2M£>C(¢;an}, é! el
bOZ
Atomic Energy of Canada Limited
FISSION PRODUCT DATA FOR THERMAL REACTORS
PART | - CROSS SECTIONS ‘
by

W.H. WALKER
Chalk River, Ontario

December 1969
Revised January 1972

AECL-3037
Part I’



» FISSION PRODUCT DATA FOR THERMAL REACTORS

Part I - Cross Sections

by

W.H. WALKER

AECL-3037
Part I




FISSION PRODUCT DATA FOR THERMAL REACTORS

. Part I - Cross Sections

by

W.H, WALKER

ABSTRACT

Part I is a compilation and evaluation of cross section
measurements for all fission products with half-lives exceeding
~ 5 h in the mass range 76 to 165. Resonance integrals,

2200 m/s cross sections and reactor spectrum cross sections
are included. Resonance integrals computed from resonance

parameters are included in the resonance data if available.
A set of recommended cross sections and resonance integrals

is also given for use in the FISSPROD data library.
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Données relatives aux produits de fission pour les réacteurs thermiques

Iére Partie - Sections efficaces

par W.H. Walker

Résumé

Cette Iére

Partie est une compilation et une évaluation
de mesures de sections efficaces pour tous les produits de
fission dont les demi-vies excédent ~ 5 h dans 1'intervalle des
masses allant de 76 a 165. Des intégrales de résonance, des
sections efficaces de 2200 m/s et des sections efficaces de
spectre sont incluses. Les intégrales de résonance calculées

2 partir de param®tres de résonance sont incluses dans les
données de résonance, si elles sont disponibles. Des séries

de sections efficaces et d'intégrales de résonance sont

recommandées pour la bibliotheéque des données FISSPROD.

L'Energie Atomique du Canada, Limitée

Chalk River, Ontario

Décembre 1969




Preface to the 2nd Printing Jan. 1972

The second printing has been corrected on pp. 10,
20, 25, 38, 50, 61 and 69. 1In addition an experimental
result has been added on p.45,

Some results available since the original affect the

°Cgr

recommended values. These are measurements of the
cross section by Ricabarra et al (Can J Phys.48, 2362/70),
Fulmer et al (Nucl Sec Eng 46, 314 (1971) and Santry and
Werner (to be published) and the results of mass spectro-
metric measurements reported by Higatsberger (SGAE G-14/1969).

The new recommended values are:

Nuclide gg (barns) _I (barns)
40-2r-96 0.020 4,8 *
62-Sm-147 60 no change
62-Sm-148 3.6 25
64-Gd-154 no change 300
64-Gd-156 no change no change
66-Dy-160 62 975
66-Dy-161 580 1000 *
66-Dy-162 160 2450 ®
66-Dy-163 no change no change *

The large ratio of 1/8 implies that the main resonance,

at 300 ev,

is p-wave,

The two measured values are very different. Recommended

value is from resonance parameters,




1. INTRODUCTION
1.1 Estimates of Fission Product Absorption at Chalk
River

There has been a continuing interest at Chalk River
in accurate estimates of fission product absorption dating
back to 1951 (Hurst), then proceeding to the inclusion of
f-decay hold-up and secondary (capture) products (Walker,
1956), the representation of fission product capture by
pseudo-fission products (Hurst (1957); Hurst et al (1958))
and the inclusion of epithermal absorption (Walker, 1960).
The last report and two subsequent extensions (Walker,

1962, 1964) presented tabulations of both yields and

cross sections, but also calculated yields for fixed pseudo-
fission product cross sections, With the acquisition of

the G-20 computer at Chalk River it was felt that a more
detailed fission product representation was possible

which could be used to check experimental results as well

as the range of validity of various simplified representations
such as the pseudo-fission products.

This program, FISSPROD, was originally prepared
in 1963 and has now been written up (Lane, 1969).

It has been tested regularly in the interval using an

interim set of yields and cross sections based primarily




on the 1964 compilation (Walker)., The purpose of the
present compilation and evaluation is to present a defini-
tive and well-documented set of data for FISSPROD which
may be useful to others., The review covers yields from
mass 76 to 160 for both thermal and fast neutron fission
and cross sections and resonance integrals of the nearly
200 fission products with half-lives greater than about

5 hours that are treated specifically in FISSPROD.

1.2 B-Decay, Isomeric Transitions and Neutron Capture

There is little similarity between the nuclide
concentrations of the fission fragments formed in the fission
process itself and the nuclide concentrations found in
reactor fuel near the end of its life. The fragments are
almost all radioactive, with a most probable charge 3-4
units from the most stable charge for a given mass and
a negligible probability of being stable., These undergo
a "chain" of B-decays that transform them to long-lived
or stable nuclides, and many of these subsequently
capture a neutron. Only those transmutations involving
the capture of a neutron are reviewed here., Of the

remaining data, half-lives are taken from the "Table

of Isotopes" (Lederer et al (1967)) and branching ratios




from Cenacchi’s 1968 review of fission product data.

The nuclides and transmutations included in FISS-
PROD are shown schematically in Fig, 1 and cross sections
and resonance integrals are listed in Table 1, Several
compilations and evaluation of cross section data have
appeared since work on the FISSPROD library began and have
been very useful as a check on the completeness of the
data. These are:
(a) CINDA

A bibliographic listing which includes references
for the types of data of interest here. Some of the
references given in the present survey do not appear in
CINDA, and some given there are not included here, the
usual reason being that if a result has appeared more than
once in the literature it is given only once in Table 1
(usually with its most recent reference). Also values from
progress reports are omitted unless their inclusion is

essential to a satisfactory evaluation.

(b) BNL-325, 2nd Edition, Supplement 2 (1964-66)

An extensive coverage of new thermal cross section

and resonance parameter data with thorough documentation.




It does not cover the fission products completely since it
is a supplement, but many entries in the 2nd edition and
supplement 1 are included in supplement 2 for comparison
with more recent results. Only a few resonance integral

measurements are covered, ™

(c) Twenty-Two Hundred Meter per Second Neutron
Absorption Cross Sections

A compilation by Goldman et al (1969) which gives
a complete list of evaluated thermal cross sections from
hydrogen to fermium, Its purpose is to present in one
report, and at the same time to up-date, all BNL-325 thermal
cross sections, References are given for the measurements

on which each cross section evaluation is based.

(a) A Compilation of Nuclear Data on the Thermal

Fission Products of U-°°, U-2° and Pu°°®

This survey by Cenacchi (1968) includes the fission
product decay chains in the diagrammatic form used by
Katcoff (1960) with revised branching ratios and half-lives,
and a set of yields, half-lives, thermal cross sections and

resonance integrals taken from a variety of earlier compila-

tions supplemented by the results of more recent measurements, x




2, PRESENTATION OF DATA
2.1 Figure 1 (p. 93)

This "chart of the nuclides" indicates by arrows
the P-decays, isomeric transitions and capture transmutations
included in the FISSPROD library or program. The chart
differs significantly from the standard representation
in its treatment of short-lived isomers (T% < 5 hours),
indicated in the chart by brackets., These do not appear
in the FISSPROD library but are included in the program
by assuming that they decay promptly by B-emission to the
ground state of the daughter. Thus any branching which
may occur in the decay of a short-lived isomer must be
taken into account by modifying the production modes. For
example, suppose a metastable state that is short-lived
(and therefore omitted from the FISSPROD library) undergoes
only isomeric decay. Because the program assumes that
it B-decays instead, it is necessary for the purposes of
FISSPROD calculations to make the effective cross section
to the metastable state zero, while that to the ground
state is equal to the sum of the cross sections to the

- ground and metastable states, As far as the calculations

are concerned this metastable isomer is never formed,




so that its omission does not introduce any significant
error in the calculation., Branching ratios which differ
from 100% and 0% are discussed in the description of

Table 1 under the heading "Columns 3 -6", )

2,2 Table 1 (pp 19-88) J
Table 1 lists all fission products, including

metastable isomers, from mass 76 to 165 having half-lives

greater than ~ 5 hours. In addition many of the short-

lived nuclides with T% < 5 hours are included with their

half-life and branching ratio (but without a cross section

assignment) to clarify the choice of partial cross sections

and simplify the problem of following capture/decay sequences,
The contents of thebtable are described below by

columns:

Column 1 ("Reference")

Heading Each nuclide is identified by an entry in
the reference column of the form

Z - chemical symbol - A i (T%)

where i = m for metastable state
i g for ground state v

]

or is omitted where only the ground state
is of interest, Ti is the half-life of
radioactive nuclei”in seconds (s), minutes
(m), hours (h), days (d) or years (y).




References Numbered entries are in order of date of
publication. The journal notation follows
CINDA usage for the more common journals,
but is written out more fully for others
(e.g., En Nucleare for Energia Nucleare),.
Report numbers are those given on the

. title page. The originating laboratories

are listed in CINDA. Data from four

conferences are also included, viz.

PIC-1 - the 1955 Geneva Conference on the
peaceful uses of Atomic Energy

PIC-2 - the 1958 Geneva Conference

Paris - the proceedings of the 1966 IAEA
Conference on Nuclear Data for
Reactors held in Paris (2 vols,)

NBS Spec., Publ. 299 - the 1968 Washington
Conference on Neutron Cross Sections
and Technology (2 vols.).

Resonance Indicates values of the thermal contribution
Parameters and resonance integrals calculated from
published resonance parameters., The refer-
ence BNL-325 alone indicates the five-part
2nd supplement to the 2nd edition (1964-1966).
Earlier versions of BNL-325 are indicated
by a bracketed date., Other sources are
indicated by journal reference without authors.

Column 2 ("Method")

Entries here indicate the general method used to obtain
the data. These are:

Act By activation using either B- or +y-counting,
, with or without cadmium-shielded samples,
Crys Spec From total cross section measurement at

2200 m/s using a crystal spectrometer,




Mass Spec From mass spectrometric comparison of .
irradiated and unirradiated samples,

Pile Osc From pile oscillator comparison of the
unknown absorber to a standard., Thermal
and epithermal absorption can be differen-
tiated by measurements in neutron fluxes
with different epithermal components,

Pulsed n From rate at which neutrons injected in a
pulse in a volume containing the unknown
absorber disappear.

React From reactivity measurements using change
in critical height or period of a calibrated

test reactor.

t of £ From total cross section measurement at
2200 m/s using a fast chopper.

columns 3-6 (Cross Sections and Resonance Integrals)

The Westcott convention (Westcott et al, 1958) is used
throughout with modified notation.

. A . . .
Cross Section o effective cross section in a flux
Notation given by nv, (n is the total neutron
density and v, = 2200 m/s

Qo

the cross section at 2200 m/s

gé the nv, cross section in a Maxwellian
flux. Although cadmium difference values
include the contribution of the epithermal
spectrum below the cadmlum cutoff, this
is small compared to go if there are no
resonances near the Cd cutoff energy.
These measurements are therefore designated -
as go in the table since in practlce the
difference between 0ty and gd is much
smaller than the errors, =




Subscripts

Isomers

g 1is a function of T, where the latter is
not usually specified accurately in the
experiment, For a l1/v absorber g =1
for all T.

I The reduced resonance integral, that is
with the 1/v component subtracted, taken
over the whole epi-Maxwellian spectrum,

RI The resonance integral above the cadmium
cutoff, The latter is assumed to be
0.55 eV unless otherwise indicated.

ab Absorption (from oscillator, reactivity
time-of-flight and crystal spectrometer
measurements, where the two latter are total
cross sections corrected for scattering).

ac Activation

c Capture (from mass spectrometer measure-
ments) ,

t Total (absorption & scattering from time-of-
flight and crystal spectrometer measurements) .

(m) indicates cross section to metastable or
(g) ground state respectively.

An asterisk beside g or m (g* or m*) indicates

an effective cross section where a short-lived
isomeric state formed in capture decays by

both isomeric transition to the ground state and B-
emissions. The total cross section o(g)+o(m) has
to be reapportioned to take account of the fact
that FISSPROD assumes that short-lived nuclides
decay by P-emission only. The new cross sections
are designated as o(g*) and o(m*) and

o(g*)+ o(m*) = o(g) + o(m). For example, consider
Ge”®, with g§_,(m)= 0.10 b and gdsp(g)= 0.06 b,
Since Ge’"™ has a half-life of 54 s it is not
included in the data library, and the program
assumes 100% decay to as’’9, Because 24% of Ge
decays isomerically to Ge”’9 the Ge”° absorption
cross sections must be corrected to give effective
values for use in FISSPROD -

98,p(g*) = 0.06 + 0.24 x 0,10 b = 0,08, b;

77m

similarly g&,p(m*) = 0,07, b.




Resonance A%ab, Ip and Igp_ynr are calculated from

Parameter published resonance parameters for the range

Calculations of resonant energies indicated in the comments
column. The computer program uses approximate
formulae for A%ab and I_p derived on the assump-
tion that the resonance energy is above the
cadmium cut-off, The formulae are

-5/2
2kT B .5/

A, =
Oab = 2 4,09 9, T ; r (L + )

i "yi E.; ri
4090 g, I' . T . .002 T, ukT
I -5 i 2n1 vi ). i
ab 7§ LE T Epj Eri
where 95 is the statistical weight factor of the
ith level.
rni is the neutron partial width of the ith
level, in mevV,
T . 1is the radiative partial width of the
Y: ith level in mev.
T. =T .+ 7T
i ni vi
Eri is the neutron energy at the peak of the
ith resonance in eV,
kT is the mean energy of thermal neutrons
in eV,
and kT is the effective cut-off for the 1/E
epithermal spectrum. (here . is assumed
equal to 5).

The expression for Aga is an approximation to the

b

Breit-Wigner cross section at 2200 m/s and that for Ip is
adapted from an expression originally derived by Story (1957).
is the estimated contribution to I of

Iab—unr

unresolved resonances. The derivation assumes equal level

spacing and s-wave capture only, the two assumptions




- 11 -

introducing errors of opposite sign which tend to cancel. A com-
parison between an earlier estimate using the same equation
(Walker, 1960) and more recent results where more level parameters
are available indicates that the formula tends to overestimate

the unresolved contribution. It is assumed that the error in
Iab—unr is not greater than the estimated value.

When data from 3 or more levels are available the level
spacing and reduced neutron width are deduced from the listed
parameters, When only 1 or 2 levels are known a strength function
is assigned, but if no levels are assigned to the nuclide I

ab-unr
is assumed to be zero,. Iab—unr is obtained by integration over the
energy range from the last resolved level to infinity, except

where energies assigned to resonances of other isotopes measured

in the same experiment indicate a wider energy coverage, from

which it is inferred that there are no unidentified peaks over

this range and the lower energy limit is raised accordingly,

Columns 7, 8 ("Ratios")

Ratios of I/g8 deduced from cadmium ratio measurements
and 0(g)/o(m) are listed here., All ratios are measured by

activation so no subscript is included,

Column 9 ("Comments")

Renormalization Most cross sections have been measured
relative to some standard. Where the
cross section of the standard is quoted
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the measured cross sections have been
renormalized to the values given below.

Standard Value in Barns
Harwell B(oron) 771
B 759 ‘
co®® 37.2 58.5 75
Eu 4400
Gd ' 49000
Ho 64
Aut®’ 98.8 1513 1558 15.3

Other Corrections-The activation results of Seren et al
(PR 72, 888) were corrected for natural
abundance, half-life and decay scheme
in addition to normalizing to the new
standard.

-The cadmium ratio results of Harris et
al (PR 72, 11) were corrected for reson-
ance self-shielding when sufficient
information on sample size was provided,
and were also renormalized to the new
standard.

- Other comments are intended to be
self-explanatory.

Recommended Values (Columns 3-6)

The values recommended are obtained using the following
guide lines unless there is a comment in the last column
indicating a preferred value or another procedure.




(1)

(3)

(4)

(5)

(6)

(7)

If results are in reasonable agreement a weighted
average is estimated, weighting inversely as the
stated error,.

If one value diverges markedly from the remainder
it is assumed to be a flyer and is omitted in
taking the average,

Since values of Agab are estimated only for real
levels (Er = 0.5 eV) and take no account of the
contribution of virtual levels it is not used in
averaging, but serves only as a check (all measured
thermal values should be % Agab).

If Sab from a time-of-flight or crystal spectro-
meter measurement is significantly greater than

all integral values and if it is obtained using

an oxide sample, it is assumed that it is in error
due to water contamination or small-angle scattering.

If measured integral values of I or RI are
significantly less than I calculated from
resonance parameters it is assumed to be a self-
shielded value, (unless sufficient data is
provided to indicate otherwise) and omitted in
taking the average,

If only a measured upper limit is available the
recommended value is half the upper limit rounded
off (upwards) to the same number of significant
figures.

If no measured thermal data is availa%le, but
resonance integrals give a value of A0y, then

the recommended Sab is based on the latter., A
comparison of 8ab with Agab indicates that the
ratio of the two varies from less than unity to

~ 10®, with median values of 1 to 4 and average
values from 1-10 depending on the magnitude of
ASip. The two recommended values listed below are
chosen to be roughly mid-way between median and
average value,




(8)

Nuclide sr®” pat°®

Calculated A8,y 10.7 2.2
o]

Recommended Oab 40 10

If no data at all are available the recommended
values are estimates based on the 8ab and I_y
values for nuclides in the same mass range, divided
according to whether they are even Z-even N, even
Z-odd N, or odd Z. As in the case discussed above
values cover a wide range with a bias towards
smaller values so that the median is significantly
less than the average. The recommended values

lie between these two. Most "unknowns" are radio-
active, and in this case, the choice of 8ab is not
important if 8ab¢ << A. Only in the high mass
range, do the average and median values become
significant by this criterion, with a value of

~ 50,000 b for even Z, odd N nuclei, and ~ 2000 b
for odd Z nuclei. The nuclei of interest are

47-h sm*®®, 18-h Ga'®°%, 15-d Eu'®® and 15.2-h
Eu'®’, For the first three nuclides o¢ ~ A if

¢ ~ 10** n/cm® s and the "average" cross section
is used.

In the case of Sm'®® a significant capture rate
would decrease the equilibrium concentration of
sm*®® and enhance the yield of sm*®* (ggab = 5Db)
relative to Eu'®® (8, = 450 b); a significant
difference between yields measured using high and
low flux irradiations might be expected. Unfor-
tunately the only measurement of this kind
(Bidinosti et, al. (1958)) did not extend past
mass 152, Comparison of other yield measurements
give conflicting results or are inconclusive
because of lack of information on irradiation
conditions.




A - 15 -

For Gd'°? the yield is so small (zero in FISSPROD)
that the effect will not be significant,

In the case of Eu'®®, the decay product is

Gglss (96, = 1.4 b) while capture yields Ga*®”
(045 = 264,000 b). Eu'®® is formed not only as a
"primary" fission product but also from capture
by Bu'®® (6 ~ 4,000 b). The possibility that
Eu'®® has a 2,000 b cross section therefore

« represents a significant uncertainty in neutron

absorption in high flux reactors,

The "recommended" cross sections are:

TYPE MASS, A

77 90 100 110 120 130 140 150 160

even-even - 1.0b R AR I 0) S
even-odd 30D~ 5, 0D ] 50b — - —~-50 kb-
odd z 1.0b —5. 0br———— 100bf10b-+4=-15b-430b »~ 2 kb~

These appear inside brackets in Table 1 in the
appropriate column, In view of the uncertainty
in these values they are assumed to be reactor
spectrum cross sections (éab) and no estimate of
the resonance integral is made.

2,3 Table 2 (pp 89-92)

Table 2 is a listing of the FISSPROD nuclide table,
Following the identifier (A,Z,E) (E=0 indicates a ground

A
state, E=1 a metastable isomer) gg(m) (or o(m)), I(m),

A
gg(g) (or o(g)) and I(g) are given in barns, and then the
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decay constants for isomeric transition to the ground state
(no change in Z) and for B-decay (Z - Z+ 1) to the isomeric
and ground states, The latter are in units of 10%° g7t (A%)
so that, for a flux of 10* n/cm® s, A*/¢ is in barns and
the listed values can be compared directly with cross sections. v
This permits a quick estimate of the relative importance of
neutron capture and P-decay for any nuclide. The letter U
following a thermal cross section or resonance integral
indicates that the cross section is unknown and the value

is the estimated one given in brackets in Table 1. 1In the
FISSPROD program neutron absorption by nuclides with "U"
thermal cross sections is summed separately from that for
nuclides with known cross sections, One of the control
parameters in FISSPROD permits all the cross sections of the
"U" group to be increased or decreased by a common factor,
Note that the large "unknowns" (estimated as 2,000 b or
greater) do not have the "U" and therefore are independent
of the parameter controlling the magnitude of the "U" cross
sections. These are listed in the yield table with an

indicator which assigns them to a "large unknown cross section"

group.
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TABLE 2

FISSPROD NUCLIDE TABLE

IDENTIFIER CROSS SECTIONS AND RESONANCE INTEGRALS DECAY CONSTANTS
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AG 110471 . . R2. . 317.
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