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A COMPILATION OF RESONANCE INTEGRALS

PART I, Z = 1-52 (HYDROGEN-TELLURIUM)

E. M. GRYNTAKIS, J. I. KIM

Institute of Radiochemistry, Technical University of
Munich, 8046 Garching (FRG)

(Received March 13, 1975)

The resonance integrals of reactor neutron capture reactions for nuclides up to
Z = 52 are compiled, while the thermal cross-sections of the corresponding nuclides are
also included. The original values from the literature and the normalized ones for the
excess of 1/v tailing are presented in parallel. The physical meaning of resonance integral
obtained by different experimental approaches is briefly discussed.

Introduction

Extensive measurements have been made of resonafice integrals for the nuclides
which yield radioactive isotopes by reactor neutron capture. Since the first compi-
lation of resonance integrals by DRAKE,” many previously measured data have been
further improved and also a large number of new data have been reported.®> The
data available in the literature until 1974 are compiled in this paper and given in
Table 1, together with the thermal cross-section of the eorresponding nuclides.

In a compilation of resonance integrals, it is found to be helpful to include some
enunciation about the definition of the resonance integral in regard to different ex-
perimental approaches, because the differentiation of thermal and resonance neutrons .
in a reactor neutron spectrum is by no means complete with the use of a Cd-filter,
therefore it is necessary to add appropriate corrections. Regardless which experimen-
tal approach is used, the measured value is reported under a common name “reso-
nance integral”, although the meaning of the physical quantity often differs very
much with respect to the method used. The radiochemist, therefore, frequently
faces the difficulty of evaluating adequately the reported value for his own experi-
mental purpose.
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Definition of resonance integral

The microscopic cross-section averaged over a pure 1/E flux is what we should
define as the resonance integral expressed by

I= L} o(E) dE/E (for 1/E spectrum) (1)
El

where E; and E, are the lower and the upper limit of the 1/E flux, respectively.
In the usual manner of determining the resonance integral, the activation is due to
the reactor neutron spectrum which can be assumed to be the sum of two com-
ponents, a Maxwellian distribution corresponding to T °K and a 1/E epithermal flux
with lower limit ukT where k is the Boltzmann’s constant and g varies with the type
of reactor. For D, 0O reactors u is about 5 and for some graphite reactors about 3
so that at T = 293.6 °K ukT will be equal to about 0.126 eV and 0.076 eV, re-
spectively. The two spectra are continuous and overlap each other at the neutron
energy of about 0.5 eV. When a nuclide is irradiated in this spectrum the activation
result of the resonance integral must be corrected by subtracting the contribution
of the Maxwellian component and thus the expression becomes

I, = Mk}; [o(E) — g 0, v/ Eo/E]AB/E = Io; — o1 (1/v) e}

where g is the parameter depending on the neutron temperature (see the section
experimental measurements with Cd-filter), and Eo =0.0253 eV.

The usual experimental method of separating the thermal cross-section due to
the Maxwellian spectrum and the resonance integral due to the 1/E spectrum is to
irradiate a nuclide under the Cd-filter which absorbs neutrons below the effective
Cd-cut-off energy (E.). Calculations of this cut-off energy for various shapes and
thickness of the Cd-filter have been made by several authors.!?%'2? By this cal-
culation we®observe that a small cylindrical Cd-filter with 1 mm thickness has a
cut-off energy of about 0.55 eV. Under this condition the resonance integral is di-
vided in two parts: one between kT and E; and the other from E. to *°, so that
the Eq. (2) reads

Ec o
Iy = i [o(E) — g 0, Vv Eo/E] dE/E + T [oB) g o v Eo/E] dE[E =

=[ALy ~AL(IW] + [Io —L(IWM]=AL + I 3
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where 1, is the epicadmium resonance integral excluding the 1/v part and A I, the
part, shielded by a Cd-filter, which depends on the neutron temperature and is neg-
ligibly small for nuclides obeying the 1/v law in the thermal energy region. However,
for those nuclides where a resonance peak lies near the cut-off energy, such as '*'Eu,
'78Lu, '82Ta, °'Ir, 23'Pa, 23°Py etc, the value of A I becomes very large and
cannot be neglected. When the resonance peak appears near the cut-off energy

(E; = E¢) Al can be calculated from the expression:®®

Alofl = (U/n Ee) [2/ v Ee/ Ee = VikT) - (g - 1) VEc (1/v/1kT - 1/VEe)]
4
where T and E, are the resonance width and the resonance energy, respectively.
Since Aly is a temperature dependent term, its evaluation must follow the temper-
ature of the neutron spectrum.
The reported literature data of the epicadmium resonance integral represent

either the value of Iy or I, which then includes the 1/y part {Io(1/v)]. The 1/v
tailing can be easily calculated if the cut-off energy is known:

Io(1)v) = E}" g 9, v Eo/E dE/E ~ 2 g 0, V/ Eo/Ec (5)

Experimental measurements with Cd-filter

Westcott method

According to WESTCOTT!?! the reaction rate per target atom is given by

R=®dd=2% o, [g(T)+ 1/ T/To 0] (6)
where @ — neutron flux defined as the total neutron density times the
2200 m/sec velocity;
i) — effective cross-section;
0o — thermal cross-section for 2200 m/sec neutrons;

g(T) — parameter which represents the departure of the cross-section from
the 1/v law in the thermal region (g =1 if the nuclide obeys the
1/v law in this energy region) and which can be calculated from
the expression

&(T) = (1/04 o) OT [(4/3/m) (P V) exp (—* V)] o(v)dv ™)
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~where 1V T/To— epithermal index which denotes the strength of the epithermal
flux (rvV T/Tp =0 in a pure thermal flux) and which can be
determined with the knowledge of the Cd-ratio (CR) of a mon-
itor nuclide

t vV T/Ty = g/[(CR ~ 1) so +4 g CREo/m Ec] 3

where s, — parameter which represents the ratio of the resonance integral and
the thermal cross-section, such that

2 - ,
so = S [o(E) — g 05 v Eo/E] dE/E = (23/m) (15 105) )
v Oy ukT

The resonance integral (Ig) can then be simply determined by measuring the Cd-
ratio of the nuclide of interest at the irradiation position where the epithermal in-
dex is already known

so = (2/v/1) (lo/og) = [1/(CR — 1)] (g/t VT/To — 4 g CR v/ Eo/m Ec) (10)

The epithermal index can be determined either with Eq. (8) or from the irradia-
tion without Cd-cover of two different monitor nuclides, one sensitive to thermal
activation and the other sensitive to epithermal activation!!7-127:128

1V T/To = (g1 05, — & %2 Rip)(s02 0oz Rip—s01 Gor) (11
where R, =8,/0,
which may easily be determined by the activity ratio of monitor 1 and monitor 2.

Normal method

A method, theoretically less rigorous, but commonly used 1208 defines the reac-
tion rate by:

R = dy oth + Pepi lo (12)
where 0y, Io - subcadmium cross-section and the epicadmium cross-section, re-
spectively;
L - neutron flux deéfined as the thermal neutron density times the
2200 m/sec neutron velocity;
®.,; — epithermal flux per unit InE.
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From the knowledge of the Cd-ratio of a monitor nuclide the ratio of the epi-
cadmium flux to subcadmium flux can be determined as

b
i Oth (13)
D Io(CR - 1)
From Eqs (6) and (12) it follows that:
Pepi —
Oth =g 0y + (1 -2V Eo —Ec) goo (14)
th
or
. Depi ,
Oth =g 00 + [A Io — Io(l/V)] (14/1)
P¢n

The quantity [A Iy — Io(1/v)] results in a positive or negative value depending on
whether a nuclide follows the 1/v law or not. When the activation is performed in
a reactor neutron spectrum with low epithermal flux (@ .; < ®yy), 04 =g 0. The
epicadmium resonance integral including the 1/v tailing can then be determined

with the knowledge of the Cd-ratios for the nuclide of interest (x) and monitor (s):

on = Ios [(CR - 1)5 othx]/[(CR - l)x othsl (15)

Many authors often assume 0,;, = 6o to calculate the epicadmium resonance integral
(Io). However, such an assumption is not completely justified, unless the nuclide
obeys the 1/v law and the activation is undertaken in a well thermalized neutron
spectrum (®,; <®,y,). For obvious reasons, it is clear that the epicadmium reso-
nance integral thus determined should not be considered as a constant physical pa-
rameter. The quantity of the 1/v tailing included in the epicadmium resonance in-
tegral varies with respect to the Cd-cut-off energy (E.) which is a function of the
thickness of Cd, its shape, neutron energy and angle of incidence, and also to the
neutron temperature (g) [see Eq. (5)]. This phenomenon is well demonstrated in
the literature.!%*

Experimental measurement without Cd-filter

When the evaluation of the resonance integral is very sensitive to the Cd-cut-off
energy (E.) due to the presence of low energy resonances which contribute signif-
icantly to the total resonance integral, the use of a Cd-filter does not lead to an
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appropriate differentiation of the thermal cross-section and the resonance integral,
but on the contrary, the measured value of the resonance integral is sharply re-
duced by the absorption of neutrons near the Cd-cut-off energy. The solution to
this problem relies upon the special method which differentiates the neutron spec-
trum without the use of a Cd-filter but with knowledge of the relationship between
the two different neutron spectra.!'’

Foliowing Eq. (6) it is appreciated that the effective cross-section varies with
the change of g and r+/ T/T,, which are the temperature dependent quantities.
When irradiation is performed in two different neutron spectra having a different
neutron temperature and epithermal component, the constant value s, can be de-
termined from the knowledge of the ratio between two different effective cross-
sections, provided that g and r+/ T/T, are known for two gpectra.

So = (2/v/7) (Io1/0,) = Ry g — gV T/To ) — Ry (tvV/ T/To)y]  (16)

where Ry = 81/0y; friom two different irradiation positions. With Eq. (16) it is
possible to determine directly the Io, value, which, otherwise, can only be eval-
vated through tedious and approximate corrections for the neutron attenuation,
absorption and perturbation by the Cd-filter used. The g value for various temper-
atures can be evaluated by the relation!2%136

2 )
T) = ——m——— E o(E E/E —F dE 17
&(T) NN ({\/"a()\//rexm [Er) dE/Ex  (17)

where Eq =0.0253 eV, E1 =EoT/To, To =293.6 °K.

Explanation for Table 1

Columns
Column 1:  Element and atomic number.
Column 2:  Mass number of nuclides.

Column 3:  Percent abundance of natural nuclides; data with asterisk represent
the half-life of radioactive nuclides.

Column 4:  Half-life of A+1 nuclides.

180 I. Radioanal. Chem. 29 (1976}
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Column 5:  Isomeric state (m) and ground state (g). Data in brackets signify the
percent isomeric transition of the upper to the next lower state. The
sum g+ x;m; +x,my + ... indicates the sum of

0 (g) +x; 0y(my) + x, oo(xz) ...

or
Io(g) + x; Io(my) + X5 Ip(mz)+. ..
where X,;, X,, ... are the fractions of isomeric transitions.

Column 6:  Thermal cross-section at 2200 m/sec neutron velocity. For some light
nuclides the principal reaction with thermal neutron may be (n, p) or
some other reactions. In such cases the value of o, is given in brack-
ets.

Column 7:  References for thermal cross-sections. From Ref.! only recommended
values are taken.

Column 8:  Resonance integral, Iy, including the 1/v tailing [Io(1/v)}. The phys-
ical mzaning of this value can be understood from Eq. (3). Original
values from literature are given in the column 15, and whenever orig-
inal values are known only by Iy, the conversion to Iy is made in
accordance with Eq. (5) and Eq. (3). This normalization is made by
the listed cut-off energy (E.) given in literature; if this energy is un-
certain, one assumes that E, = 0.55 eV,

Column 9:  Type of experimental measurements. For absorption measurements a
pile oscillator technique is used. In activation measurements only one
particular decay mechanism is generally measured and may or may
not be proportional to the total capture cross-section.

Column 10: Methods used in the experiment (see “Key of methods”).
Column 11: Name of the first author and the year of publication.
Column 12: References for resonance integrals.

Column 13: Standard used.

Column 14: Notes for resonance integrals.

Column 15: Original literature values of resonance integrals (Io or 1o). When the
cross-sections of the standard nuclide used are other than recommended
values, a normalization is made and the resulted value is given in the

J. Radioanal. Chem. 29 (1976) 181
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Column 8. In this case the value Iy can be deduced from the normal-
ized one in accordance with Eq. (3) and Eq. (5). For this purpose,
the known cut-off energy is given. For the further explanation see
“Key to notes”.

Key to Methods

1 -- Activation: Cd-ratio method; relative § or ¥ measurements of the unknown
absorber to one or more standards.!2%121

2 - Activation: Cd-ratio method; absolute activation measurements.! 20121

3 — Activation: Method without Cd-filter.!!”

4 — Absorption: Pile oscillator comparison of the unknown absorber to a standard.

S - Absorption: Mass spectrometric comparison of irradiated and not irradiated
absorber.

6 — Absorption: Reactivity measurements using changes in critical height or period
of a calibrated test reactor.

7 - Fission: Cd-ratio method with detection of specific fission products.
8 Fission: Cd-ratio method with total fission products by y-counting.
9 — Fission: Cd-ratio method using a fission counter as sample.

10 - Fission: Absolute determination of a specific fission product.

11 - Calculation: Calculated from measured cross-sections.

12 - Calculation: Calculated by theoretical forms (Breit-Wigner form or modified
similar ones).

13 -- Preferred value of resonance integral.

Key to Notes

1 -- Conversion of the resonance integral from one form (Iy) to the other (Ip) by
the relation:

Io=Iy +2g 0, vV Eo/Ec,

using 1y from the original literature and o, from the same literature or the
recommended value of Ref.! When author has given both I, and I, values,
they are given in columns 8 and 1S5, respectively.

182 J. Radioanal. Chem. 29 (1976)
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2 — Nommalized value referring to Au standard with o, =98.8b and [, = 1551b
or to Co standard with o, =37.2 b and I, =70 b, and given in column 8.
The original value is given in column 15.

3 — Values corrected by DRAKE® and given in column 8. The original value is
given in column 15.

4 — Original value taken from Ref.’

5 — Triple comparator method using the standards: Au, Co and In with the I, value
of 1551 b, 75 b and 258 b, respectively. Principle of this method is no other than
the technique for determining the epithermal index by the irradiation of two un-
shielded monitor nuclides [Eq. (11)].

6 — Original value taken from Ref.'®
7 — Original value taken from Ref*°
8 — Original value taken from Ref.?
9 — Original value taken from Ref.’*
10 — Method using the manganese bath technique (Ref.*?)
11 — Original value taken from Ref.”®

J. Radioanal. Chem. 29 (1976) 183
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