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SYMBOLS AND DEFINITIONS

I = total excess over l/v resonance integral from uKT ev to 106 ev

Z = total resonance absorption integral of the fission product above
uKT including the l/v part

Z_ = total fission integral of the fuel including the l/v part

a = fission cross section of the fuel at 2200 m/sec

T = neutron temperature in degrees Kelvin

K = Boltzman's constant

uKT = the low energy cutoff of the l/E flux (u = 5)
A

ai gtJ° Eua. = — = (l —P) + P -i- (saturation index)
1 £f gfaf Ef

P = the percent of fissions due to the epithermal or l/E flux

OO

I cr(v) v n(v) dv

^ovo / n(v) dv

1<100 = "the excess resonance absorption integral below 100 ev

l>ioo = "the excess resonance absorption integral above 100 ev

IT = I<ioo + I>ioo

ctq = 2200 m/sec absorption cross section

P = spectral index specifying the degree of flux thermalization

vq = 2200 meters/sec

y. = the fission yield of the fuel for fission product i

X. = the radioactive decay constant of the fission product

F = J cr„ 0(t) at, the fractional burnup of the fuel

IV



cr = the effective cross section for a 2200 m/sec flux
i

0 = the "2200 m/sec flux"

R = the reactor specific power in kw/kg of fissionable material



THERMAL AND RESONANCE ABSORPTION CROSS SECTIONS OF THE

U233, U235, AND Pu239 FISSION PRODUCTS

Abstract

The absorption cross section of the fission product
aggregate of U233, U235, and Pu239 has been calculated as a
function of irradiation and the degree of flux thermali-
zation. Especial attention has been given to the resonance
integral of the fission products in the range of 0 to 100
ev. The saturation characteristics of the individual

fission products which in turn determine the composition of
the fission product aggregate are calculated for fluxes with
different epithermal contents. The parameter P used to
specify the degree of flux thermalization represents the
fraction of fissions due to the neutrons in the l/E portion
of the flux. By summing over the individual fission proa-
ucts, a resulting thermal cross section ana an energy aistrib-
utea resonance integral have been obtainea for the fission
proauct aggregate of the three fuels as a function of P ana
F. Here, F is the fractional burnup of the fuel, aefinea as
F=Jct 0(t) at. For F=0ana T=1000% the effective
thermal cross sections are calculatea to be 37, 43, ana 54
barns per fission for U233, U235, ana Pu239, respectively.
At the same conditions, the excess resonance integrals below
100 ev are calculated to be 134, 172, and 266 barns per
fission for U233, U235, and Pu239, respectively.

By grouping the individual fission products which have
similar saturation characteristics, it has been possible to
designate four pseudoelements which when taken together
yield the same total thermal cross section and resonance
integral as that of the fission product aggregate over the
range of P and F values considered. Multigroup cross sections
have been computed and are listed for each pseudoelement
for use in a 32-group code. Thermal group cross sections
are also listed for each pseudoelement for neutron tempera
tures between 69 and 2704°F.

Introduction

During the operation of a reactor, fission products consisting of

a large number of both stable and unstable nuclei are formed ana accumu

late. In general, these nuclei capture neutrons ana compete with the

fuel nuclei as neutron sinks. As a result the criticality constant ana



breeaing ratio of the reactor aecrease ana the reactor becomes poisonea.

A quantitative knowledge of all the fission proauct cross sections as a

function of energy is neeaea in oraer to make realistic preaictions of

reactor behavior. For convenience we use the term fission proauct

aggregate to refer to all the fission proaucts as a group, excluaing

Xe ana a Sm composite group, which are treatea separately. It is

important to note that the composition ana hence the absorption charac

teristics of the fission proauct aggregate are functions of both the

fractional fuel burnup ana the aegree of flux thermalization. In this

stuay we have chosen the parameter P to represent the aegree of flux

thermalization, where P is the fraction of total fissions aue to the

epithermal flux content.

In a U235-fuelea reactor the poisoning effects of U236 should be

consiaerea in aaaition to the normal fission proaucts. In most reactors,

U236 cannot be regaraea as a fertile material, since U237 aecays with a

6.75-aay half life to form nonfissionable Np237. It wouia require a

flux of more than 2 X 1015 neutrons/cm2•sec to cause appreciable fission

in U237 before it decays. In this stuay, the properties of the fission

proauct aggregate have been investigatea both with ana without the in

clusion of U236 as a fission proauct. The effects of U236 impose a

severe aaaitional strain upon the prospects of low resonance reactors.

The importance of absorptions in the resonance region has been emphasizea

by Weinberg ana Wigner (l), who state: "The fission proauct poisoning in

the low resonance region is so great that such reactors would require

frequent reprocessing. There is serious doubt whether a low resonance

reactor can operate long enough without reprocessing to make power

production in the low resonance region economically feasible."

The composition of the fission product aggregate arrives at a

steady-state condition only when all the individual components have

reached saturation. This condition corresponds to very high irradiation

times and is never actually attained. Of more immediate interest is to

know how the composition and thus the absorption cross section of the

fission product aggregate varies with fuel burnup and its dependence

upon the flux level and epithermal content.



In nuclear fission more than 80 primary products are formed, most

of which undergo several stages of radioactive decay and transformation

by neutron capture before being converted into stable nuclei. Conse

quently there are over 200 isotopes of 30 or more different elements

present among the fission products after a short time. To treat each

mass chain explicitly and in full detail is not possible because of in

complete physical data. Usually, the thermal cross section, the direct

yield, and the resonance integral data are not known for all the members

of a given mass chain. In addition, radioactive nuclides complicate the

calculations by introducing an additional independent variable. Fortu

nately, in most cases it is only the stable end product and its immediate

parent that remain in the reactor long enough to capture a significant

number of neutrons.

From the above considerations, it is evident that suitable restric

tions must be applied in order to simplify the problem. Therefore, we

make the assumption that the stable end product in a given mass chain

is produced directly from fission. This is convenient, since few cross

sections of unstable nucliaes are known ana since the growth equations

of a nucliae become much more tractable if the time aepenaency is re-

movea. The assumption is equivalent to grouping the nucliaes accoraing

to their half lives. Nucliaes with short half lives are regaraea as

aecaying instantaneously, whereas nucliaes with long half lives are re

garaea as stable.

Stable ana Long-Livea Fission Proaucts

A complete tabulation of the stable ana long-livea fission proaucts

ana their thermal cross sections ana yiells is given in Table 1. Large

variations are observea in both the fission yieLds ana the thermal cross

sections of the inaiviaual nucliaes. A consiaeration of the aifferent

saturation characteristics of the fission proaucts leads naturally to a

grouping of the nuclides accoraing to the magnituae of their absorption

cross sections. Seven fission proaucts are known to have absorption

cross sections above about 10,000 barns, whereas the rest are below about



Fission

Product

Ge72
Ge73
Ge74
As75
Ge76
Se77
Se78
Se79 (6 X 104 y)
Se80
Br81
Se82
Kr83
Kr8*
Rb85
Kr85 (10.3
Kr86Kru"

Rb87 (6 X 1010
Sr88

y)

y89

Sr90 (28 y)
Zr91
Zr92
Zr93
Zr9*
Mo95
Zr96
Mo97
Mo98
Tc99 (2.1 X 105 y)
Mo100
Ru101
Ru102
Rh103
Ru10*
pd105

Ru106 (1.01 y)
pd106

Pd107 (7 x 106 y)
Pd108
Ag109
Pd110
Cd111
Cd112
Cd113
Cd114
In115 (6 x 101* y)
Cd116
Sn117
Sn118
Sn120
Sb121

Table 1. Stable and Long-Lived Fission Products

(barns)

0.94

0.42

0.4 ± 0.4

0.03

3.1

2

220 +

0.10

0.80

<15

0.06

0.12

0.005 ± 0.001

1.31 + 0.08

1.0 ± 0.6

1.58

0.25

<4

9.08

13.9

0.10

2.2 +

0.40

22 ±

0.50

2.46

1.44

40

0.02

0.03

: 0.12

: 0.12

: 0.06

: 0.14

: 0.10

0.7

: 0.40

0.50

3

0.16

156 + 7

0.7 + 0.2

10 ± 2

87 ± 7

0.30 ± 0.10

0.03 ± 0.015

20,000
1.1 ± 0.14

207

1.5 ± 0.3

0.01

0.001

5.9 ± 0.5

1.6 x 10"

1.1 X 10'

3 x 10~*
8 x 10~*
0.015

0.0083

0.021

0.056

0.08

0.14

0.25

0.544

1.00

1.30

0.293

2.02

2.49

3.57

4.79

5.77

5.84

6.03

6.45

6.40

6.27

6.33

6.09

5.78

6.06

6.30

5.00

4.1

3.0

1.8

0.90

0.38

0.38

0.19

0.08

0.03

0.02

0.019

0.01

0.01

0.01

0.0104

0.01

0.01

0.01

0.01

0.015

-4

0.019

1.14

1.90

0.56

0.56

3.18

5.30

6.5

5.80

6.53

6.70

7.10

6.82

6.10

5.60

5.35

5.18

4.8

4.40

3.00

2.37

1.6

0.96

0.28

0.28

0.04

0.025

0.016

0.020

Pu2

0.0012

0.29

0.47

0.55

0.75

1.39

1.9

2.31

5.9

5.8

3.9

5.0

5.0

1.5

0.27

0.10

0.041

Included in

Calculations*

a

a

c

a

a

a

a

a

*,
c,
a, <

Yes

a

a,

a,

a,

d

Yes

Yes

Yes

d

Yes

d

Yes

d

Yes

Yes

Yes

d

Yes

a, d
Yes

Yes (Table 2)
a

Yes

a

c

a

a

a

♦Notations a, b, c, and d indicate that the fission product is not included in the
calculations because (a) yo"o<0.02, (b) y unknown, (c) erg unknown, (d) resonance data unknown.
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Table 1 (continued)

Fission °0
(barns)

Y {%)
Included in

Product U235 U233 Pu239
Calculations*

Sm122 0.16 0.013 a

Sb123 4.1 + 0.3 0.0013 a

Sm12* b, c

Sb125 (2 y) 0.021 0.05 0.072 c, d
Tel25 1.56 ± 0.16 0.021 a, d
Te126 0.80 ± 20 0.05 a

jl27 7 ± 0.6 0.250 0.39 Yes

Te128 0.30 ± 0.30 0.37 a, d

I129 (1.7 X 107 y) 11 ± 0.4 0.90 5.5 x 10~* Yes

Te130 0.5 ± 0.3 2.0 a, d

Xe131 120 ± 15 2.93 3.74 2.87 Yes

Xe132 0.2 ± 0.1 4.38 5.10 4.02 a, d

Cs133 29 ± 1 6.59 6.18 5.27 Yes

Xe13* 0.2 + 0.1 8.06 6.54 5.69 Yes

Xe135 (9.2 hr) (2.72 ± 0.1l)-106 6.30 6.00 7.27 Yes (Table 2)

Cs135 (2.6 X 106 y) 13 + 0.4 6.41 >4.9 5.53

Xe136 0.15 ± 0.08 6.46 <8.9 5.06 a, d

Cs137 (29 y) <2 6.15 7.16 5.24 Yes

Ba138 0.7 ± 0.1 5.74 6.26 d

La139 8.2 ± 0.8 6.55 5.91 5.7 Yes

Ce1*0 0.66 ± 0.06 6.44 5.6 5.68 d

Pr141 11.6 ± 0.6 6.00 5.57 5.2 Yes

Ce1*2 1.0 + 0.2 5.95 5.60 6.69 d

Nd1*3 324 + 10 5.98 5.20 6.31 Yes

Ce14* (285 d) ~6.0 4.1 5.29 c, d

Nd1** (5 X 1015 y) 5 ± 0.6 5.67 4.0 5.29 Yes

Nd1*5 60 ± 6 3.95 3.0 4.24 Yes

Nd146 10 ± 1 3.07 2.3 3.53 Yes

Pm1*7 (2.65 y) 60 ± 20 2.70 1.71 2.92 Yes

Sm1*7 (1.3 X 1011 y) 87 + 60 2.38 1.71 2.92 No

Nd1*8 3.4 ± 1 1.70 1.15 2.28 d

Sm1*9 40,800 ± 900 1.13 0.61 1.89 Yes (Table 2)

Nd150 3.0 + 1.5 0.67 0.48 1.38 d

Sm151 (80 y) 10,000 ± 2,000 0.45 0.26 1.17 Yes

Sm152 224 ± 7 0.285 0.17 0.83 Yes

Eu153 450 ± 20 0.150 0.095 0.41 Yes

Sm15* 5.5 ± 1.1 0.077 0.037 0.32 a, d

Eu155 (1.9 y) 14,000 ± 4,000 0.03 0.22 Yes (Table 2)

Gd155 61,000 ± 5,000 0.03 0.22 Yes (Table 2)

Gd156 0.014 0.12 c, d

Gd157 240,000 ± 12,000 0.0078 Yes (Table 2)

Gd158 4+2 0.002 a

Tb159 46+4 0.00107 a

Gd160 0.8 ± 3 0.0003 a

U236 5.5 0.19 Yes

♦Notations a, b, c, and d indicate that the fission product is not included in the
calculations because (a) ya0<0.02, (b) y unknown, (c) a0 unknown, (d) resonance data unknown.

500 barns. Equilibrium between proauct ana removal rates is reachea at

much lower irradiation times for the first group than for the secona.

Consequently, nucliaes belonging to the high-cross-section group quickly

reach their maximum number aensity in the reactor, while the number



aensity of those belonging to the low-cross-section group increases

nearly linearly with irraaiation for a large range of F values. For

small irradiations only the first group need be considered, but for

longer irradiations the second group becomes increasingly important.

High-Cross-Section Fission Products

Poisoning calculations for the high-cross-section fission products

are usually carried out by treating Xe135 ana Sm1'4'9 explicitly ana

separately. If aesirea, the remaining nucliaes can be lumpea with Sm14'9,

In this case, the total yieia for the samarium group is 1.66$ and the

effective thermal cross section is 33,088 barns. Data on these high-

cross-section fission products are included in Table 2.

Table 2. High-Cross-Section Fission Products

Fission d0 y for U235
Half Life yo-0

Product (barns) {%) (barns per fission)

Xe135 9.2 h 2.72 X 106 6.3 1.714 x 105
Sm149 Stable 40,800 1.13 461.04
Sm151 80 y 10,000 0.45 45.00

Gd155 Stable 61,000 0.03 18.30
Eu155 1.9 y 14,000 0.03 4.20
Cd113 Stable 20,000 0.01 2.00

Gd157 Stable 240,000 0.0078 18.72

Low-Cross -Section F ission Products

The remainder of this study is concerned only with the absorption

characteristics of the low-cross-section fission products. As used in

this report, the term fission product aggregate refers only to the low-

cross-section fission products. The nuclides which are considered as

important contributors to the thermal and resonance cross sections of

the fission product aggregates of U233, U235, and Pu239 are listed in

Table 3.
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Composition of the Fission Proauct Aggregate as a Function

of Fractional Burnup ana Flux Spectrum

Burnout Equations

At a given fractional burnup, F, there are i aifferent isotopes

present in the fission proauct aggregate, each characterizea by its

inaiviaual relative abunaance, absorption cross section, ana cumulative

fission yieia. That is, at F, there are present in the reactor:

Ni nuclei of isotope 1, absorption cross section cri, yieia yi

N2 nuclei of isotope 2, absorption cross section cr2.> yieia y2

N. nuclei of isotope i, absorption cross section cr., yieia y.

The growth rate of a particular isotope is the aifference between

the proauction ana removal rates. Thus, for isotope i

dN. A

dF =yiafNf 0(t) ~ °iNi 0(t) ~ W > (1)

where 0(t) is the "2200 m/sec flux" and cr. is the effective cross section

consistent with this convention of neutron flux (see Appendix 1). For

simplification we assume continuous fuel replenishment, that is, N re-

cr 0(t) dt aids the

analysis since the flux may be time dependent. This new independent

variable designates_ accumulative fissions per original fuel atom or per

cent of fuel burnup". Be'cause of the assumption of continuous fuel re

plenishment, F is not limited to unity but may increase without limit.

The differential equation becomes

dN.

^ =y.Nf-a.N. , (2)

where

a. X,

a. = ~ +
i A A

°f af0



whose solution, subject to the conaitions N. = 0 at F = 0, is

-a.F

"i -*A ^r-1- • (3)

Equation 3 represents the total number of nuclei of isotope i present in

the reactor at any irradiation time F. Dividing this number by the total

number of fission product pairs which have been formed up to time F and

multiplying by the effective absorption cross section, o\, gives the con

tribution of isotope i in barns per fission to the total cross section of

the fission product aggregate, which is indicated by the subscript fpa,

-a.F

Ai A 1 — e I, \

afpa =Vi a.F * (4)

The effective cross section of the fission product aggregate is obtained

by summing the contributions over all of the fission products.

A v A l - eA V A 1 — e /c\
^fpa = k Vi a.F • (5)fpa .=1 . _ ...

A specific fission product with a given absorption property, either

thermal cross section or resonance integral, contributes that property

to the fission product aggregate in an amount dependent upon the relative

concentration of the specific fission product to the fission product

aggregate as a whole. Thus, the given absorption property is multiplied

by two weighting factors, the first weighting factor being the cumulative

yield of the isotope and the second weighting factor being an expression

of the tendency of the particular isotope to saturate. Inspection of

the second weighting factor,

-a.F

1-e X
a.F

i

>



shows that if aF —-> 0, the weighting factor approaches 1, whereas, if

OF —•* °°, the weighting factor approaches zero. Qualitatively this ex

presses the fact that fission products with large absorption cross

sections, hence large a's, saturate quickly, and their relative contri

bution to the aggregate cross section decreases with increasing F.

Fission products with small absorption cross sections, hence small a's,

continue to build up with F, and their relative contributions to the

aggregate cross section increase in magnitude.

Equation 5 gives the contribution to the aggregate cross section by

a given mass chain due to first-order effects only. It is tacitly

impliea that the new proauct formea by neutron capture has a nonappreci-

able absorption cross section ana contributes nothing to the over-all

fission proauct properties. If such is not the case, secona-oraer ef

fects must also be calculatea. Consiaer the reaction in which a nucliae

N2 is formea by neutron capture in Njj o~i ana yi are the cross section

ana yieia associatea with Nj. ana o~2 is the cross section associatea with

N2 (cr2 / 0). The aifferential equation governing the growth of the

secona-oraer poison is

aN

at

A A A r -CT^S (t )H
=ct^i 0(t) - cj2N2 jzf(t) =ycrfNf 0(t) ll - e J - £2N2 0(t)

or

aN

aF

A /A >„-, Ar -(cri/6->1 'tr2 V=yNf[l-e J_-f;
af

7) • (6)

Solving Eq. 6 subject to the bounaary conaitions N2 = 0 when F - 0,

gives for the number of N2 nuclei present in the reactor at time F,

10

A

N2 =yNf j±
cr2

A .A /A v_ A ,A /A N"&2 -(cri/crf)F crj. -(cr2/(Jf)F
1 ~ 7 T~ e + 7 7— eA A A A

a2 - o"! <j2 - ax

(7:



The contribution of the given mass chain to the over-all fission product

cross section is then

/A ;A ,T,—i-(cri/crf)F
A

r.
CTfpa(A) =yA°"l

1 - e

A

o-i

A~
cr^.

1 -

A /A /A . A , A ,A .cr2 -(o-i/a )F cji -(a2/af)F

A

A A C ' A A C
0"2 — 0"i cr2 — 0~i

+ yA^2 A
CT2

7TF

(8)

It is noted that in this formulation the second-order contribution from

mass chain A may come from the same nuclide which is formed airectly

from fission in mass chain A + 1. That is, the calculations may re-

peateaiy incluae the same nuclide with different ancestry. The analysis

is readily extended to include third and higher order effects. Actual

quantitative estimates, however, are difficult to obtain because of the

paucity of complete absorption cross section data for a given chain.

Consequently, with the single exception of mass chain 151, the calcu

lations made in this stuay incluae only first-oraer effects. This fact,

together with the possible existence of nucliaes with important absorp

tion cross sections at present unknown, imposes the nature of a lower

limit on the results reachea in this report. It may be mentionea here

that Sampson et al. (2) in their stuay of fission proauct thermal cross

sections estimate that higher oraer effects become appreciable above

F = 1 ana contribute 20$ or more to the total thermal cross section at

F = 3.

Calculation of the Saturation Inaex, a

In Eq. 5 the exponential term specifying the effective absorption

cross section of a nucliae is defined as

11



A
cr.

ax = — +

af
A

crf0

that is, the ratio of the absorption rate to the fission rate. It is

assumed, after Westcott (3) (see Appendix 1), that the reactor flux

spectrum can be represented by a Maxwellian distribution together with

a slowing down l/E tail cut off at uKT. The flux here is a function only

of energy, with no time or spatial aepenaence taken into account. For

a stable nucliae with absorption cross section <t(E), the reaction rate

per nucleus is given by

cr(E) e" '
" ° (KT)2

= (nv.
M

a/2

gO-Q + PS,

dE +(nv) p/ cr(E) |^

(9)

The ratio of the absorption rate to the fission rate defines a. as
i

A ~D

A

a. =

^02200 (nvlv)m[w7
V2

gcr0 + PZ

i A
°"f022OO

(nv)
M

l/2
Hi

l& + ^

(10)

If we denote by P the fraction of total fissions which are due to the

epithermal or l/E part of the flux, then -

•••: - -JV-f

a.

gcr0 2
(1-P) +Prfgfaf

(ID

The second term in the above expression allows for absorptions in the

resonance region due to l/E neutrons. For nuclides with large resonance

12



integrals this term may be predominant in determining ai for reasonable

values of P. This means that absorptions in the resonance region can

play a significant role in determining how quickly a given nucliae

saturates. If the neutron flux has an appreciable epithermal content,

serious unaerestimates of fission proauct poisoning will result if

resonance absorptions are neglectea. This is clearly illustratea in

Fig. 1, where the ratio of absorptions in the U235 fission proauct
aggregate to the absorptions which would occur if the aggregate cross

section followed a strict l/v energy dependence is plotted versus the

fraction of total fissions aue to thermal absorptions in the fuel.

UNCLASSIFIED
ORNL-LR-DWG 43470

0 0.2 0.4 0.6 0.8 1

FRACTION OF TOTAL FISSIONS CAUSED BY THERMAL NEUTRONS

Fig. 1. Deviation of the U235
Fission Proauct Aggregate Cross Section
From the l/v Law for Different Neutron
Fluxes.

The following fuel constants, taken from ref 3, have been usea

in calculating a at a neutron temperature of 1000°K:

13



Bf

U233 TJ2 35 Pu239

1.0376 0.912 2.4613

527 barns 580 barns 746 barns

805 barns 271 ± 25 barns 319 barns

Fission Proauct Data

The stable ana long-livea fission proaucts which are consiaerea to

constitute the fission proauct aggregate were listed in Table 3 above.

The cumulative fission yields for each nuclide were taken from the com

pilation by Katcoff (4), and the thermal cross sections were taken from

BNL-325, 2nd ed. (5). The excess resonance absorption integrals usea in

the calculations are listed in Table 4, together with values from other

compilations. In most cases the resonance integrals were aerivea from

the resonance parameters in BNL-325, 2na ea., using Eqs. A.7 ana A.8 of

Appenaix 2. The uncertainties associatea with these aerivea values

amount to about 20 or 30% because of uncertainties in the resonance

parameters ana resonance energies alone. This fact, together with the

large spread of values reported in the literature, indicates that an

experimental program aimed at definitely establishing the resonance

integrals of the more important fission products would be well justified.

In addition to undertaking a systematic search for the possible existence

of other high-yield, high-resonance-integral fission products, emphasis

should also be given to reducing the uncertainties associated with the

resonance integrals of the first 12 nuclides of Table 4. In fission-

product poisoning studies, reliable fission yields are equally important,

and in this respect much still remains to be desired, especially in the

cases of U233 and Pu239. In this study the fission yields for these

two nuclides were obtained mainly from the Katcoff (4) compilation and

from a report by Pattenden (6). Where the yields are not known, the

U235 fission yield is assumed.

Resonance Data on Major Components of Fission Product Aggregate

Data for the more important contributors to the resonance features

of the fission product aggregate are given below. The symbol I denotes

the total absorption resonance integral in excess over l/v, whereas E

14



Table 4. Excess Resonance Integrals of the Low-Cross-Section Fission Products

Excess Resonance Total. Excess

Fission Integral Below Resonance Source

Product 100 ev, I<ioo Inte:gral, Reference

(barns) Irp (barns)

tj2 36 256 256 + 22 7

Pm147 1950 2050 + 400 8

Rh103 980 1000 + 20 11

Cs133 345.2 375 + 71 *

Xe131 687.7 768 + 170 #

Sm152 2850 2850 + 300 14

Tc99 108.2 168 ± 20 #

Nd145 243.5 310 + 60 *

Mo95 96.4 101 + 15 #

Ru101 116.8 131 + 131 *

Eu153 1121 1512 + 880 *

Nd143 13.5 37.4 + 2.2 *

La139 8.66 24.7 + 1.5 #

Agl09 1358 1396 + 60 *

Mo97 6.60 12.2 + 2 •5f

In115 3166 3202 + 90 *

jl27 117 167 + 20 *

pr141 2.4 16 + 8 ^f-

-j-129 6.4 25 + 1 *

Irji (barns) from Other Compilations Given
for Comparison (reference number

is in parentheses)

295*

-2000 (6)
600 (6), 656 (9),** 529 (10)**
450 (6), 490 ± 80 (14), 320 (13)
690 (6)
1960 (6), 2850 ± 300 (14), > 1750 (9)**
170 (6), 60 ± 20 (14), 106 (15)
350 (6), 130 ± 15 (14)
100 (6), 100 ± 20 (14)

1800 (6), 1280 ± 100 (14), 950 (9)**
15 (6), <50 (14)

1160 (9),** 1870 ± 200 (14), 1174 (10)**
13.8 (15), 19 ± 2.5 (14)
3500 (12), 3600 ± 350 (14), 2640 (9)**
140 (9),** 180 ± 30 (14), 116 (10)**
11.3 (9),** 5.3 (10)**
36 ± 4 (7)

*Calculatea from parameters in BNL-325, 2nd ed., from equations (4), (5) Appendix 2.

**Ihe values listed from references 9 ana 10 are measured activation resonance integrals, not
excess resonance integrals.



aenotes the total resonance absorption integral above uKT incluaing the

l/v part. With u = 5 ana T = 1000°K the low energy integration limit

is nearly equal to the cadmium cutoff energy.

U236. A measurea resonance capture integral of E = 257 ± 22 barns

ana a thermal cross section of 5.5 ± 0.3 barns is reportea in ref 7.

An excess resonance integral of I<ioo = 256 barns is usea in this stuay.

Pm1^7. From the resonance parameters listed in ref 8, an excess

resonance integral below 100 ev of I<ioo = 1950 ± 400 is calculated.

The higher energy contribution based on the statistical model is esti

mated to be ~100 barns. The values used in this stuay are I<ioo = 1950

barns, I = 2050 barns.

Rh103. An excess resonance integral below 100 ev of I<ioo =

1007 ± 17 barns is calculatea from the parameters in ref 5. A higher

energy contribution of about 17 barns is estimatea from the statistical

model. Macklin and Pomerance (9) report a measured value of E = 656

barns based on the activation method. Other values reported are

IT = 600 barns (ref 6), E =529 barns (ref 10), and 1^ = 980 barns
(ref 11).

Nearly all the resonance integral of Rh103 arises from the large

resonance at 1.257 ev. Experimental determinations of the resonance

integral are therefore very sensitive to the self-shielding factor

assumed in evaluating the results. Since fission products in a reactor

more closely approach the condition of infinite dilution with no self-

shielding, it was decided to use the value of 980 barns, which is nearly

the result calculated from the parameters. The values used in this study

are I<ioo = 980 barns, I = 1024 barns.

Cs133. From the parameters listed in ref 5, an excess resonance

integral below 100 ev of I<ioo = 345 ± 71 barns is calculated. Higher

energy contributions are estimated to be ~30 barns. Other values re

ported in the literature are I = 450 barns (ref 6), I = 420 barns

(ref 12), I = 320 barns (ref 13). In addition, a measured value of

L_ = 490 ± 80 barns obtained by the pile oscillator technique is reported

in ref 14. This paper appeared after nearly all the calculations in

16



this study were completed. It is felt that the resonance integrals

listed in ref 14 may represent the latest and best determinations.

The values used in this study are I<ioo = 345.2 barns, IT = 375 barns.

Xe131. An excess resonance integral below 100 ev of I<ioo =

688 ± 170 barns is calculated from the parameters listed in ref 5.

Higher energy contributions are estimated as ~80 barns. The values

used in this study are I<ioo = 688 barns, I = 765 barns.

Sm152. No resonance parameters are listed in ref 5. Values re

ported in the literature are E > 1750 barns (ref 9), E = 1790 barns

(ref 15) and E = 1504 barns (ref 10). In addition, a measured value of
H"

I = 2850 ± 300 barns obtained by the pile oscillator technique is re

ported in ref 14. The values used in this study are I<ioo = 2850 barns,

I = 2850 barns. All the resonance integral is considered to be due to

the large resonance at 8.1 ev.

Ru101. Resonance parameters in ref 5 refer to the naturally

occurring element. The three ruthenium fission products Ru101, Ru102,
and Ru103 have U235 fission yields of 5, 4.1, and 1.8$ and natural

abundances of 17, 31.3, and 18.3$, respectively. The maximum ruthenium

contribution to the excess resonance integral of the U235 fission product

aggregate is calculated to be 11.68 barns per fission. This occurs for

the case in which all the resonances are assumed to be due to Ru101. If

all the resonances were assigned to Ru102 or Ru103, the contributions

to the fission product resonance integral would be about 5.2 and 4 barns

per fission, respectively. Since the picture is somewhat complicated by

the likelihood that the oda isotopes have a closer level spacing than

the even ones ana since the three ruthenium isotopes in question amount

to only two-thiras of the natural element, it is not possible to arrive

at a aefinitive result. In this stuay, the ruthenium contribution to

the fission proaucts excess resonance integral is rather arbitrarily

taken as 5.84 barns per fission.

Other Fission Proaucts. Excess resonance integrals for the re

maining fission proaucts listed in Table 4 are calculated from the

resonance parameters given in ref 5.

17



Resonance Integral of the Fission Products Above 100 ev

Several independent estimates (16, 17, 18) of the U235 fission

product resonance capture cross sections have been made for the energy

range from 102 ev to 106 ev. Based on these estimates, a total absorption

resonance integral per pair of U235 fission products of the order of 20

to 25 barns is calculated. Gordeev and Pupko (18) estimate the total

resonance integral of the fission product aggregate in this energy range

to be 23 barns per fission, the value which is adoptea in this study.

Estimates of the high energy resonance integrals of the U233 and Pu239

fission product aggregate show the over-all total to be about the same

as for U235, in spite of variations in yield for the individual fission

products. These estimates were made on the basis of data for the indi

vidual nuclides given in ref 16.

Effect of Reactor Specific Power and Neutron Temperature on
the Fission Product Aggregate Cross Section

Reactor Specific Power

The inclusion of radioactive Pm147, tW2 = 2.65 y, in Table 4 as an
important contributor to the properties of the fission product aggregate

makes the end result dependent upon the reactor flux level as specific

power. If R is the reactor specific power in kw/kg, the saturation index

a of Eq. 2 becomes, in the case of U235 fuel,

A
X-l 0"!

^ = A" + 7T
V CTf

686 gcr0 Z
+ (1 - P) + P ~t

R gf-f E
(12;

Putting in the cross section values for U235 and Pm147 at 1000°K yields

>]•ai = -jp + 0.113 + P(7.58)| . (13;
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Here it is noted that ax exhibits a comparatively weak dependence upon

R over reasonable values of R and P. We find, for example, that for

P =0.2, R = 2000 ± 1000 kw/kg, and T = 1000°K, ax becomes

ax = 1.973 (1 ± 0.20) . (14)

Properly, the decay product Sm147 of Pm147 should also be taken into
account. The effect of Sm147 is to make the fission product aggregate

still less dependent upon the flux level, since its flux dependence is

opposite to that of Pm147. The rate of formation of Sm147 is

so

N2

FN~

^2 a££- =\iN - cr2N20 , (15)

/ -a2F -axF -«2F\
*&i (e -e 1-e ) ,6)

a V a2 - ai + a2F / * K }
,! + CT10 \ ^ x * '

Based on a thermal cross section of 87 barns and an excess resonance

integral of 495 barns for Sm147, the U235 fission product aggregate has

been calculated and plotted in Fig. 2 for different values of R. As

expected, the dependency of the aggregate cross section on the reactor

specific power is small. It is felt therefore that the pseudoelement

cross sections (described in a subsequent section), which are calculated

for a specific power of 2000 kw/kg, may be usea for other R values with

out too great an error. It is notea here that the results shown in Fig.

2 were calculatea on the basis of a U235 aggregate resonance integral of

166 barns. Hence the curves are to be interpretea on a qualitative

basis only.

Neutron Temperature

The cross sections of most of the fission products listed in Table

3 depart from l/v behavior for Maxwellian spectra. The Westcott g-factor
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Fig. 2. Variation of the U235
Fission Proauct Aggregate with Reactor
Specific Power.

(Appenaix l) specifies the aegree of aeparture ana is plottea in Fig. 3

as a function of the neutron temperature for several aifferent fission

proaucts. The aata plottea)are taken from refs. 19, 20, ana 21. It may

be seen that the nucliaes Rh103, In115, Eu153, ana Nd145 become in

creasingly non-l/v at higher neutron temperatures. Such behavior is

expectea, since these nucliaes have strong low energy (~1 ev) resonances.

Absorption cross section aata in the energy range to about 10 ev are

not available for the remaining nucliaes in Table 3, so it was not

possible to calculate g-factors for these isotopes. Since, with the

exception of Pm147, none of these nucliaes have known resonances below

about 5 ev, a g-factor of unity is assumea. The result of summing ygcro

over all components of the U235 fission proauct aggregate for several

aifferent neutron temperatures is shown in Fig. 4. Here, the aggregate

thermal cross section as a function of temperature is also plottea for

U233 ana Pu239.
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Since the effective absorption cross section of an individual

fission product is a function of temperature, this means that the rela

tive composition, and thus the absorption cross section of the fission

product aggregate, is also temperature aepenaent. Because of this it is

useful to know to what extent the pseuaoelements which are aerivea from

an assumea neutron temperature of 1000°K may be applicable at other

temperatures. Calculations made for a temperature of 500°K show that

the pseudoelements represent fairly well the actual fission proauct

aggregate at this temperature. This result appears reasonable, since,
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in Fig. 4, it may be seen that there is little variation in the aggregate

thermal cross sections in this range of temperatures. At temperatures

greater than 1000°K, it may be seen from Fig. 3 that the effective

absorption cross sections of Rh103, In115, and Nd145 increase markedly

and will significantly affect the composition of the fission product

aggregate as a function of irradiation time. For this reason, caution

must be exercised in applying the artificial pseuaoelements at tempera

tures greater than 1000°K.
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Pseudoelements

For convenience in reactor lifetime calculations it is useful to

reduce the number of fission products which must be treated inaiviaually.

To this ena the low-cross-section fission proaucts of Tables 1 ana 2

have been assignea to four groups accoraing to their excess resonance

integrals. By determining an appropriate yield, thermal cross section,

and excess resonance integral for each group as a whole, it has been

possible to effectively represent the low-cross-section fission product

aggregate by four pseudoelements. These pseudoelements are made up as

follows:

Pseudoelement No. 1 (excess resonance integral from 0 to 100 barns)

Nd143 Nd144 Zr93
La139 Kr83 Cs137
Mo97 Sm150 Zr91
j129 Sr90 y89

Pr141 Nd146 Mo98
Xe134

Pseudoelement No. 2 (excess resonance integral from 100 to 500 barns)

Mo95 -j-127 U236

Tc99 Cs133
Ru101 Nd145

Pseudoelement No. 3 (excess resonance integral from 500 to 1200

barns)

Rh103 Xe131

Pseudoelement No. 4 (excess resonance integral from 1200 to 3400

barns)

Ag109 Sm152
In115 Eu153
Pm147

Applying Eq. 5 to each group yields the actual variation of thermal

cross section and resonance integral with P and F which is to be re

produced by the pseudoelements. In particular, the group values of

\ J- (g°"o)- and- /_j 7- (1 )• which must be satisfied at F =0 are
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obtained. By trial and error an a(P) can be selected which best

simultaneously reproduces the actual variation of \ y.(goo). and

), v. (I ). over the ranges of P and F under consiaeration. In this
4-* 1 res 1

stuay the range of P was taken from 0 to 0.4 ana of F from 0 to 2. Once

a group a(P) has been selectea, the group yieia is uniquely aeterminea

from the aefinition of a(P) ana from the fixea values at F =0:

(g°0 )
a(P) = (1 - P) ££

gr gfaf
+ P

(I + CigfJn )res x° u gr

(g<^o)gr =j^_ Y, y± (go-o^
;r i

res gr y U i res i
& Jgr i

Yj 7± (go"o)1
1 (1-P)-ygr a(P
gr Sf°f

Z yi ^resk +Cl(gcJo)
+ P

In aetermining the pseudoelement cross sections ana yieias, juagment

must be excercisea as to whether the thermal cross section or resonance

features are the most important. For example, pseuaoelement No. 1 is

primarily a contributor to the thermal cross section alone, therefore

an a(P) has been selectea to best reproauce the thermal cross section

variation with F. In the remaining groups, a compromise between the

two properties is necessary. Furthermore, less emphasis has been placea

on reproaucing the burnup characteristics for P = 0 than for higher P

values.

The thermal cross sections ana the resonance integrals for the four

pseuaoelements, as aeterminea from the above consiaerations, are given

in Tables 11, 12, ana 13 of the following section on "Results of Calcu

lations ."
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Results of the Calculations

The excess resonance integral of the U235 fission proauct aggregate

at zero burnup is given in Table 5. Values taken from ref 18 are in

cluded for comparison. The aggregate resonance integral is given both

for the case where U236 is considerea as a fission product and for the

case it is not. The energy distribution of the excess resonance integral

is shown in Table 6.

The excess resonance integral of the U233 and Pu239 fission product

aggregates at F = 0 are given in Table 7. The energy-distributed reso

nance integrals of the fission product aggregate of these two nuclides,

together with that of U235, are plottea in Fig. 5. The importance of

U236 is clearly seen here.

UNCLASSIFIED
ORNL-LR-DWG 43471

80 100

Fig. 5. Cumulative Excess Resonance Integral of the Fission Proauct
Aggregate as a Function of Energy.
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Table 5. 235
U Fission Proauct Excess Resonance Integrals in the Energy Range 0-100 ev

Comparea with Values from Goraeev ana Pupko (ref 18)

T?-i q q-i (-\y)

Values from Goraeev ana Pupko (ref 18) Values from This Paper ana Katcoff (ref 4)
-L lOOXUH

Proauct
y ($) for U235 !<100 y !<ioo y ($) for a235 I<100 y !<ioo

(barns) (barns per fission) (ref 4) (barns) (barns per fission)

U236 19.0 256 48.64
Pm147 2.26 1283 29 2.38 1950 46.40
Rh103 2.41 975.1 23.5 3.00 980 29.40
Cs133 6.70 475.7 31.87 6.59 345.2 22.75
Xe131 2.85 364.9 10.40 2.93 687.7 20.15
Sm152 0.791 2300 18.20 0.735 2850 20.95
Tc99 6.16 110.6 6.81 6.06 108.2 6.56

Na145 3.95 258.2 10.20 3.95 243.5 9.62
Mo95 6.61 95.3 6.30 6.27 96.4 6.04
Ru101 4.60 223.9 10.30 5.00 116.8 5.84
Eu153 0.122 1177 1.44 0.15 1121 1.68
Na143 5.90 13.7 0.808 5.98 13.5 0.81
La139 6.59 1.21 0.080 6.55 8.66 0.57
Ag109 0.028 34.6 0.010 0.03 1358 0.41
Mo97 6.56 6.4 0.420 6.09 6.60 0.40
In115 0.011 3091 0.340 0.0104 3166 0.33
jl27 0.38 75.8 0,288 0.25 117 0.29
Pr141 6.41 2.0 0.128 6.0 2.4 0.14
t129

0.90 6.4 0.06

Xe133 21.40 Not inc Luaea because of short half life

Ga155 0.055 690.9 0.38 Incluaea in Table 2

pa108 0.13 253.1 0.33 Resonance data not available

pa105 0.92 17.4 0.16 Resonance aata not available

Total 172.364 With
tj2 36

221.04

Without U236 172.40

1>100 23
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Table 7. Excess Resonance Integral of the U^JJ and
n239Pu^ y Fission Proauct Aggregates

Fission

Excess Resonance

Integral Below y (fo) y i<ioo
(barns per fission)

Proauct 100 ev, I<ioo
(barns) For U233 For Pu239 For U233 For Pu239

Pm147 1950 1.71 2.92 33.35 56.94

Rh103 980 1.6 5.80 15.68 56.84
Cs133 345.2 6.18 5.27 21.33 18.19
Xe131 687.7 3.74 2.87 25.72 19.74
Sm152 2850 0.43 2.00 12.26 57.00

Tc99 108.2 4.8 5.9 5.18 6.37
Na145 243.5 3.00 4.24 7.31 10.32

Mo95 96.4 6.1 6.27 5.88 6.04
Ru101 116.8 3.00 5.0 3.50 5.84
Eu153 1121 0.095 0.41 1.06 4.60

Na143 13.5 5.2 6.31 0.70 0.85

La139 8.66 5.91 5.70 0.51 0.49
Agl09 1358 0.04 1.50 0.41 20.37

Mo97 6.60 5.35 6.09 0.35 0.40

In115 3166 0.02 0.041 0.63 1.30
jl27

117 0.25 0.39 0.29 0.46
pr14l 2.4 5.57 6.02 0.13 0.14
-j-129

6.4 0.90 5.5 X 10~4

Total

0.05 0

134.34 265.89

The thermal cross section ana resonance integrals for aifferent

burnups ana flux conaitions have been calculatea by Eq. 5 for the fission

proauct aggregates of each of the three fissionable nuclides. The re

sults are shown in Tables 8, 9, ana 10, together with the corresponaing

values resulting from summing over the four pseuaoelements. Over the

range of P,F values consiaerea, it is seen that the pseuaoelements

adequately reproauce the actual fission proauct aggregate characteristics.

In Tables 11, 12, ana 13 are listea the yieias, thermal cross

sections, ana energy-aistributea excess resonance integrals of the four

pseuaoelements representing the fission proauct aggregates of the three

fuels consiaered. From the data here, the thermal group cross sections

and the multigroup cross sections have been calculated and are listed
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Table 8. Variation of the U233 Fission Proauct Aggregate Absorption
Cross Section with Fractional Burnup ana Flux Spectrum at a Neutron
Temperature of 1000°K ana a Reactor Specific Power of 2000 kw/kg

p
Calculational

Methoa*
F = 0 F = 0.5 F = 1.0 F = 1.5 F = 2.0

Thermal Cross Section (barns per fiission)

0 A 37.04 33.90 31.23 28.93 26.94

B 37.04 34.23 31.74 29.56 27.60

0.1 A 37.04 33.72 30.89 28.47 26.37

B 37.04 33.95 31.22 28.83 26.71

0.2 A 37.04 33.55 30.59 28.08 25.94

B 37.04 33.67 30.76 28.24 26.03

0.3 A 37.04 33.41 30.37 27.79 25.63

B 37.04 33.41 30.36 27.75 25.51

0.4 A 37.04 33.26 30.13 27.58 25.40

B 37.04 33.18 30.02 27.36 25.08

Excess Resonance Integral Below 100 ev (barns per fission)

0 A 134.34 126.91 118.94 112.46 106.66

B 134.34 128.07 122.29 116.94 111.99

0.1 A 134.34 122.38 112.37 103.74 96.72

B 134.34 123.49 114.12 106.03 98.97

0.2 A 134.34 118.82 106.61 96.80 88.82
B 134.34 119.27 107.20 97.41 89.33

0.3 A 134.34 115.51 101.50 90.79 82.36

B 134.34 115.39 101.28 90.46 81.92

0.4 A 134.34 112.55 96.96 85.64 76.94

B 134.34 111.82 96.16 84.73 76.01

*Methoa A: summing over the inaiviaual fission proaucts in Table 3.
Method B: summing over the four pseuaoelements in Table 11.

in Tables 14 ana 15 for each of the three fission proauct aggregates.

The non-l/v properties of the components of each pseuaoelement are taken

into account in computing the thermal group cross sections by aetermining

the actual
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Table 9. Variation of the U235 Fission Product Aggregate Absorption
Cross Section with Fractional Burnup and Flux Spectrum at a Neutron
Temperature of 1000°K ana a Reactor Specific Power of 2000 kw/kg

(U236 not incluaea in the aggregate)

p
Calculational

Method*
F = 0 F = 0.5 F = 1.0 F = 1.5 F = 2.0

Thermal Cross Section (barns per fission)

0 A 43.00 39.23 36.02 33.27 30.90

B 43.00 39.83 37.00 34.48 32.24

0.1 A 43.00 37.86 33.68 30.33 27.58

B 43.00 38.26 34.32 31.02 28.22

0.2 A 43.00 36.64 31.95 28.33 25.45

B 43.00 36.92 32.32 28.68 25.73

0.3 A 43.00 35.60 30.59 26.86 23.95

B 43.00 35.77 30.74 26.96 23.94

0.4 A 43.00 34.72 29.49 25.73 22.81

B 43.00 34.77 29.47 25.59 22.56

Excess Resonance Integral Below 100 ev (barns per fission)

0 A 172.40 161.11 151.41 142.65 134.82

B 172.40 164.21 156.63 149.63 143.13

0.1 A 172.40 145.38 125.70 110.95 99.54

B 172.40 146.76 127.55 112.76 101.13

0.2 A 172.40 131.64 107.24 91.07 79.54

B 172.40 132.86 108.32 91.85 80.07

0.3 A 172.40 121.62 95.03 78.79 67.74

B 172.40 121.59 94.76 78.55 67.13

0.4 A 172.40 ' 112.71 85.27 69.47 59.02

B 172.40 112.28 84.68 68.71 58.14

•^Method A: summing over the inaiviaual fission proaucts listed in
Table 3.

Methoa B: summing over the four pseuaoelements in Table 12.

gr

l

for each pseuaoelement and normalizing the result to the pseudoelement

yield.
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Table 10. Variation of the Pu239 Fission Product Aggregate Absorption
Cross Section with Fractional Burnup and Flux Spectrum at a Neutron
Temperature of 1000°K and a Reactor Specific Power of 2000 kw/kg

p
Calculational

Method*
F = 0 F = 0.5 F = 1.0 F = 1.5 F = 2.0

Thermal Cross Section (barns per fission)

0 A 53.74 52.18 50.70 49.31 47.96

B 53.74 52.56 51.41 50.28 49.21

0.1 A 53.74 49.51 45.95 42.88 40.26

B 53.74 49.65 46.18 43.19 40.57

0.2 A 53.74 47.19 42.34 38.58 35.52

B 53.74 47.20 42.28 38.45 35.34

0.3 A 53.74 45.20 39.55 35.73 32.24

B 53.74 45.05 39.24 35.00 31.72

0.4 A 53.74 43.49 37.29 32.98 29.77

B 53.74 43.19 36.78 32.35 28.99

Excess Resonance Integral Below 100 ev (barns per fission)

0 A 265.89 256.80 248.41 240.66 233.49

B 265.89 261.14 256.50 251.98 247.61

0.1 A 265.89 229.32 201.17 179.09 161.41

B 265.89 231.57 204.32 182.42 164.55

0.2 A 265.89 206.87 168.82 142.73 123.92

B 265.89 207.60 169.21 142.66 123.48

0.3 A 265.89 188.36 145.57 119.10 101.19

B 265.89 187.93 144.47 117.63 99.59

0.4 A 265.89 172.90 128.18 102.50 85.83

B 265.89 171.61 126.30 100.54 83.96

32
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Table 11. Yields, Thermal Cross Sections, and Energy-Distributed
Excess Resonance Integrals of the Pseudoelements Representing

233the Fission Product Aggregates of U

Pseudoelement No. ]

y = 9.43$
gcr0 = 228.31 barns
Im = 113.89 barns

Pseudoelement No. <

y = 18.1$
gcro = 30.88 barns

1^ = 284.48 barns

Pseudoelement No. -

y = 5.13$
goo = 147.56 barns
I = 836.25 barns

Eo Ires Eq •'-res Eq Ires Eq •'-res
(ev) (barns) (ev) (barns) (ev) (barns) (ev) (barns)

4.37 20.083 40.9 3.282

56 7.423 5.62 28.619 43.1 20.276 1.257 305.107

66.2 0.042 5.90 99.801 45.0 32.486 14.1 501.365

71.8 3.712 9.80 8.055 46.3 0.227 46.5 0.235

72.4 0.509 15.2 4.575 47.8 5.055 68.0 0.040

73.5 5.408 20.5 0.094 66.3 0.017 95.0 0.273

85.5 1.379 22.6 8.536 78.5 0.116 100.0 0

95.6

100

0.021

0

24.1

31.4

3.481

0.459

83.1

91.0

0.840

0.066 807.020

37.8 0.624 94.8

100

1.260

2.32818.494

240.280

Pseudoelement No. 4

y = 1.75$ gcr0 = 134.29 barns I = 2812.0 barns

1.04 10.571 6.25 2.000 16.3 0 40.8 0.114

1.46 34.971 6.64 66.571 16.8 0.571 41.4 37.657

1.76 2.229 7.00 168.800 18.1 1.143 43.2 7.714

2.46 23.314 7.60 0.286 18.8 1.200 47.2 26.171

3.29 10.171 8.10 700.571 20.0 17.543 50.3 20.114

3.86 0.571 8.87 5.143 20.1 2.800 56.7 0.171

3.94 7.943 9.10 0.457 21.1 0.171 72.4 0.229

4.81 0.286 11.7 2.857 24.1 0.571 89.0 0.057

5.20 22.514 13.3 0.114 30.9 0.343 100 0

5.43 1519.943 15.6 15.943 33.4 14.286

2726.11
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Table 12. Yields, Thermal Cross Sections, ana Energy-Distributea
Excess Resonance Integrals of the Pseuaoelements Representing

the Fission Proauct Aggregates of U235

Pseuaoelement No. 1 Pseuaoelement No. 2 Pseuaoelement No. 3

y = 11. 24$ y = 21.0$ y = 5.82$
goo = 216.81 barns gcr0 = 31.52 barns gcr0 = 140,.94 barns

IT = 71. 0 barns IT = 283.1 barns IT = 905,.54 barns

Eq •'-res E0 res
E0 •'-res E0 -'-res

(ev) (barns) (ev) (barns) (ev) (barns) (ev) (barns)

4.37 22.790 40.9 4.714
56 7.206 5.62 31.238 43.1 23.010 1.257 504.261

66.2 0.039 5.90 91.729 45.0 28.781 14.1 346.220
71.8 3.559 9.80 11.571 46.3 0.195 46.5 0.378

72.4 0.472 15.2 6.571 47.8 4.643 68.0 0.052

73.5 5.071 20.5 0.081 66.3 0.014 95.0 0.464
85.5 1.246 22.6 7.848 78.5 0.105 100.0 0

95 6 0.027

0

24 1 5.00

0.395

83.1

91.0

0.771

0.752100 31.4 851.375

37.8 0.538 94.8 1.157

17.62 100 1.427

243.33

y = 2.95$ gcr0 = 129.15 barns I = 2449.83 barni
3

1.04 8.373 6.25 1.865 16.3 0.034 40.8 0.067
1.46 10.813 6.64 55.017 16.8 0.543 41.4 31.08

1.76 2.068 7.00 139.457 18.1 1.085 43.2 6.339

2.46 21.865 7.60 0.305 18.8 1.119 47.2 21.593

3.29 9.525 8.1 710.169 20.0 14.508 50.3 16.610

3.86 0.170 8.87 4.847 20.1 2.644 56.7 0.102

3.94 7.424 9.10 0.136 21.1 0.136 72.4 0.170

4.81 0.271 11.7 2.712 24.1 0.509 89.0 0.067

5.20 13.254 13.3 0.102 30.9 0.203 0

5 43 1254 949 15 6 13.186 33.4 11.763 100

2365.08
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Table 13. Yieias, Thermal Cross Sections, ana Energy-Distributea
Excess Resonance Integrals of the Pseuaoelements Representing

the Fission Proauct Aggregates of Pu239

Pseuaoelement No. 1 P seuaoelement No. 2 Pseuaoelement No. 3

y = 11 7$ y = 20.27$ y = 8.6$
gcr0 = 204.70 barns gcr0 =31.52. barns gcr0 = 169 .65 barns

IT = 90 86 barns IT = 277.4 barns IT = 918 38 barns

Erj Ires E0 Ires E0 Ires Eq Ires
(ev) (barns) (ev) (barns) (ev) (barns) (ev) (barns)

4.37 25.442 40.9 4.884

56 7.265 5.62 31.426 43.1 25.585 1.257 659.757

66.2 0 5.90 75.994 45.0 29.817 14.1 229.536

71.8 3.419 9.80 11.988 46.3 0.321 46.5 0.489

72.4 0 15.2 6.808 47.8 3.848 68.0 0.071

73.5 4.188 20.5 0.138 66.3 0.030 95.0 0.617

85.5 1.198 22.6 6.502 78.5 0.168 100 0

95.0 0 24.1 5.180 83.1 0.641

100 31.4

37.8

0.641

0.873

91.0

94.8

0.099

0.957

890.47

16.070

100 1.658

233.000

Pseuaoelement No 4

y = 6$ go"o = 146.83 barns I = 2399.33 barns
res

1.04 5.183 6.25 2.500 16.3 0.100 40.8 1.800

1.46 21.000 6.64 33.150 16.8 0.750 41.4 18.767

1.76 2.800 7.00 84.083 18.1 1.433 43.2 3.833

2.46 29.367 7.60 0.383 18.8 1.483 47.2 13.033

3.29 12.783 8.10 950.000 20.0 8.750 50.3 10.133

3.86 0.333 8.87 6.500 20.1 3.533 56.7 2.417

3.94 10.000 9.10 0.333 21.1 0.183 72.4 3.483

4.81 0.367 11.70 3.633 24.1 0.700 89.0 0.567

5.20

5.43

326.033

757.00

13.3

15.6

0.150

7.950

30.9

33.4

5.200

7.117

100 0

2336.83
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Appendix 1

REACTOR SPECTRA AND EFFECTIVE CROSS SECTIONS

For reactor spectra which approximate a Maxwellian (T in °K) plus

a dE/E flux terminated at the low energy end, we can represent the flux

•by:

f(E) dE =(nv)M f-^T e"E/lCT +^ldE > (A-Df E e-E/KT +^1
L(KT)2 E J

where

A = 0 if E < uKT ,

A = 1 if E 2* uKT ,

and the subscript M refers to the Maxwellian distribution.

Westcott (22) has defined an effective cross section cr' as that cross

section which when multiplied "by the "2200 m/sec flux" gives the true

reaction rate. Thus, for a nuclide with cross section cr(E), we have as

the definitive equation for the effective cross section

(Dm +nl/E) v0o =(nv)M Jo o(E) -i- e"^ dE +

A

+(nv)M P/ o(E) f- . (A.2)
uKT

By definition

\l/2
0\ ' E -E/KT

At0\

e ' dE

(KT \2

(nv)M ga0|

(-)M PJ °W f - (nv)M p^
uKT
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A
From Eq.. A. 2, these definitions lead to Westcott's definition of o~ as

1/2

where

40

(nv)A = v yM

a =^ +nl/E)v° CTO

Mo) E

= o-0

1/2 •
/4T \ E

g+PW 5*
1 +

4

(ttv)1/2
P

= cr0(g + rs) ,

I cr(v) v n(v) dv

&o v0 f n(v) dv
•'o

1+^— p '
(ttu)1/2

At V/2 eu v
-Wo) ~o~*&

(A.3!



Appendix 2

CALCULATION OF THE RESONANCE ABSORPTION INTEGRAL

When there are separate neutron resonances, the contribution of

each resonance to the total resonance integral can be computed if the

resonance parameters are known. This is accomplished by integrating

over the Breit-Wigner single resonance formula for 1=0 interactions.

The restriction to zero orbital angular momentum is not serious, since

these resonances constitute nearly all the contributions to the total

resonance integral. The Breit-Wigner single level formula is:

in which

7r*2g r (e) r

(e-e0)2 +m

2 2 E°

r (e) = r
n n or

I (x ±2rTi) '
and the symbols are defined as follows:

fc = the reduced de Broglie wave length for neutrons of energy E,

Eq = the resonance energy,

T = the neutron width at resonance energy,

g = the statistical weight factor where I is the spin of the target
nucleus,

r = r + r .
n 7

Expressing Eq. A.4 in terms of the parameters at Eq yields
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'M1/2 8r_r-2/Eoy/" gr r

(E-Eo)2+(§)

It is desired to find the contribution of the peak alone to

total

where the total resonance integral contains a l/v contribution, as well

as contributions from the peaks. If the resonance peak is narrow, then

E is nearly the constant E0 in the region where the maximum part of the

peak resonance integral is generated:

'EoW2 dEu^;_=,W0V_y girivj_ -

peak

(EnA1/2

[^(E-Eo)2 +(|Y1 E0
2 gr r

=271% -j^l . (A.6)

This expression gives the peak or excess over l/v contribution of a

given resonance to the total resonance integral. Putting in the values

of the basic physical constants it becomes, in barns,

4.09 X 106 gr r

e2 r • ( ?)

Because of the difficulty associated with obtaining experimental

data for high energy resonances, both the resonance parameters and the

resonance energy are often unknown above a certain energy Ex. It is

necessary to make an estimate based on the systematics of neutron reso

nance parameters. If D is the average spacing of levels and T0 and F°

are the local widths averaged over several resonances, then according

to Dresner (23), the average contribution to the resonance integral
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above an energy Ex to infinity is

TO*1- -°° dEI = 1.3 X106 -=r^- [
res D JT

*(• •a •
1.3 X 106 27rgf p - In (1 + P)

1 (A.8)
Ex D f,2

where

r
•1/2 _2

r°
n

P = E"1/

The above expression, as originally developed by Dresner, is based

on the assumption that the reduced neutron width is a constant for all

resonances. Kuhn and Dresner (24) have more recently calculated a

correction factor to bring Eq. A.8 into agreement with the Porter-Thomas

distribution in which it is assumed that the reduced neutron widths are

distributed in a X-squared distribution with one degree of freedom.

Equation A.8, together with the correction factor, were used in this

study in all estimates of the resonance integral for higher energies.
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