
Doftumaniutflvai* DokuftNntmnwt ~i
Mrtattam

Ingvar Bergqvist

OekumnnHM och undartltai

Absorption and Activation Techniques in Measurement» of Fast-Neutron
Capture Cross Sections

Abstract

The absorption and activation methods have been applied for a long
time to systematic studies of fast neutron capture cross sections.
Both methods are simple in principle but difficult in practice.
The simplicity should ensure a wider use of the methods in particular
for problems which may be complicated to approach with other methods.
The difficulties encountered in absorption measurements are related
to multiple scattering and resonance shielding effects. In activation
experiments the influence of secondary low-energy neutrons causes
the main problems.

Rafarat akrtoat av

Author
Fdnltf tHI ymnigara nyckaford

Neutron capture reactions, absorption and activation techniques

KlaMHIk«lon«y«iajn oeh -klaaatar)

fndniermar imm ktMa)

n

o
g Omflna Övriga tottlMfradika uaMlf Mr

S
% Sprit

! English
O S«krvwajuM*Htar ISSN ISSN

* 09kwmaniai kan arf»ållai frtn

o Department of Physics
z University of Lund, Sölvegatan 14
| S-223 62 LUND, Sweden

on o
Blanket LU 11:25 1978-07



ABSORPTION AND ACTIVATION TECHNIQUES

IN MEASUREMENTS OF FAST-NEUTRON CAPTURE

CROSS SECTIONS

by

Ingvar Bergqvist
Department of Physics, University of Lund

Lund, Sweden

Abstract

The absorption and activation methods have been applied
for a long time to systematic studies of fast neutron
capture a. ->sa sections. Both methods are simple in
princip].' hat difficult in practice. The simplicity
should x e. re a wider use of the methods in particular
for pr . r.'S which may be complicated to approach with
other ./. r.ids. The difficulties encountered in
abaon / T measurements are related to multiple scattering
and t.8,n nee shielding effects. In activation experi-
ments * .« influence of secondary low-energy neutrons
cause? .-> e main problems.

I. Introduction

The purpose nf the present paper is to review the two methods - absorp-
tion and activat. jn methods - applied to measurements of fast neutron capture
cross sections, '.nth methods have been used for a very long time and they are
generally consid:red to be "simple in principle but difficult in practice".

The methods iave obvious limitations. The absorption technique cannot be
used in capture measurements when other reactions than elastic scattering and
capture are possible. In general, the threshold of (n,n') reactions to the
first excited state gives the upper limit on the neutron energy for which the
technique should be applied. The activation method is restricted to about one
third of the stable nuclei which will become radioactive after neutron capture.
This number is further reduced when, in practice, one has to consider half-
lives and decay modes of radioactive nuclei.

However, the methods have important merits which deserve proper attention
in applications of fast-neutron capture.



II. Absorption techniques

When elastic scattering and capture are the only open reaction channels,
then any absorption method can be used to determine the capture cross
section. The best known method is the spherical-shell transition method,
which was used as early as 1936 (1). The transmission, T, is measured for a
spherical sample either by placing an isotropic neutron source inside the
sphere and the neutron detector outside or vice versa (Fig. 1). The relation-
ship between the transmission and the absorption cross section has been
discussed in detail by Bethe et al. (2) and Beyster et al. (3). The physical
idea is simple. The transmission is defined by

count rate (sphere on)

count rate (sphere off)
(1)

With only elastic scattering in the shell, T will be unity because of the
spherical symmetry. In the presence of absorption, aa, the transmission for
thin shells is given by

(2)

since elastic scattering again would have no effect. Here, n is the number
of atoms/cm^ in the shell, r̂  is the inside and t2 the outside radius of the
shell. However, for thicker shells one must consider multiple scattering
events in the shell. If Pi, P2 and Pm are the probabilities that a neutron
will enter the detector after one, two or more elastic collisions then

sample shell

source detector

Fig. ). Schematic arrangement in a spherical-shell transmission
measurement.
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where as and a are the elastic and total cross sections, respectively. The
probabilities, P^, are general functions and have been evaluated (2) as
functions of and

The gre?.t advantage of the shell-transmission method is that absolute
values of 0, are obtained from neutron transmission measurements into which
enter neither the neutron flux nor the detector efficiency. The method is
limited to energies below the threshold of inelastic scattering, because, in
general, the lower-energy secondary neutrons will significantly disturb the
measurements. Early applications to capture cross section used a Sb-Be
photoneutron source which yields 24 keV neutrons.

The drawback of the method is that rather thick samples must be used in
order to determine the transmissions with sufficient accuracy. For example,
Schmitt and Cook (4) in their early experiments at 24 keV used two gold
spheres of shell thicknesses 1.7 and 2.5 cm. The dominating contributions to
the uncertainties in the observed value of 0 come from the corrections due
to multiple scattering and resonance self-shielding effects. The contribu-
tions are relatively large (about 10%) and roughly equal for the two samples
which means that rather little information on the magnitude of the correc-
tions can be obtained from the measurements.

The original results of the measurements have later been reanalyzed
with Monte Carlo-techniques. Some of the results are summarized in fig. 2,
taken from a review paper by Poenitz (5). The figure shows that the results
are quite sensitive to the analysis of multiple scattering and resonance
self-shielding effects. We notice, for instance, that the results of the
Monte Carlo-analyses(D-J) are somewhat higher than the original results (A,B)
and significantly higher than the value (C) obtained by Schmitt in a later
analysis of the data. Nevertheless, it seems that Schmitt and Cook (4) have
quite well estimated the uncertainties of the original values. The agreement
with more recent activation results (K,L) is also reasonably good.

The difficulties related to multiple scattering and resonance self-
shielding have discouraged a more general application of the spherical-shell
transmission method. We must recognize, however, that the original measure-
ments by Macklin et al. (11), Schmitt and Cook (4) and by Belanova et al.
(12,13) have been very important in establishing the absolute cross section
at 24 keV for a number of nuclei. To my knowledge the only recent work that
has been reported is the very extensive study by Dietze (14) on the capture
cross section of 238u £n t^e energy range 215 eV to 100 keV. The experiment
was performed at; Dubna with neutrons from the pulsed fast reactor IBR-30 and
with a battery of •'He-detectors inside spherical shells of enriched liOM.
The time-of-flight technique was employed with a 1000 m flight path. A very
thorough investigation was made to experimentally determine various sources
of systematical errors. For example, the transmissions were measured for five
shells ranging in thickness from 7.5 mm to 18.5 mm and of various inner and
outer diameters up to 330 mm. The cross sections were determined at 24 and
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Fig. 2. 197
Results for the capture cross section of Au at 24 keV as
reviewed by Poenitz (5). The original spherical-shell trans-
mission results (4) are denoted A (for the 1.7 cm thick sample)
and B (for the 2.5 cm sample), C. represents a recalculated value
by Schmitt (6), D-J are values from Monte Carlo-analyses by
Eogart, Semler (7) and Froehner (8). Also shown are the results
(K,L) of activation measurements by Ryves et ai. (9) and Pauw (10)

and 30 keV as well as average group cross sections. The values at 24 and 30
keV are 505 ± 30 mb and 475 ± 30 mb, respectively, i.e. the relative
uncertainty is about ±6Z. The group cross sections are obtained with an
accuracy of about 5%. Dietze concludes that improvements of the experimental
method may be made and an accuracy of about 3% might be achieved.

Recently, Pavlenko and Gnidak (15) have proposed a new method for neutron
absorption cross sections. The method was applied to measurements with 2 keV
neutrons obtained t rom a Sc-filtered beam from a reactor. The experimental
arrangement is illustrated in fig.3. The colliraated beam fails onto a
scatterer with negligible absorption and a sample for which the absorption
cross section is to be determined. In the present case a disk of teflon with



neutron detector system

Fig. 3. Experimental arrangement for measurements of 2 keV absorption
cross sections (15).

a transmission T s 0.75 was utilized. The neutron detector system consisted
of a battery of 3He-counters (45 detectors). The length of the detector
system was 50 era, the distance from the detectors to the sample and scatterer
is 5 cm and between the sample and the scatterer 7 cm. Thus, the detector
geometry is nearly 2 IT. The measurements consist of a number of short runs
and after each run the target holder is rotated 180° in order to interchar.ge
the position of the scatterer and sample. Measurements were also made with
either the scatterer or the sample in the two positions as well as with an
empty target frame to determine the background. The absorption cross
section can then be expressed in terms of measured quantities except for a
terra which is proportional to the relative difference c(e)/e, of the neutron
detection efficiency, e, for neutrons scattered from the scatterer and the
sample, i.e.

S(c) = s(seatterer)-e(sample) (4)
~~c e(scatterer)

It is stated that this term may be determined with an accuracy of about 1%.
A larger uncertainty, about 5%, is estimated for the contribution of neutrons
above 2 keV. The influence of these neutrons was determined by placing a Mn
disk in the neutron beam. Further studies will be carried out to verify
whether this estimate is correct or not. Moreover, corrections have to be
made for multiple scattering and resonance self-shielding.

In conclusion, the independence of the spherical-shell transmission
technique or of other transmission methods from the neutron flux and
detection efficiency warrant future usage in particular to cases where
absolute cross sections are difficult to measure with other methods. The
principle problems are the effects of multiple scattering and resonance
self-shielding. The state of the art seems presently to be that absorption
cross sections may be determined with an accuracy of about 5%.



III. Activation techniques

The experiment consists of the irradiation of a sample and a subsequent
measurement of the induced activity. Some of the early experiments with fast
neutrons were performed with unnoderated fission neutrons like the very
well-known systematic studies by Hughes at al. (16,17) performed more than
30 years ago here at Argonne at th-j heavy-water moderated reactor. In later
measurements nionoenergetic neutrons have mainly been used, produced by the
Li(p,n)'Be reaction for energies up to 650 keV and by reactions among the
hydrogen isotopes, e.g. T(p,n)^He, D(d,n) He and T(d,n) He, for energies up
to 20 MeV.

The irradiation geometry varies considerably from one experiment to
another. This may be illustrated by the arrangements used in three of the
most important activation measureraents up to now. In the first extensive
measurements with monoenergetic neutrons by Johnsrud et al. (18) the samples
were made in the form of cylinders, 2.5 cm long and 3.2 cm inside diameter
and placed about 8 cm frou: the neutron source. Tne samples were fitted onto
a cylindrical fission chamber. In a Later experiment, Menlove et al. (19)
irradiated a stack of four samples (2^Na, ̂ M n , '1->in ancj 165y0) sandwiched
between A]-foils. The whole batch was mounted inside a fission chamber
about 3 cm from the neutron source. In a more recent experiment conducted by
Lindner et al. (20) sample foils were attached to spherical Styrafoam shells
surrounding the neutron source. One shell had a radius of 10 era and another
20 cm. The foils were placed at selected angles to achieve a selection of
neutron energies from the T(p,n, He reaction for each incident proton energy.

The measurements of the induced activities can generally be made with
good precision. In some favourable cases (see for example ref. 5) high-reso-
lution Ge(Li) spectrometers and 4rr?>-Y coincidence techniques are capable of
achieving an accuracy of better than 1%. In the early measurements (see
ref. 18) the activity from thermal nt3utron capture was frequently measured
in addition to the measurements at higher energies. Likewise, the fast and
thermal neutron fluxes could bo measured with the same neutron counter e.g.
23^0 fission counter (18,19). In chose cases the cross section results are
independent of the absolute neutron flux and detection efficiency. The
results depend on the ratio of the 23iy fission cross section at the two
energies and on the thermal capture cross section.

The principle difficulty in activation tneasurements of fast neutron
capture cross sections is the presence of low-energy neutrons. The contamina-
tion is particularly serious in measurements at higher neutron energies
because of a combination ui" different effects. The low-energy neutrons are
produced in processes like (n,n'), (n,2n), (r, ,pn) in the sample itself, in
structural material near the targof-sacipl.e vicinity and in the room walls,
etcetera. The cross sections for the production of these secondary neutrons
tend to increase with the energy of the primary neutrons. These processes
strongly degrade the high-energy neutrons into an energy region where the
capture cross section is much higher.

This problem was recognized (21 ,2?.) more than t»n year? ago when the
1 4 - 1 5 MeV cross sections deduced fron measurements of the prompt y-ta.ys
were found to disagree badly with the activation results. Since then, the



influence of the secondary neutrons has been experimentally established,
first by Valkonen and Kanteli- (23) and later by others (24-26). It has been
founc that the activation yield strongly depends on the geometrical condi-
tions. With reasonable improvements of the irradiation geometry it is
possible to greatly reduce the iurh'cnce of secondary neutrons. It has also
been observed that the corrections may be determined by systematically
varying the experimental parameters. Two of the must important parameters are
the distance between the neutron source (target) anci the sample and the sample
thickness. The influence, of aecoudai/ neutrons is illustrated below by
discussing in some detail the dependence of the activation yield on these two
parameters.

Distance dependence

Let us first consider room-scattered neutrons and secondary neutrons
from sources outside the sample itself. These neutrons cause an induced
activity in the sample which can be expressed by

I ^ a $ + CTj <J> + o tj>0 (5)

where a is the capture cross section to be measured, c and c. are effective
cross sections for room-scattered and other secondary neutrons, respectively.
(j), iff and $2 are the corresponding neutron fluxes.

We define the activation yield, Y, as thR intensity normalized to unit
incident flux

I *1 *2
Y •= i % a + a, ~ + a. -~ (6)

Following refs. (23,26) we may define an apparent cross section by

197
The capture cross section for Au, for example, at 14 MeV is about 1 mb and
we estimate a^ i- 100 b (thermal neutrons) and Oo - 100 mb (1 MeV neutrons),
which implies that the three terras in eq. (7) are about, equal for ^i/^ s 10~^
and $2!$ s 1O~2# Hence, relatively weak contaminations of room-scattered and
secondary neutrons can seriously disturb the measurements at 14 MeV. The
influence of these secondary sources is, of course, less at lower energies,
where the cross section is higher. At. 3 MeV [or example, the contributions
are about equal for <t> /<£ ~ 2 • 10" , éj/o "• HI""'. In any case, the contribu-
tions must be determined experimentally.

In general, the second and third terms will depend on the distance
between the neutron source and tin- sample. For sirpiicity, let us assume



1
that the primary neutrons come from a point source, i.e.

(8)

The rooa-scattered neutrons art- usually rathf-r uniformly distributed in the

room and we may assume that

%.(r) = constant (9)

is valid in the v i c i n i t y of neutron source.

The secondary neutrons a r i s ing mainly from (n,2n) and (n,n') reactions
in the target backing and s t ruc tu ra l material in the target-sample v i c in i ty ,
will have a distance dependence between the t »TO extremes. One aiay t en ta t ive ly
assume that
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(10)

With these assumptions eqs. (6,7) can at written

Y(r) ^ c + c r" T t: r (6a)

app
= o + c. (7a)

where c and cj are constants. Hence the contributions of the second and
third terms may be determined by measuring the dependence of Y(r) - or
aapp ~ o n ttie distance between the neutron target and the sample. Measure-
ments of distance dependence have shown thac the contributions from room-
scattered and secondary neutrons are indeed large. The results are illustra-
ted in figs. 4 and 5 taken from the first systematic studies (23,24) with
14 - 15 MeV neutrons and in fig. 6 from work in progress in Lund (27) with
neutrons in the MeV range.
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Fig. 5. Dependence of: the activation yield at 14.5 MeV on target-sample

distance (23).
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'tie,. 4 shows the activation results for rather large target-sample
distances. In other respects the experimental arrangement was quite conven-
tional at that time. Measurements were made for indium samples with an without
eadmiun foils to demonstrate the importance of thermal neutrons. In early
experiments with 14 - 15 MeV neutrons it was customary to wrap the samples in
cadtnium foils to reduce the influence of rcorr-scattered neutrons. However, the
influence of secondary neutrons produced in the sample packet increased, but
this influence was usually neglected. The apparent cross section observed at
large distances is rr,ore than one. order of magnitude larger than the true
r.apti-re cross section, which vnnH.es that the contribution of the room-
scattered neutrons dominates.

85h i-
= 2.5MeV

8 0 !•

X)

I 7 5

• ' t

•£ *

35

L
10 20 30

Effective target-sample distance (mm)

Fig. 6. Dependence of the activation yield at 2.5 MeV and 3.4 MeV on
target-sample distance (21).
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The results lor shorter distances are displayed in fig. 5. "Target
head 1" is of a conventional water-cooied type made of aluminium. The
dashed line was drawn to guide the eye, net to imply a linear dependence. The
fact i.-i, however, that all observed dependences at. such short distances
reported so far nay be represented by straight linos like the dashed line in
the figure.

For comparison the result;, at lower neutron energies are shown in
fig. 0. The results indicate a contribution from the r" terra, which seems to
be roughly equal in (naynirud;- at the two nr-utron energies. It would be
difficult for several reasons to explore whether or not there is a contribu-
tion of a linear term in this case. With the target-sample arrangement
designed for this experiment we expect that this contribution will be small
compared with the room-scattered background.

The conclusion is that the influence of room-scattered and secondary
neutrons from structural material in the target-sample vicinity can be
studied by investigating the distance dependence. Provided the diameter of
the beam spot is small relative to other iinear dimensions the dependences
can be analyzed with relationships like those of eqs. 6a, 7a.

111.2 Pependenee on sample thickness

Secondary neutrons produced in the sample itself may give rise to a
substantial contribution in measurements with MeV neutrons. The contribution
varies roughly linearly with thickness for the disk samples which are
generally utilized in activation measurenents. There are several methods
available for numerical estimate-, of the contribution. The Monte Carlo
technique is an obvious method but there- are also analytical methods, which
are useful.

About ten years ago, Devany (28) derived a simple recursion formula for the
contribution of secondary, tertiary etc. neutrons in a sample. In
applications to sorr.e typically cases the applied formula for escape proba-
bilities is valid for an infinitely wide, thin slab. Tertiary and higher
order groups were described by a single, group. The corrections to the

9* 8and
ect
" 8 y were evaluated

p
capture corss sections for 1.3 mra slab;; of 9-*Nb,
to be 2 - 6% of the. c rue crwi sHCtioa at 1 McV and of the order of 100% at
6 - 7 MeV. The correction was aiso sho«m to vary regularly with sample
thickness.

The experimental results are exemplified by measurements at 14.5 MeV
on '^'1 samples, fig. 7, by Valkonen and Kantele (23) and at 3.4 MeV on "^In,
fig. 8 (27). The measurements on ^ I were marie with "target head 11", which
WJS specifically designed as a low-mass head for the experiment. It was
estimated that this target head contributed about 0.1 mb to the cross-section
values. The results obtained at 3.4 MeV are compared with calculations similar
to these of Devany (28). The diameter of thu sample was 1.0 cm, which is
smail compared with the mean-free-path, and the expression for the escape
probability for an infinitely wide .slab is not valid. Instead, formulae
derived by Carlvik (29; were used in the estimation of the average probability
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that neuLions produced uniformly aac'. is3trapic.il ly in the sample will make
collisions or. their way out of the sample.

The results show a. rather strong thickness dependence even for very
thin samples. In general, the experiment;! L results nuiy bo well fitted by a
straight lf.ne, but the calculations indicate that the thickness dependence
should not be precisely i<r\eav.

III.3 Sy_s t f'iua t i c s or ! h - 1 v MeV capture: cross sections

The results frotu 14 - 13 MeV n.-utron capture experiments may giv.: us
an idea of how well we can correct for secondary, low-iTiergy neutrons.
Fig. 9 reviews the present si ti:ati or:. The general trend of the data se.erns
to be that the crof;s section increases with mass number up to about 1 mb
at A = 60 and stays constant tor higher mass numbers. There is no obvious
difference between spectrum results obtained from measurements of prompt
Y-ray spectra and fro:n activation result.';.
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1.0 1.5
SAMPLE THICKNESS (g/cm2)

Fig. 8. Dependence of the activation yield on sample thickness for the
reaction 115ln(n,y)116In at 3.4 MeV (27). The solid line
indicates the calculated contribution of secondary neutrons.

The review of the U - 15 MeV data made ten years ago would show
quite another picture. The activation results appeared to fluctuate very
much with peaks in deformed mass regions and valleys for spherical nuclei.
The highest cross sections were well above 10 nib, i.e. well outside the
frame of fig. 9.

The present activation results are taken from a compilation of Wagner
and Warhanek (30) and some mara recent data, meeting the same requirements,
have beer, added. Cross section data were accepted in the compilation only
if necessary corrections for secondary neutrons were made or if it is
likely that the influence of these neutrons is negligible. The requirements
sliminates the majority of the activation results measured before 1972.

The spectrum results are mainly from measurements performed at Ljubl-
jana, compiled in ref. 31. A geometrical arrangement was used in these
measurements that effectively integrates over the y-ray emission angle. The
cross sections were obtained by integrating over the spectrum corresponding
to y-rays to bound final states.
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14-15 MeV NEUTRON CAPTURE CROSS SECTIONS
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Fig. 9. Experimental rapture cross sections obtained from activation
and prompt Y~fay measurements.

In view of the difficulties encountered in the activation measurements
one must conclude that the agreement is sacisfactory between the activation
and spectrum results. There arc still some inconsistencies in the activation
results, e.g. for A = 180 - :'00, which should be further investigated. It
should be noted that the agreement between activation and spectrum results
indicates that y-cay cascades through unbound levels play a rather insigni-
ficant role in 14 - 15 MeV capture. These yray cascades would contribute in
the activation but not in the spectrum cross section.
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