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COVARIANCES FOR MEASURED ACTIVATION
AND FISSION RATIOS DATA

D.L. SMITH. J.W. MEADOWS and Y. WATANABE*

Applied Physics Division, Argonne National Laboratory,
'Argonne, Illinois 60439, U.S.A.

ABSTRACT

Methods which are routinely used in the determination of
covariance matrices for both integral and differential activation and
fission-ratios data acquired at the Argonne National Laboratory
Fast-Neutron Generator Facility (FNG) are discussed. Special
consideration is given to problems associated with the estimation of
correlations between various identified sources of experimental error.
Approximation methods which are commonly used to reduce the labor
involved in this analysis to manageable levels are described. Results
from some experiments which have been recently carried out in this
laboratory are presented to illustrate these procedures.

INTRODUCTION

The number of applications for nuclear data covariance matrices
is growing. Many contemporary neutron spectrum unfolding codes require
this information [1]. Modern nuclear data evaluation procedures demand
covariance information for the conduct of unbiased evaluations [2).
Covariances are routinely included in analyses of integral reactor
experiments (i.e.. sensitivity analyses) [3]. The list could go on.
Because of these applications, contemporary evaluated neutron data
files generally include covariance information for a variety of
interaction processes (e.g.. File 33 for the ENDF/B-V System [4]).

Considerable attention is being given within the nuclear data
community to the mechanics associated with routine utilization of
covariance information in applications (e.g.. the present conference).
Ultimately, the worth of all this activity rests upon the quality of
the covariance information -available. Computations involving
covariances are often quite sensitive to the detailed structure of
these matrices. However, much of the covariance information available
in the evaluated files is of marginal quality. The reasons for this
are many, but the most important one is probably that knowledge of
covariances for the underlying experimental data base is fragmentary.
Most of the oldor data sets do not provide sufficient information to
permit generation of reliable covariance matrices. Unfortunately, most
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contemporary experiments don't either. Until more experimentalists
make the effort to compile and report the necessary detailed
information about their experiments, this problem is very likely to
persist and may very well undermine the successful implementation of
covariance methodology in nuclear data applications. Why is this such
a problem? First, many experimentalists are not convinced of the need
to provide this information for their experiments. Furthermore, most
do hot know how to do the job properly, or do not wish to make the
effort. It is our experience that generation of reliable covariance
information not only involves probing deeper into the details of an
experiment than most experimentalists care to do. but it also requires
a rather sophisticated understanding of statistical methods. In short,
it is tedious, time consuming and nontrivial work. An important
challenge for the covariance community is to encourage and to educate
their associates — particularly those who do experiments
concerning the importance of this issue.

In this laboratory we have been exploring this matter since about
1980, in the context of our fission ratio and activation cross section
measurement program [5,6]. Our detailed procedures have undergone
considerable evolution during this period since we have refined our
experimental methods and have learned more about the underlying
statistical concepts associated with data error analysis. The
objective of this paper is to summarize our experiences, and to
illustrate our approach with some examples from recent work in this
laboratory.

GENERAL FORMALISM

In principle, an experiment can be completely described by a set
of random variables x. (k=l.K). They represent fundamental physical

quantities which can be measured in the laboratory, e.g., count rates,
lengths, masses, voltages, pressures, etc. Collectively, these

variables form a random vector x. This representation is, of course,
not unique. A single measurement under defined conditions corresponds
to sampling the space of these vectors and selecting, in an unbiased

fashion, a particular vector x. In a well designed experiment, the
possible values will tend to cluster around the population

mean <x> with relatively small dispersion. The experiment is then
said to be "precise". Since most experiments are performed only once,
or are repeated a few times at most, it is important that they be

designed to be relatively "precise" so that any value x obtained

will approximate the mean value <x> rather closely. The probability

distribution which governs x is seldom known. However, of greater

interest is the associated covariance matrix V,. The random

variables x, can be viewed as parameterizing the "raw data" of an

experiment. From them we compute a set P. (i=l,n) of derived results

which are the quantities actually sought from the experiment (e.g..



cross sections or cross section ratios), Collectively, these form the

vector P. The components of P are uncertain (exhibit dispersion)
because the corresponding measured raw data (in the present context.

the x) are uncertain. The covariance matrix V for P is of

special interest. It can .be derived from V using the law of error

propagation, i.e.. V = f V f, where f is the matrix of partial

derivatives. dP./<Dx. . and T is its transpose.

In reality, the individual components of x are rarely defined
and traced in explicit detail, although attempts are being made to do
this at some laboratories, e.g., in certain experiments at ORELA [7].
Usually, various independent attributes which are considered by the
experimenter to be adequately descriptive of an experiment (e.g..
detector counts, normalizations, standards, geometry factors, etc.)
are identified. These are followed in detail throughout the
experiment. This amounts to re-arranging the components and then

partitioning x so that x = (x..,xo x,....xT). The various

subvectors x. are then treated as mutually independent, but the

components x. within a particular subvector need not be independent.

Under these conditions. the covariance matrix Vp assumes the

L

form V = Z T.+ V T.. The portions of T and V corresponding

to attribute 1 are labelled accordingly. The components V are

L
usually expressed in the equivalent form. (Vp).. = 2 S..,e..e..

[5.8]. Here, e is the partial error of P. due to attribute 1,

and S. . . is a "micro correlation" coefficient which measures the

correlation between the partial errors e.. and e... All these

correlations satisfy the relationship -1 < S... < 1, with S... = 1.

Negative correlation coefficients indicate anticorrelation, i.e.. the
corresponding partial errors affect the values involved in an opposing
manner. For each 1, these coefficients form a micro correlation

matrix S. with dimension n x n.

In practice. the preceding equation for ( V p ) ^ is an

appropriate starting point for determination of the covariance matrix
for a set of experimental data. The experimenter defines the
attributes of the experiment to be considered and prepares a table of
partial error components, as discussed in Ref. 5. This is generally



the easiest part of the job. The micro correlation coefficients are
typically more difficult to provide, It is here where the analytical
skills and intuition of the experimenter are tested, If the attributes
to be considered are wisely chosen, then many of the micro correlation

matrices S. will be relatively simple, e.g., consisting mainly of

the values 0 and 1. In more complex situations, it is sometimes

possible to determine the matrix S. from rigorous analysis. For

example, if a functional curve is fitted to calibration data using
covariance methodology, as demonstrated in examples from Ref. 6, the
needed micro correlation parameters will be readily available as a
byproduct of the fitting process. Otherwise, the micro correlation
coefficients will have to be estimated subjectively. It was recently
demonstrated that the consequences of subjectivity need not be as
serious as might be expected a priori [8]. So long as the number of
independent attributes L considered in the experiment is sizeable
(typically in excess of 10), the uncertainty in determining the

covariance matrix Vp. and thus the matrix Cp { (Cp).., =

I/O

< V i j / f ( V i i ( V j j J for l.J=l.n > nf corresponding "macro
correlations" between the various P.. tends to be substantially less

than that of estimating the various micro correlation coefficients
involved in the analysis. This result is really a consequence of the
Central Limit Theorem from statistics [8]. On the basis of this, we
have often found it convenient to confine our choice of possible
values for micro correlation coefficients to 0, ±0.25, ±0.5,
±0.75 or ±1 in cases where they have to be estimated from very
subjective considerations.

PROCEDURE FOR THE COMPOSITION OF COVARIANCE MATRICES

If the numbers n of values P. and L of error attributes are

substantial, then the task of composing V can be a formidable one.

We have learned that it is usually impractical to do this by hand and
have therefore developed a computer procedure which is quite
convenient. A table of partial errors errors e.. (i=l,n and /=1.L)

is entered into the computer initially. Attention is then turned to

the micro correlation matrices S, These are addressed in ascending

order of /. Quite often, most of the elements of S. assume a single

value (commonly 0 or 1). This majority value is therefore^ entered
first Into all positions of the matrix array. Then, different
values S, ,. are Introduced as needed to "over-ride" the majority

selection. They can be entered as single values, or as uniform

rectangular or triangular arrays within S , as required. This

procedure is greatly simplified by judiciously choosing the attributes
to be considered and by organizing the indices for the set of



experimental values P so that, those with the greatest number of
common attributes are situated adjacent to each other. Usually there
is a trade off between the labor involved because the number of
attributes L selected is large, and the effort required due to the

complexity of individual micro correlation matrices S. (i.e.. it is

generally the case that the larger L is, the simpler the individual
micro correlation matrices become). For . the uninitiated. ' this
procedure can be frustrating, but we have found that skill comes with
experience, and the task has proved to be quite manageable in our
experimental program. Finally, we have learned that it always .pays to
conduct the exercise of error analysis as soon after completion of the
measurements as possible in order to avoid forgetting potentially
important experimental details.

ERROR SOURCES AND THEIR CORRELATIONS

The list of attributes to be employed in the analysis of errors
by necessity varies considerably from one experiment to another.
However. the major sources of uncertainty which arise in the
activation and fission ratios experiments considered in this paper can
be categorized under a few headings. There are many similarities
between these experiments. This should be apparent from their rather
similar geometric configurations, as indicated schematically in
Fig. 1. All of the experiments discussed here incorporate similarly
designed low-mass fission chambers. For the activation measurements,
thin disk samples are attached to the exterior of the chamber. What is
measured is the cross section ratio for induced activation in the
sample relative to fission for the standard deposit in the chamber. In
this geometry (Fig. l.A), the sensitivity of the measured ratios to
geometric effects is rather modest. For the fission ratio experiments,
the geometry is considerably more symmetric (Fig. l.B), and
consequently the sensitivity to geometry is further reduced. The error
sources (and their correlations) associated with these experiments are
discussed below. It is misleading to designate certain types of error
as "random" and others as "systematic". It depends entirely upon the
context in which an error is encountered. A particular error is
considered to be random if it affects only one data point, P.. It is

systematic, however, if it affects two or more data points in a
correlated manner. This distinction is made evident in the discussion
below.

The sources of error described here are summarized in Table 1.
Event statistics (E ) includes all errors which are traced to

statistical errors of measured counts (e.g., fission events from the
chamber, activity decay counts from a samples, alpha counts of a
fission foil, etc.). These are generally uncorrelated. but under
certain circumstances they can be correlated. For example, if two
activation cross sections are deduced from a single irradiation, then
the statistical error in the measured fission events during that
irradiation affects both of the activation measurements and is thus
fully correlated. Background (E ) corrections generally induce



uncorrelated errors, unless the same background factor is applied to
several data points, An example of the latter would be the application
of a correction for background 511~kcV annihilition radiation
(measured once during the course of an experiment) in the process of
determining annihilation radiation activity for a set of samples

.. activated by neutron irradiation. This error is fully correlated.
Event determination procedures (E ) labels a broad category which

includes consideration of methods used in the determination of
corrected fission and activation events from raw data. Examples
included procedures for measuring sample activity, extrapolation and
thickness corrections to measured fission detector events, etc For
convenience these experimental features are grouped together here, but
in practice distinctions would be made and the various factors would
be treated separately. These types of errors are generally correlated
to some extent, though certain items may well be random. As an
example, consider fissions extrapolation. This is a correction for
spectrum fission events which are unavoidably lost in the low pulse
height alpha particle and noise distribution. If this correction is
determined separately for each measured spectrum, then random error
will be present. However, a fully correlated error to account for
method-induced* bias must also be included if the same method is used
to extrapolate all the fission spectra obtained from the experiment.

Event determination calibration standards (E.) are those which are
4

used to calibrate detectors. Included are activity standards, energy
scale standards, etc. The errors in this category are usually fully
correlated. Sample assay (E_) covers mass determinations for

o
activation samples and fission foils. The associated errors are fully
correlated. However, when we say "correlated", we do not exclude anti
correlation. As an example, suppose that a data set includes two
ratios. (A/B) and (B/C). An error involving the assay of B is, in
fact, anti correlated for these two points since the same error
effects the ratios in an opposite manner. Activity half life (E_)

D

refers to all types of error which come about due to imprecise
knowledge of relevant half lives. Examples include sample activities,
alpha activities which are utilized in fission foil mass
determinations, etc. These are generally fully correlated errors.
Activity decay factors (E ) are those which take into account details
of the decay process (other than half life), e.g., decay branching.
These are generally fully correlated so long as the process involved
affects more than one data point. Uncertainties due to imperfect
knowlege of isotopic abundances (E ) can influence experiments in
various ways. They can affect mass determinations (e.g., sample
masses, fission masses deduced through tho measurement of the alpha
activity for a specific isotope, etc.). They can also affect the
correction of fission yields for indistinguishable contributions from
minor isotopes present in the the fission foils. These errors are
fully correlated so long as the same material is involved in more than
one data point. The term geometry (E ) covers a number of complex

y
experimental issues. Errors due to geometric uncertainty can be both
random and systematic in nature (and tiuis partially correlated in
general). Random error is usually associated with reproducibiiity in



the positioning of apparatus while systematic error arises from errors
in measurement of fixed geometric factors (e.g., detector dimensions,
deposit dimensions, etc.). The random errors tend to dominate in this
category. The magnitudes of these errors, and their correlations, can
be determined quite readily by computer modeling for the simple

. geometries of the present experiment. We do this on occasion, but not
for every experiment. Errors due to uncertain specification of neutron
source parameters (Ein) tend to be systematic, but correlations

smaller than unity are often assumed. Details of the neutron source
impact significantly upon the determination of cross sections or
ratios whenever the source exhibits energy dependence (i.e., multiple
discrete groups or a continuum) or is strongly anisotropic. For ratio
measurements, absolute neutron fluence IE..) is irrelevant. However.

if cross sections are sought (as is the case for activation
measurements), then the neutron fluence must be determined from the
yield of a standard reaction. The main source of error is then due to
the standard cross section itself. This error is systematic if all the
data points in the set are based upon the same standard reaction. If
energy dependence is involved, then the correlation depends upon the
correlation introduced by the differential cross section covariance
matrix for the standard reaction. This information can usually be
obtained from evaluated data files (e.g., Ref. 4). Uncertainties due
to neutron absorption (EJ2) tend to be small for these experiments.

these corrections are usually calculated, and any uncertainties can be
traced to total cross section and geometry factors which are usually
well known. Correlations arise if the data points share common
features (same sample, same fission foil backing, same fission
chamber, etc.). Neutron scattering (E ) corrections for these

experiments are sometimes measured, but most often are calculated. For
measured corrections, the errors range from random to fully
correlated, depending on the details of experimental procedure. Errors
in calculated scattering corrections are almost always systematic, but
are seldom fully correlated. Since these corrections are computed by
the Monte Carlo method in our laboratory, this introduces a degree of
randomness into the correction process. However, the various data
points in a set generally involve a number of common features (e.g.,
common cross section sets, similar geometries, etc.) which introduce
correlations. These correlations are always estimated and are not well
known. Finally, whenever a particular quantity is measured more than
once, and discrepancies are observed which cannot be explained
otherwise, an additional error should be included to account for non
reproducibility (E ). This error is always treated as random in our

error analyses.

EXAMPLES FROM RECENT EXPERIMENTS IN THIS LABORATORY

Material from four recent experiments conducted in this
laboratory are presented in this section for illustrative purposes.
Two of these experiments involve activation and two fission ratios.
Use was made of two very distinct neutron sources in this work. Two of
the experiments involved a 14.7-MeV neutron field from the D-T
reaction. The other two were performed using the Be(d.n) thick target



reaction at 7 MeV deuteron energy as a "cloan integral benchmark
field". Attention is restricted in this paper to consideration of the
error analyses for these experiments. Since most of the data sets are
fairly large (20 or more points), we have decided to show only
selected portions of the total error matrices for the examples
presented below.

Activation cross sections have been measured at 14.7 MeV for the
7 4 27 27 27 24

following reactions: Li(n.n't) He, Al(n.p) Mg, AKn.oc) Na,

Si(n.X)28Al. Ti(n.X)46Sc, Ti(n,X)47Sc. Ti(n.X)48Sc. 51V(n.p)51Ti.

51V(n.a)48Sc. Cr(n.X)52V. 55Mn(n.2n)54Mn, 54Fe(n.a)51Cr, Fe(n.X)56Mn,

59Co(n.p)59Fe. 59Co(n.2n)58Co. 59Co(n,a)56Mn, 58Ni(n.2n)57Ni.

65Cu(n.p)65Ni, 6oCu(n.2n)64Cu. Zn(n.X)64Cu and 64Zn(n,2n)63Zn [9.10].
In this experiment, the irradiations were performed using a fission

foil which was enriched in U, however, a precise U/ U fission
ratio measurement was performed under the same experimental conditions
so that the final results could be expressed in terms of the better

235
known U fission cross section standard [4]. The apparatus used is
indicated in Fig. 1. The sample/fission detector arrangement is as
Indicated in Fig. l.A, while the 14.7 MeV neutron source assembly is
as shown in Fig. l.B. The dominant error sources for this experiment

235
were activity measurement statistics (uncorrelated), the U fission
cross section (fully correlated), calibration of the fission monitor
(fully correlated) and calibration of activity measurement processes
(uncorrelated for the tritium activity but partially to fully
correlated for all the other activities, which were measured by gamma
ray detection). The magnitudes of the errors considered are summarized
in Table 1. Total errors and the corresponding correlation matrix for
the final cross sections of the first eight reactions from the list
above are shown in Table 2.

ActivaJJ.onj Be(d.n) Integral Data

Integral cross section ratios were measured for the activation
7 A 97 97 97 94 ^A f̂t

reactions Li (n.n11 THe. *'Al(n.p) Mg. Al(n.a)"Na, Ni(n.p) Co
fio fin p^ft

and Ni(n.p) Co relative to U fission in the continuum benchmark
field produced by the Be(d.n) thick target reaction at 7 MeV deuteron
energy [11]. The apparatus used is shown in Fig. l.A. The dominant
error sources for this experiment wore activity measurement statistics
(uncorrelated). determination of corrected fission events (partially
correlated), neutron source anisotropy effects (partially correlated)
and calibration of activity measurement processes (uncorrelated for
the tritium activity but partially correlated for all the other
activities. which were measured by gamma ray detection). The
magnitudes of tho errors considered are summarized in Table 1. Total
errors and the corresponding correlation matrix for the final measured
ratios are shown in Table 3.



l q JtUios:. ,14-MeV Data

230 232
In this experiment, fission cross section ratios of Th, Th.

233., 234., 236r. 238., 237.T 239,, . 242n . . , . -
U, U, U, U, Np, Pu and Pu were measured at 14.7

235
MeV relative to 'U fl2j. The apparatus used is as shown in Fig. l.B.
In o;rder to improve the precision of this experiment, the measurements
were repeated several times under somewhat varying conditions, and a
variety of calibrated fission foils were employed. Consequently, the
error analysis, while straightforward, was quits tedious to carry out.
The dominant sources of error in this experiment were statistical
errors in the fission counts (uncorrelated), extrapolation and
thickness corrections to these counts (partially to fully correlated
depending on context) and various foil calibration errors, including
those related to alpha counting and isotopic content effects
(partially to fully correlated depending on context). The magnitudes
of the errors considered are summarized in Table 1. Total errors and
the corresponding correlation matrix for eight of the individually
measured ratios from this experiment are shown in Table 4.

FJL§?4°Jl Ratios: Be(d.n) Integral Data

The following integral fission cross section ratios have been
measured in the continuum benchmark field produced by the Be(d.n)

poo 255

thick target reaction at 7 MeV deuteron energy [13]: Th/ U,
2 3 V 2 3 Y 238U/235U. 237Np/238U. 2 3 2 T h / 2 3 V 236U/235U. 239PU/235U,
2 3 3U/ 2 3 5U. 2 3 4U/ 2 3 5U. 234U/238U and 2 3 6U/ 2 3 8U. The apparatus used is
indicated in Fig. 1. The detector arrangement is as shown in Fig. l.B.
while the neutron source assembly used to produce the benchmark
spectrum is as shown in Fig. l.A. The dominant sources of error in
this experiment were statistical errors in the fission counts
(uncorrelated), extrapolation and thickness corrections to these
counts (partially to fully correlated depending on context), various
foil calibration errors, including those related to alpha counting and
isotopic content effects (partially to fully correlated depending on
context), and an error assigned to cover differences between ratios
measured with the fission foils in two different orientations. Total
errors and the corresponding correlation matrix for eight of the
individually measured ratios from this experiment are shown in
Table 5.

SUMMARY

We have developed a procedure for providing reliable covariance
matrices for the results of our activation cross section and fission
ratio measurement program at the Argonne National Laboratory FNG
Facility. Our approach is founded on the basic principles of
statistics and error propagation, while at the same time it employs
valid approximation methods which reduce the required labor to
manageable levels. This effort requires careful attention to the
experimental details, a task which is made relatively tractable by the
inherently simple design of these experiments.
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Table 1: Error sources for the experiments discussed in this paper

Error Magnitudes (%)a

Activation Fission Ratios
Source of Error 14 MeV Be(d.n)1 14 MeV Be(d.n)

E Event statistics 0.1-4.6 0.3-3.0 0.6-0.8 0.3-0.6

Eg Background Nb-0.1 < 0.5 NAC NA

Eo Event determination 1.7-2.0 0.5-2.5 O.S-2.5 0.5-1.7
O

procedures

E4 Event determination 0.6-2.1 0.6-2.0 NA NA

calibration standards

E_ Sample assay 1.4-1.7 2.0-2.2 NA 0.3
o

E 6 Activity half life N-0.5 N-0.4 0.1-0.4 0.1-0.5

E7

E8

E9

E10

Ell

E12

E13

E14

Activity decay factors

Isotopic abundance

Geometry

Neutron source

Neutron fluence

Neutron absorption

Neutron scattering

Reproducibility

0

0

0

< 1.0

< 0.5

.3-1.0

N-0.2

4.0

.1-0.5

.1-1.5

NA

N-1.0

N

0.3-1.7

0.1-4.7

NA

0.5

0.6

NA

N-0

1

< 0

0.2-0.

< 0,

N

.4

N

N

.2

,7

.3

0,

0.

0.

N-0

N-0

;-o

1-0

3-2

N

.4

N

.6

NA

.2

.4

.5

aRange of errors encountered in those particular experiments.
bN = Negligible (< 0.1*).

NA = Not applicable to this experiment.



Table. 2: Errors and correlations: 14 MeV activation data

Reaction Error [%

Correlation iMatrix

2 3 4 5 6

1 7Li(n.n't)4He 4.6 1

2 Al(n.p)" Mg 5.3 .76 1
27 24

3 Al(n.o) Ka 5.5 .74 .64

4 Si(n.X)28Al 4.8 .85 .74

5 Ti(n.X)46Sc 5.0 .83 .72

6 Ti(n,X)4?Sc 6.2 .65 .56
48

7 Ti(n.X) Sc 5.8 .70 .60
8 OlV(n.p)51Ti 5.1 .79 .68

1

.71

.70

.54

.59

.67

1

.81

.63

.67

.77

1

.61

.66

.75

1

.51

.58

1

.63

a 235
Cross section normalized to U neutron fission.
Total error.

Table .3: Errors and correlations: Be(d.n) activation data

Correlation Matrix

1

2

3

4

5

Reaction

7 L i ( n . n ' t ) 4 H e
27 27

Al(n.p) Mg
2 7 Al(n .a ) 2 4 Na
5 8 Ni(n .p) 5 8 Co

Ni(n.p) Co

Error i%)

4 . 0

3 .9

5 .9

4 . 1

3 . 7

1

1

.34

.28

.30

.41

2

1

.55

.63

.62

3

1

.43

.52

4

1

.46

5

1

aCross section ratio relative to U neutron fission.

Total error.



Table 4: Errors and correlations: 14 MeV fission ratio data

Correlation Matrix

1

2

3

4

5

6

7

8

RatioQ

•23OTh/235U(*l)

23OTh/235U(#2)
23OTh/235U(*3)
232Th/235U(#l)

232Th/235U(#2)
232Th/235U<#3)
233u/235u(#i)
233U/235U(#2)

Error {%)

2.2

2.2

2.2

2.3

2.9

2.2

1.3

1.2

1

1

.46

.72

.49

.26

.50

.23

.25

2

1

.49

.34

.29

.34

.46

.24

3

1

.34

.40

.34

.29

.25

4

1

.27

.51

.19

.20

5

1

.28

.19

.16

6

1

.19

.20

7

1

.14

8

1

Multiple measurements of the same ratio are so indicated.

"'Total error.

Table 5: Errors and correlations: Be(d.n) fission ratio data

Ratio3 Eiror (%)

Correlation Matrix

2 3 4 5 6 7

1 232Th/235U(d]

2 232Th/235U(d,

237,, ,235,,. .
4 Np/ U(dr

6 238U/235U(d2,

7 2 3 V 2 3 8 U(d 1

8 2 3 V 2 3 8 U(d o

2 .5

2 .5

2 .1

2 .6

2 .6

2 .8

2 .6

2 .7

87

35

32

39

34

21

18

1

.40

.40

.41

.41

.24

.25

1

.70

.49

.49

.58

.58

1

.49

.50

.54

.55

1

.68

.20

.18

1

.20

.20

1

.79

Ratio labels (d and d ) refer to two different detector distances.

Total error.
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Figure 1: Schematic diagrams of the apparatus used in activation (A)
and rission ratio t.t() measurements at the Argonne FNG. Both
or the neutron source assemblies used in this work are shown.


