95 0 o 5,0 0 - | 0, 0 - 0:,33 0,19 046 | 0,18 1.3 4,9 2.84 10"h
U236 5,0 0 = 9 0 - 10,0 0 - 0,33 0,0015 0,0036 | 0,18 0.62 3.5 1,95 1073
U237 LBo 2 4,8 |16 0 -« |39 o - 0,07 0,67 1.7 [ 0,18 0,68 3.1 9.91 1073
23| 170 0 « [153 0 = |33 o - 1uh 0,10 009 | 0,22 1.5 6.2 1,54 1073
Np238 N3 2200 Gooh | 2.1 18,3 51 | 054 7.8 22 0,12 1.2 34 | 0,30 1.3 6.0 5,51 107
Pu236 33 162 W65 | Bt B8 25 | 1.0 2.0 5.8 | 0,2 2.5 o3 | 0,30 2.6 9.7 2,00 1077
Pu238 547 16 U5 6,9 1.6 b5 1.2 0,28 0,76 | 0,16 0.86 2.5 | 0,03 2,2 9.0 1,10 107
Am2h1 562 3 9.3 15,7 IR 3.1 0,59 1.8 0412 0,05 0,16 | 0,30 1,4 8.1 1.97 1073
cmah2 20 0 2,6 | 75 0432 1,0 | 1.6 0,066 0.21 | 012 2,7 8.8 | 0,30 2,7 11.6 1,02 1077
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