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6.1 Introduction

Knowledge of the absorption cross—seotions of fission-products is needed
for calculating the long-term reactivity changes in nuclear reactors. Because
they absorb neutrons, fission-products act as "poisons" by geducing ?he
reactivity. The best known fission-product poisons are Xe and Sm'4 for
these have very large absorption cross—sections and their effects are observable
quite soon after start-up. However with continued irradiation of the fuel many
other fission-products accumulate sufficiently to cause appreciable "poisoning".

Generally speaking only the stable or relatively long-lived fission-products
accumulate sufficiently. To exemplify this statement consider the effects of
a fission-product formed directly in fission during operation of a reactor at
a steady flux g. Admittedly the primary fission fragments are not usually
significant poisonsj however precursor nuclei are often sufficiently short-lived’
that a poison can be treated as if formed directly in fission. The saturatiop
concentration of the fission product would be -

/

N = y. Ip. ¢ , "/(6-1)

A+ O
where X¢

y 1is the yield per fission of the fission product

A is its decay constant

Oy is its capture cross—~section

ZF is the macroscopic fission cross-section of the fuel.

The poisoning P by a given nuclide may be defined as the ratio of the
neutron absorption rate in the nuclide and the fission rate in the fuel, per
unit volume. At saturation

P = y%¢g (6.2)

%*oga

P attains i¢s maximum value at saturation concentration,
P =y,

if the nuclide is stable or long=-lived (A <<o ¢ o Short-lived nuclei decay

before they have time to absorb a neutron, and 80 have a smaller poisoning effect.
For a numerical example supgose oy= 100 barns, and g = 10 14 neutrons/cm€sec.

Th=2n the product o ¢ ig 108 sec=! which corresponds to a half-life of about 3
years. Thus if the nuclide has a half-life of 1 month or less it has only a small
chance of neutron capture before it decays.

Netailed assessments of the relative importance in thermal reactors of the
various fission-product poison:: have been given by PATTENDEN & ROSE (1958),
PATTENDEN (1959), SHAFTMAN (1959), NuPHEW (1960), and WALK:R (1960).



6.2

Bxperimental Methods

Several of the methods for cross-section measurement have been discussed in

detail in chapter 3 (A.E.E. W~M57), and for the present chapter a brief outline will
suffice. The following methods have been used to determine the capture cross-sections
of fission products;

A,

Ce

D.

Transmission measurements with neutron choppers and crystal spectrometers.

The total cross-section is determined absolutely as a function of neutron
energy in the low energy region. The absorption cross—section is obtained
by subtracting the scattering oross—section. Since the latter is usually
not known very accurately the method gives its best results when o is much
larger than og. The method has been used by PATTENDEN (1958), and by SMITH
et al. (1959).

Pile oscillators The measurements are made by comparison with a standard

absorber, and are most easily interpreted if the neutron spectrum has only

a very smell epithermal component. POMKRANCE (1951, 1952) used a local
oscillator in the reflector of a neutron reactor, and ROSE et al. (1958)
used a reactivity oscillator in an internal thermal column or "thermal well".,
Gold and boron respectively were used as standard absorbers.

It should be noted that in the local oscillator used by POMERANCE, the
neutron counter has approximately a 1/v response to the absorbed neutrous.
There are two consequencess

(i) The oscillator operates in a region where the epithermal neutron
flux is very small, and the counter response practically annuls
any residual epithermal effect.

(i1) None-the-less the average cross—section measured is not strictlyg Oo
unless g = 1. It is more nearly o, unless there is a resonance
in the thermal region.

Aotivation. This method is of great value when the samples available are

very small. The samples are usually irradiated in a thermal column or inside
a reactor, and cadmium-difference techniques may be employed to simplify

the interpretation. The measurements are made in comparison with an
activation standard used to monitor the neutron flux. For reliable results
1t is necessary to have a fairly detailed understanding of the decay
characteristics of the various activities observed, and particularly for
isomeric activities. Many of the older measurements are unreliable in these
respects. A classical survey by this method was made by SEREN et al. (1947)
who give an admirable description of the difficulties encountered. An example
of more recent applications is the work of EASTWOOD et al. (1958).

Mass spectrometry. If the cross-sections are fairly large, prolonged

irradiation may cause observable changes in the mass spectrum. Usually the
sample is irradiated in a reactor. Since a large capture cross-section
almost always implies that there is a resonance at low neutron energies the
measurements cannot always be interpreted in a very satisfactory way.
However the method does permit the identification of strong "poisons", and
has the added virtue that only small samples are needed. Recent work has
been reported by ANIKINA et al. (1958) and by BIDINOSTI et al. (1958).




Broadly speaking one expects the most reliable data from the pile oscil-
lator method, or from the transmission method if 0, is large; however errors
may ensue if the samples contain impurities. For small cross-sections
(GO.S barn) activation methods may be more reliable, and pure samples are
usually not negessary. The mass spectrometer method has permitted the iden-—
tification of many strong absorbers, particularly among those leading to
stable product nuclidesy but it seems that very careful work is needed for
reliable results.

6.3 Cross-section tables

Description and notation

In Tables 6.1, 6.2 and 6.3 following, are given the cross-sections for
all those fission-products listed by KATCOFF (1958) for which the data are
available, and for a few additional nuclei also, which may be formed through
neutron capture in fission-product nuclis.

The elements are listed in table 6.1 in order of increasing atomic number,
except for Xe135, This important nuclide is treated separately in section §.5
and in tables 6.2 and 6.3, whioh follow table 6.1. The following notation is
useds

0'0 denotes an absorption or activation cross-section for 2200m/sec neutrons.
o denotes the effective cross-—section in the experimental speoctrum,
8§ = (g + rS)Uo
in the terminology of WESTCOTT (1958), see chapter 1.

2; denotes the resonance absorption integral for dilute material, exclud-
ing the /v contribution,

2, = I lo(B) = oy (B /E) JaB/E

v
=0 (3 s+ 2 (g- NA/W(T/T),
the notations of WESTCOTT (1958) being used on the right.

* denotes that probably the cross-section obeys the 1/% law approxi-
mately in the thermal region, so that g ® 1.00

3§' denotes that g and s coefficients have been tabulated, the oross-
section having been measured as a function of neutron energy.

The column headed "Reaction" shows whether the data are for total neutron
absorption by the nuclide, or it gives the half-life of the product activity
if an aoctivation measurement was made.



Recommended values are underlined or are mentioned explicitly.
r, denotes rf(To/T), in the terminology of WESTCOTT (1958).

Most of the data listed in table 6.1 were measured in broad neutron
spectra, by methods B, C, or D, of section 6.2. Values for _, the 2200m/sec
ocross-gection, cannot be derived unless the neutron spectrum and the energy
variation of the cross-section are known. However for many nuclides it is
reasonable to presume that the capture cross—sections obey the 1/5 law in the
thermal region at least approximately;l;then

g o 1.00

and for measurements in thermal spectra with r = 0, or in sub-cadmium speotra,

o =&
(o]

Corrections to experimental data

It may be noticed that many of the data differ slightly from the values
given in the references cited. It has been possible to revise a good many of
the comparative measurements, using the values recommended in chapter 3 for
the standard cross-sections at 2200m/sec. For example, the data of SMITH &
REEDER (1955, 1956), ROY and co-workers (1956-1958), BAERG et al. (1958),
BIDINOSTI et al. (1958), KENNETT & THODE (1958), FICKEL & TOMLINSON 519?9),
have been revised using a half-life of 5.23 years for Co O ana Oaot LCo
37.7 barns at 2200m/sec. The data of BOTHE (1946) have been ammended using
&aot [Ho] = 59.6 barns. -

It is not generally feasible to amend activation data for improved half~-
life values, unless it can be assumed that the irradiation and cooling periods
were much shorter than the half-life. However some of the activation cross—
sections reported by SEREN et al. (1947) have been revised by using more up-
to—date values for the relative isotopic abundances in natural samples

Resonance integrals

Resonance integrals have been included for convenience. We have not
attempted to present all resonance integral data for each nuclide, but have
aimed to give representative values. The data of HARRIS et al. (1950&) appear
to be too low in general, presumably because the samples were not sufficiently
dilute. TATTERSALL et al. (1960) on the other hand may have over—compensated
for resonance self-shielding. We tend to prefer the values caloulated from
resonance parameters. WALKER (1960) seems usually to have used the most recent
data.

f For example, transmission measurements with a sample of natural isotopioc
composition may show 1/v behaviour in the thermal vegion (see BNL }g&). Then
it is reasonable to guess that the individual isotopes would give similar
results. This inference is weakened when applied to an isotope of low relative
abundance.



The resonance integral data also have been revised as described in the
preceding paragraph. For example the data of KLIMENTOV & GRYAZEV (1957) have
been renormalised so that they give approximately the expected results for
both boron and uranium.

6.4 Short-lived fission-products

Besides the information given in tables 6.1, 6.2 and 6.3, qualitive
information has been obtained by mass-spectrometry for several fission-
product chains., BIDINOSTI et al. (1958) pointed out that the effect of
neutron caputre by the short-lived fission-products will be most apparent
if the fissile sample is irradiated in a very high neutron flux, and would
result in unexpected changes in the yields of the stable and lorg-lived end
products. Using this principle they were able to show that there is no sig-
nificant neutron absorption amongst the short-lived precursors of the 23
chains with the following mass-numbers

88 -~ 90
92 - 96
133 - 137
142
144 - 152

6.5 The absorption cross-section of Xe1)5

z

In thermal reactors Xe1)5 is the most important of the fission-product 6
poisons, because of both the extremely large thermal neutron cross-section ~ 3 x 10
barns and the short half-life of 9,18 hours, The thermal cross—section has nearly
the maximum possible value'ug*m% in consequence of a low energy resonance with an
unusually large neutron reduced-width; Zpeg = 04084 eV ande*TQ « 0,013 eV, The '
existence of this resonance is the more no%eworthy in that the compound nucleus
Xe130 is a "closed shell" nucleus with 82 neutrons, Consequently the resonance
spacing is particularly wide, ~600 eV in the low energy region.

With a radioactive nuclide of such a short half-life it is a formidable
task to accrete, extract, and handle a sample large enough for measurements
with a neutron spectrometer. In spite of these difficulties the total cross~—
section has been measured as a funciion of neutron energy, first by BERNSTEIN
et al. (1956)* who used a bent-crystal focussing spectrometer, and more
recently by SMITH et al. (1959)* with a fast neutron-chopper. A more copious
supply of fission-product Xe was available to SMITH et al., so they had the
benefits of a much larger sample.

The cross-section determined by BERNSTEIN et al. is systematically lower
than the data of SMITH et al. At thermal energies the difference is of the
order of 12%. This is significantly greater than would be expected from the
uncertainties assigned to the data, but is not very surprising for so diffi-
cult a measurement.

* The work was carried out in 1948 and 1954, respectively.
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The slow neutron absorption cross-section OA(E) may be calculated from
the resonance parameters. The cross-section below ~1 eV is a perfect example
of an isolated resonance, to which the Breit-Wigner single-level formulae may
be appliied with confidence, and with the simplification that the potential
scattering is quite negligible. Unfortunately the spin of the resonant state
is not known. The spin of the Xel135 ground-state is probably 3/?, TRULIN
(1955), so the statistical weight factor g* is either 3/8 or 5/8. With eit):er
value of g% resonance parameters may be evaluated which give almost equally
good fits to the total cross-section data. Thus to each of the two studies
ochT(E) correspond two sets of resonance parameters; hence there are four
possible curves for 0 4(E). The four values for 0o are given in Table 6.2.

135No direct measurement of the scattering or absorption cross-section of
Xe has been reported. However a considerable number of measurements of
A bhave been made in broad neutron spectra in reactors:

(1) By observing reactivity transients either at start-up or in decsay.
This sort of measurement determines ¥y Gh where y is the yield of
Xe135 per fission.

(ii) By "de-activation" methods; measurements of the loss of Xe135'
activity caused by neutron capture in a high flux irradiation.

(iii) By mass—spectrometer measurements. Usually the long-lived daughter
Ce135 has been observed.

The most recent measurements are listed in Table 6.3. The best data
appear to be those of FICKIL & TOMLINSON (1959). In a reactor 6 [Xe135] npust
be fairly sensitive to both the shaps of the thermal component of the neutron
spectrum and to that of the slowing-down component below about 0.3 oV, There-
fore the data collzcted in table 6.3 must be used with caution. The better
measurements appear to support the data of SMITH et al. (1959) with g% = 5/8,
but not quite decisively. If g¢= 3/8 the data of BERNSTEIN et al. (1956)
seem to be ruled out.

Besides the data listed in table 6.3 several earlier measurements have
been cited, by FREIDIAN et al. (1945), and by BERNSTTIN & SMITH (1955).
Probably many of the results quoted were given in the "true flux" convention
rather than in that of WESTCOTT (1958). However details of the flux cali-
brations are not available and the accuracy claimed was not very high so we
hav~ ignored these early data. )
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6.6 Recommendations for further work

Asgessments of the relative importance on the various fission-produot
poisons in thermal reactors have been given by PATTENDEN & ROSE (1958),
PATTENDEN (1959), SHAFTMAN (1959), and WALKER (1960). Four groups of poisons
may be distinguished.

(1) Stable and long-lived fission products with high absorption oross-sections,
OA 2 104 barns, namely: -
sm'4, sn'??, 197, ca'?3, ca'd7

in order of importance.

In a power reactor these fission-products tend fairly quickly to
their equilibrium concentrations. Thereafter as may be seen from
equation (6.2), their poisoning effect depends only on their fission
yields and not on their absorption cross-sections.

(2) Xe'3%, This is the most important of the poisons in spite of its short
half-life of 9.18 hours. The uncertainties of the cross-section data
have been discussed in section 6.5.

(3) Stable and long-lived fission products with small cross-sections, 0A <
1000 barns. These nuclides approach their saturation concentrations
rather slowly so that their poisoning effect depends on their absorption
cross—sections as well as their fission-yields. From the papers cited
above it appears that the major uncertainties to the poisoning of U233,
U235 or Pu239 fuel arise from the following nuclides whioch are listed
roughly in order of importance:

Nuclide Parameters contributing tye lgrgest uncertainties
to the poisoning
Pn147 and
Xets? g° and g"‘
Ngt42 © and fission-yield, (2 is small)
Spts? gp an 4
Rh*°® z? and fission-yield
CB:LSS Ei
29
§2145 - g:r’
109 T
quxoi Ir
zx°° oo
K ® %o
Pd%o‘ Co
4tos %o
Mian %o
Sm:“a o—o
150 [o]
Smla4 o,
Xe o
Xr ® Gg




(4) Llong-lived and stable fission-products whose absorption cross—-sections
are unknown. Following is a 1list of all such fission-productes and cap-
ture products whose half-lives exceed 1 day. It does not _seem likely
that there is another significant poison, other than 19135, with a
half-life shorter than 1 day. However the possibility cannot altogether

be excluded.

Nuclide Half-life Nuclide Half-life
Ag® 1.10 day 128 9.5 day
77 1.62 day Sn*?® 2x10%yr
ge;’: 6 x 10* yr Sb. 2% 2.8
r 1.5 day Sb 61 day
Rb::n 18.7 day Sbizz 2.0 yr
SI‘Q , ~10 day Sb, .. 28 day
AL 12 yr Sb, 1o 3.7 day
Nb” 3.75 day Te, ,um 58 day
N'b” 35 day T, 2om 58 day
Zr“ 63 day Te, som 110 day
Mo . 2.8 day Te,51m 33 day
Ru"° o 400da.y Teiu 1.25 day
u 1.0 yr 5 3,23 day
Rhig: 1.52 day g-3om 8.0 day
Pa L 7.5 x 10%yr o 12.0 day
2gm 270 day g 2.2 day
1.5 day ) 13 day
05::: stable Bg %% 1.21 day
cd stable o4t 32 day
d e stable Ce 4 285 day
¢, i 5.1 yT 1;«{1;:: 11,1 day
43 day 5.3 day
Cd::: stable :“ 44 day
117 49 day 1::. 2.2 day
119m 14 day 159 1.15 day
Snum 245 day Sm“e 1.96 day
Snm1 »400 day 19\11 o1 15 day
2“. 1.15 day Tb 6.9 day
n 130 day

In addition to the deficiencles which have been outlined above, perusal
of the table of oross-—sections will reveal many descrepancies and uncertain-
ties., Most of the early activation data are highly unreliable hecause the
decay schemes of the product nuclei were not well characterised at the time.
Kany of the resonance integrals have been estimated from very sparse infor-
mation. The following may be noted particularlys
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(1)
(i1)
(1ii)

(iv)
(v)

(vi)
(vii)
(viii)

(ix)
(x)

(x1)
(xii)

(xiii)
(xiv)
(xw)

Br79. Directly measured resonance integral is much smaller than
that calculated from the resonance parameters. The activation
measurement is complicated by the excitation of isomeric states.

Rb. The calculated resonance integrals for Rb85 and Rb87 are much
too small to account for tke value ~11 barns obtained by KLIMENTOV
& GRYAZEV (1957) for natural Rb.

40190,  The values of o, and L estimated by WALKER (1960) from the
resonance parameters are twice as large as the values measured
directly by CABELL (1960).

70”9, The data by TATTERSALL et al. (1960) for o, and L} appeaT to
be too small.

In113. The activation resonance integral is mucu greater than the
calculated from the resonance parameters. #

Sb., Activation data for Sb in reactor spectra appear too low in
comparison with the calculated resonance integrals and thermal cross-—
sections.

Te, The estimates from resonance parameters appear to be incon-
sistent with the activation and oscillator data.

08133, La139. The activation data in reactor spectra appear too
low in comparison with other data, when the strong resonance absorp-
tion is taken into account.

Ce140, Ce142. For each, 04 and Ogct differ by a factor of two.

Pr141. The directly measured resonance integral, EARRIS et al.
(1950a), is only about 1/3rd of the value caloulated from the
resonance parameters.,

po 147

7a'4. The pile oscillator value for oo is muoh higher than the

ectivation data.
Sln152

Eu151. The activation data are very poor.

Eu152, Eu154, Eu155. The data are not very reliable.

. The available data are discordant and unreliable.

. The activation data for & are erratic.
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