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NUCLEAR DATA AND MEASUREMENTS SERIES

The Nuclear Data and Measurements Series presents results of studies
in the field of microscopic nuclear data. The primary objective is the
dissemination oT information in the comprehensi:o form required for nuclear
technology applications. This Series is devoted to: a) measured microscopic
nuclear parameters, b) experimental techniques and facilities employed in
measurements, c) the analysis, correlation and interpretation of nuclear
data, and d) the evaluation of nuclear data. Contributions to this Series
are reviewed to assure technical competence and, unless otherwise stated,
the contents can be formally referenced. This Series does not supplant
formal journal publication but it does provide the more extensive informa-
tion required for technological applications (e.g., tabulated numerical
data) in a timely manner.
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SOME COMMENTS ON RESOLUTION AND THE ANALYSIS
AND INTERPRETATION OF EXPERIMENTAL RESULTS FROM

DIFFERENTIAL NEUTRON MEASUREMENTS*

by

Donald L. Smith

Argonne National Laboratory
Argonne, Illinois 60439

U.S.A.

ABSTRACT

Effects of finite resolution in differential neutron mea-
surements are examined. General procedures for deriving the
experimental resolution functions from a knowledge of the ex-
perimental parameters are presented. Problems encountered in
the comparison of different data sets, when the measured cross
section is known to fluctuate with energy, are discussed.
This report has been prepared with the objective of encouraging
closer attention to the matter of resolution by experimenters,
evaluators and users of neutron nuclear data.

*This work supported by the U. S. Department of Energy.
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I. INTRODUCTORY REMARKS

The development of various nuclear-energy technologies has resulted in.,
a broad range of needs and increasingly stringent accuracy requirements for
nuclear data upon which thpse technologies are founded. For example, accu-
racies of ~2-55! for the fast-breeder reactor dosimetry differential cross
section data base have been established as program objectives. At present,
experimental techniques are not quite up to meeting that requirement and a
near-term goal of ~4-7% seems more realistic except for a few special cases. »
Accuracy goals of ~l-3% have been established for certain key actinlde cross
sections such as U(n,f). This objective has not been achieved either.

Considerable attention is now being devoted to such matcers as neutron
flux measurement, standard cross sections, improved knowledge of nuclear
decay schemes, conversion parameters, etc. This effort is necessary, but
not. sufficient. It is now well known that nany neutron cross sections which
are important for nuclear technology fluctuate dramatically with energy and
angle. For some applications, only the average behavior is of importance.
For others, the Implications of this structure are profound (e.g. shielding).
In the past decade, improved experimental resolution has revealed significant
structure up into the MeV-energy range, especially for medium mass elements
(A = 20-70) which are used as coolants or in structural components of nuclear-
energy devices. An important point which is ofton overlooked is that the
existence of structure in the microscopic cross sections can seriously hamper
attempts to accurately measure those cross sections (e.g. Ref. 4). In cases
where the cross sections exhibit n great deal of structure, differences in
the results of various measurements m«y be due in large part to structural
effects rather than to difficulties in measuring neutron fluence or to incon-
sistencies in the use of other nuclear parameters required for the experiments.
Figure i is an example which demonstrates the gravity of this problem. This
figure indicates the confusion which is introduced by attempting to compare
the results of various measurements of a given cross section without regard
to the effects of structure on the experimental process.

There are problems which may never be entirely resolved. Precise,
detailed comparison of the results of measurements of fluctuating cross
sections may not be possible unless experimenters acquire and report more
information about their work than appears to be practical. In fact, the
volume of information which is now being generated is severely straining
the procedures and institutions which have traditionally been used to
exchange scientific results (reports, journals, data center files, etc.).
However, it is suggested that considerable improvement beyond the present
state of affairs is possible without drastic modification of current experi-
mental and communicational practices. If the accuracies which are now
being sought for the nuclear data underlying various technologies are to be
achieved, it will be necessary for scientists to agree upon the definitions
of and relationships between various experimental quantities normally used
to express the results of their work. Furthermore, it will be necessary
for investigators to analyze the results of their measurements in terms of
the parameters of their specific experiments to a greater extent than has
been the practice heretofore. This is not an unreasonable expectation
since much of the requisite analytical work can be performed using digital
computers. Of course, there is the additional responsibility of having to
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monitor the sensitive parameters of a measurement which must be borne
by the investigator. It is of little practical value to calculate cross
sections and deduce resolution functions carefully from a detailed com-
puter model of the experiment if, unbeknown to the experimenter, certain
parameters which are assumed to be known are actually not well known
initially or drift away from initial values in an undetermined manner.

Of concern here are matters which are intimately dependent upon
specific experimental details. These details are often omitted from
discussion when the results of experimental work are reported. This
might be proper when the main objective of the paper is not to provide
numerical results, but rather to confirm a hypothesis or to report upon
a new physical phenomenon. However, if the objective of the work is the
provision of numerical values, then experimenters have the obligation to
provide sufficient information to enable a critical evaluation of their
results. Regardless of whether the details are reported or not, the
experimenters should take it upon themselves to pay attention to the
significant details, and they ought to report their work in such a way
as to convince others that this has been done. The present report
addresses thin area of the experimental process. Agreement on terras
is important and compromise is not only a practical necessity, but is
unavoidable in principle. No attempt is made to review these matters
comprehensively or to treat them in a mathematically rigorous fashion.
The goal of Ihis work is to stimulate those who deal with nuclear data
to think about this aspect of their work, and to remind users who seek
accuracies of better than a few percent of some of the difficulties
involved in satisfying their requirements.

The following topics are addressed in the remaining sections of this
report:

i) The relationship between the microscopic cross section and measured
or calculated quantities of the experiment is examined. A suggested
definition for the "measured" cross section is presented and its in-
terpretation is discussed with the aid of a hypothetical experiment.

ii) The concept of resolution is explored and procedures for determining
it are suggested.

iii) Procedures for correcting data for secondary neutrons are discussed.

iv) Experimental problems encountered in measurements of broad resolution
cross sections with thick samples in the presence of resonance struc-
ture are discussed.

v) Some problems associated with the comparison of various differential
data sets are mentioned.
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II. DEFINITION OK TERMS AND
DISCUSSION OF CONCEPTS

The cross section a is an abstract quantity which is defined in terms
of other parameters which can, in principle, be measured in he laboratory.
The relationship between cross section and the principal experimental pa-
rameters is given (in simplest form) by

AYm = F N A Ax E a ' (1)

where

AYn = observed reaction rate (sec"1),

F = flux of monoenergetic neutrons in a uniform parallel beam
(cm~2 . sec"1),

N = number of sample atoms per unit volume in a uniform sample
(cm"3),

A = sample area normal to the neutron beam (cm""2),

Ax = sample thickness (cm),

e = ratio of the observed reaction yield to tlio true reaction rate
(dlmensionless efficiency factor),

a = cross section per atom (cm2).

Equation (1) defines what is known as the microscopic cross section. This
relationship between the measurable quantities AYm, F, N, A, Ax and e and
the derived a is valid only to the extent that the sample is sufficiently
small so that a very small fraction of the incident neutrons experience
interactions.

Equation (1) represents the relationship between a set of measurable
quantities and the abstract microscopic cross section in an ideal experiment.
Complications arise because the relationship between the measured parameters
of a realistic experiment and the abstract microscopic cross section is usu-
ally much more complicated than the one given in Eq. (1). The term "differ-
ential" applies whenever one or more parameters (energy, angle, etc.) are
limited to a narrow range. However, if the cross section o fluctuates con-
siderably within the parameter range defined by the experiment, it is dif-
ficult to compare the results from one measurement with those from another
experiment having different parameter limits. Experimenters who routinely
perform what are known as "integral experiments" (e.g. reactor spectrum
measurements) realize the difficulty of comparing their results with other
integral experiments. "Differential experiments" are actually integral
experiments with somewhat tighter limits on the experimental parameters, but
often not tight enough to avoid serious interpretational problems. In short,
the same problems encountered in integral experiments are also encountered
in many differential experiments.
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The diversity of techniques utilized in neutron cross section meas-
urements is so great that it is difficult to discuss concepts in a general
way. This report considers some of these concepts with the aid of a
hypothetical experiment which includes features of transmission experiments
used to measure total cross sections, of scattering experiments involving
detection of either neutrons or gamma rays and of activation measurements.
Although the present discussion assumes a neutron source with characteris-
tics typical for measurements with monoenergetic accelerators, the conceptual
changes are often minor for white-source measurements where timing conditions
define the energy limits. We assume that neutrons emanate from a limited
region of space. The neutron energies and flux depend on direction owing
to kinematic effects and characteristic properties of the source reaction.
Additional energy spread is introduced by target effects (e.g. the charged
particles from the accelerator lose varying amounts of energy there). Neu-
trons which strike the sample are subjected to scattering and absorption.
Likewise, the secondary radiation which is detected in order to observe the
nuclear process (e.g. the scattered neutrons in scattering experiments) may
be scattered or absorbed before reaching the detector. Detector efficiency
is also dependent on factors such as geometry, energy, etc. All of these
experimental effects can be taken into consideration symbolically in a gen-
eralization of Eq. (1),

f
Ym = / W(p) o(p)dp (2)

whore "p" Is a vector which represents all the parameters of the experiment.
Integration extends over Clio experimental range for these parameters in Eq.
(2) and all subsequent expressions. Conventionally, one defines a cross
section in terms of variables such as energy and angle; however, fiq. (2) is
acceptable because energy and angle can be derived from the experimental pa-
rameters p. The evioriment is differential if it is designed so as to limit
the range of possible energies or angles (or both).

In a good experiment, it is possible to define the experimental para-
meters and to determine the measured reaction rate to within uncertainties
which can be estimated rather well. However, Eq. (2) is of little use
because it simply states that the observe*' reaction rate is related to the
aver?ge of the unknown microscopic cross section over the range of experi-
mental parameters. In order to make progress, it is necessary to define a
quantity which will subsequently be called the measured cross section om.
Thus,

• /

W(p)dp (3)

Tliis is a more usefuL expression than Kq. (2).
W(p) can be deduced (within uncertainties) from a knowledge of experimental
details. A comparison of Eqs. (2) and (3) yields
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/W(P)

w(P)dP

is interpreted as an
average of the microscopic cross section over the parameter space of the
experiment. The derived quantity °m is often the best approximation to
the true cross section which can possibly be deduced from the experimental
investigation.

The analysis is not conceptually complete. What is sought is the
cross section as a function of energy or angle (or both). Equation (4)
provides a clue as to how the ave**ng<a energy Km or angle ®m should be
defined to insure consistency. Thus,

/w(P) E

f
jfw(P)dP

|W(P)

J

E(P)dP

- , (5)

°(P)dP

0, = — (6)

(w(P)dP

It must be understood that the measured cross section °Tn is not necessarily
equal to the true microscopic cross section ° corresponding to the average
energy E m (or average angle ®m in the case of an angle-dapendent cross
section).

Knowledge of detailed structure in the microscopic cross section is
irretrievably lost by the implied averaging of the measurement process.
When the microscopic cross section varies smoothly with energy and angle,
not much information is lost by averaging. If pronounced variations occur
within the experimental resolution, the consequences can be serious.

The meaning of the term resolution needs to be considered. Most: com-
monly, it is applied to the variables energy and angle encountered in an
experiment. Given the function W (in terms of the experimental parameters
P), it is possible to define the normalized functions R and A which are
projections of W onto energy space or angle space in such a way that
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CO

Em = / R (E)E dE , (7)

A(0)0 dO (8)

In practice, the integrals are calculated for the range of energies and
angles encountered in the experiment. Projections of this sort are dif-
ficult to express analytically, but can bo deduced numerically with the
aid of a digital computer. R and A are the energy resolution and angular
resolution functions respectively. The procedure of projecting the weight-
ing function W onto energy or angle apace can be misleading when the
microscopic cross section varies sharply with both energy and angle within
the limits imposed by the experiment. For example, this unfortunate situa-
tion is encountered in neutron o.ln̂ cic scattering from medium mass nuclei.
In other experiments, it is perfectly reasonable to consider the projection
of W onto a single .space. For example, in activation studies only the pro-
jection onto energy space is of interest. In neutron elastic scattering
sLiulics for light elements or vory heavy elements, the energy dependencies
are smooth and the primary concern is with angular resolution.

It; is interesting to examine some resolution functions from a specific
experiment. Figure 2 shows energy resolution functions derived from the
analysis of a gamma-ray experiment. Details of the experimental procedure
are described in Ref. 5. Here, gamma-ray production from neutron-irradiated
samples is measured with a Ce(Li) detector. Both prompt and delayed (acti-
vation) measurements have been performed. The flux of neutrons produced by
the 2H(d,n)^He reaction was measured with a fission detector. The shapes
of the resolution functions are energy dependent.. The dominant effect at low
energy is energy spread introduced by patsage of the deuterons through the
gas target cell. The influence of kinematic effects is evident for higher
energies.

The resolution functions are often not symmetric about the average
energies E m. The term resolution usually refers to a single parameter
which in some fashion represents the "width" of the distribution. If the
experimental distribution functions were symmetric and possessed shapes
which could be represented analytically using a few parameters, then the •-
experimenter could provide a great deal of information about the experiment
by merely reporting the parameters of the resolution function along with
Km, om (and Gra if applicable). In the ideal case of a Gaussion resolution
function, a single parameter such as the full width at half maximum would
be adequate. Mien the resolution functions are more complicated (i.e. as
in Fig. 2), the experimenter faces the dilemma of how to present the ex-
perimental results in a way which permits meaningful comparison with the
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results of other work. This is a decision which must be made by the ex-
perimenter, and the matter will not be pursued here beyond mentioning the
approach selected for some of the work reported from our laboratory. The
experimental resolution is arbitrarily defined to be the full width at half
maximum (FWHM) for the distribution, regardless of the shape of the distribu-
tion function. These values are reported In tabular form along with the
measured cross sections. An indication of the shape trend is then provided
graphically in published documentation on the experiment (e.g. see Fig. 2).
When the experimental results are insensitive to the resolution for a partic-
ular parameter (e.g. proton emission argle for an (n,p) activation measure-
ment), then no corresponding resolution information is provided.

At this point, attention is directed to consideration of measurements
that are differential in energy in order to address a problem which is
encountered in many types of experiments performed at monoenereetic facili-
ties. Neutrons are produced by reactions such as H + d + n, Li + p -r n,
etc. It cannot be assumed that the primary reactions such as 2H(d,n)3He,
7Li(p,n)7Be, etc., are the only ones involved in the experiment. In fact,
neutrons are also produced vie competing reactions such as 2H(d,np)2H,
7Li(p,n)7Be , Li(p,n 'He^He, etc., when the bombarding energy is suf-
ficiently high. The energies of these secondary neutrons are noticeably
reduced relative to the primary neutrons. The formalism outlined above
cannot deal with the case of a multigroup neutron souvce, so it must be
modified. A measurement cannot be designated as properly differential in
energy unless the major contribution to the measured reaction rate Ym comes
from a dominant primary proup of neutrons with n rather well-defined energy
band located higher in energy than the secondary neutron groups. Otherwise,
tho uncertainties involved in applying corrections become unacceptably large.
The neutron source reactions which are most commonly used do satisfy this
requirement when used over limited energy ranges.

The requisite modification of the formalism commences with Eq. (2).
The equation

/ ) a(i,p)dp (9)/w

replaces Eq. (2), where the index "i" identifies a specific neutron group
(i = 1 labels the dominant primary group). Some secondary reactions like
2H(d,np)2H and 7Li(p,n3He)4He produce broad neutron energy spectra. To
handle these, it is often necessary to break up each continuous group
artifically into several subgroups or bands for the analysis. Equation (9)
can be rewritten in the form

= /w o(l,p)dp
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it is reasonable to define ara ad an average over the primary group. Then
Eq. (3) can be generalized to the expression

o(i,p)dp (11)am iw(l,p)<ip + 2 J |
J i>l '

The complexity introduced by the secondary-neutron terms must be dealt vith
by approximation. Two approaches are mentioned below. Selaction of a
method depends on the information available and personal preferences.

One possible approach involves replacing Eq. (11) by

,p)dp + 7 * /W(i,p) aA(i,p)dP (12)3ra I W< I, f

where Oyy is nn approximntion to the true cross section. Since the sec-
ondary neutron energies are lower than those of the primary group, o^ can
be deduced from experiment in the following way: The experimenter commences
the experiment at low energy under conditions where the secondary neutrons
are cither not present or are ineffective, lie then proceeds toward higher
energies. Kcsults from the lower energy measurements are used, when required,
to calculate higber-energ) cross sections by means of liq. (12). This boot-
strap approach is recommended when no information is available on the cross
section at the start of the experiment. However, it assumes that the experi-
menter can span a broad range of energies, 'i'his is not always possible.
The bootstrap approach is quite effective for threshold reactions, but is
less satisfactory for reactions such as neutron capture which can exhibit
large cross sections at low energy.

A second approach is possible if some prior information on the shape of
the cross section over a wide range of energies is available. This may be
possible if other experiments have been performed or if theoretical calcula-
tions have been made. Starting with Eq. (11),

ni
= am IW(l,p)dP +^2 /w(i,p) ̂ % ^ dp* - <» WU,p)dP + > , W(i,p) -^^- dp (13)

is obtained by algebraic munipulation. Then assume
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where the function S^ approximates the shape of the cross section over
the entire range of neutron energies encountered in the experiment and
E m is defined by

Ad,
fin, = -^ =

p) E(l,p)dp
, (15)

L,p)dp

analogous to Eq. (5). The shape function S^ need not be normalized, but
it should be energy-averaged to the experimental resolution. Equations
(13) and (14) combine to yield

Procedures for calculating W(p) or W(i,p) have not been mentioned in the
proceeding discussion. These functions depend upon the details of the experi-
ment. As an example, consider the gamma-ray experiment mentioned above. The
weighting function for gamma-ray yield from the sample assumes the form

W(p) " F(Pj) • An(p2) • Ay(p3) • G(Pl4)

where the p, are subsets of the entire parameter space for the experiment,
and

F(pj) = neutron flux factor (external to the sample),

An(p2) = neutron absorption factor,

A Y ( P 3 ) = gamma-ray absorption factor,

G( P 4 ) = geometry factor,

e(P5) = efficiency factor for the Ge(Li) detector,

various correction factors

(e.g. neutron multiple scattering).
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The presence of pronounced resonance structure in the total cross
section leads to serious prcalems when attempts are made to measure total
cross sections (or ar.j other cross sections) with broad resolution and
thick samples. Smith and Whalen1* have shown that sizable discrepancies are
observed between energy-averaged high-resolution data and the results of
broad-resolution measurements of the total cross sections for medium-mass
nuclei (e.g. titanium, chromium, iron, nickel, etc.). The broad-resolution
results are usually observed to be systematically low relative to energy-
averaged high-resolution values. The magnitude of the discrepancy increases
with increased sample thickness, and it is severest in energy regions where
high-resolution data-if available-indicate that the fluctuations are very
pronounced. This effect leads to discrepancies in the determination of
cross section data for applications and for the purpose of comparison with
theory. It is common practice to use thick samples to improve statistical
accuracy when the cross section is expected to be low-such as in a valley
between resonance peaks. This will not produce a problem so long as the
resolution of the measurement is sharper than the widths of the resonance
peaks and spneings between resonances. There is considerable evidence
indicating thai: the widths and spacings of resonances in several medium-
mass nuclei are so fine that the above-mentioned resolution criterion is
not satisfied oven for recent white source measurements.6

This problem can be exemplified by considering a hypothetical experi-
ment in V' ich a uniform slab of material with unit area and thickness L is
irradiated with n uniform stream of neutrons incident perpendicular to the
surface. A cross section o^m is determined by measuring a detector yield
Yjra. The relationship between the microscopic cross section and the yield
is given by the formula

7« '-

dl' KF.)c(K)a.(E) f dx e ~
N 0 T ( E ) x , (18)

o o
whe re

N = number of sample atoms per unit volume (cm~3),

F(E) = incident neutron flux energy distribution external to the
sample (MeV"1),

e(E) = energy-dependent detector efficiency (no dimension),

o^(E) = energy-dependent microscopic cross section for the reaction
processes under investigation (cm2),

a^(E) = energy-dependent microscopic total cross section (cm2),

L = sample thickness (cm),

Yjm(L) = detector yield with explicit dependence on sample thickness
indicated.
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Equation (18) is a specific example of Eq. (2). By comparison with Eq. (3),
the measured cross section, also likely to be dependent upon L, is given by
the expression

1,

l.) / (IK I'(KMK) fL) - N oim(l.) / (IK K ( K M K ) f dx o N°T ( K ) x . (]<))

Further analysis of Eq. (19) yields the expression

00

/

o

f , -No (E)Lj

Define a resolution function

I -No (E)L1
R(E,L) = F(E)e(E) e ,L -

T

so that liq. (20) assumes the form

00

By a n a l o g y v i i t h E q . ( 4 ) ,

00

f d E ( R(E,L)

dE R(E,L)

o

dE R(E,L) . (22)

o
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The measured cross section is therefore a function of the sample thickness
because it is an average of the microscopic cross section over a resolution
function which is dependent upon L.

Equation (20) is a perfectly reasonable way to relate the measured
yield to a cross section as long as the unaveraged microscopic total
cross section is used in the analysis. In other words, if a comparison
were to be made between a calculated average for o^, using Eq. (18), and
the measured quantity, agreement could be expected. However, a serious
discrepancy could result if <\n average or broad-resolution total cross
section is used in the analysis prescribed by Eqs. (18) or (20). What is
needed is high-resolution total cross section data to properly calculate
the effect of the shielding Verm,

oT(E)
(24)

in the presence of pronounced resonance structure. Even knowledge of the
proper brond resolution nross section will not help to avoid this problem.

The effects of resonnnco shielding can be understood by considering
tin- straight forward special case where the cross section to be determined
is the total cress section. The transmission is measured so that the yield
is

CO

• /

-NoT(E)L

dE r(H) e(E)e (25)

for a sample of thickness L, whereas the yield is

/
dE F(E) E(E) (26)

in the absence of the sample. Therefore, the ratio of sample-in to sample-
out yields corresponds to the transmission averaged over a resolution func-
tion equal to the product of F and e:
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YTM(L)

Clear ly ,

x^here

00

/

dE F(E) e(E) oT(F)

<oT> = 1 . (29)

/ dE K(E) e(E(E)

The crucial error which is committed all too often in the analysis of total
cross section data is that Eq. (28) is treated as an absolute equality under
all conditions (even for sizable L).

For very small L, Eqs. (25) and (26) combine to yield

YTH ( L )

Y ,ns • 1 " NL<o > for L + 0 , (30)

T>r ;

with <aj> defined according to Eq. (29). For total cross section measure-
ments with broad resolution, it is necessary to perform measurements with
several sample thicknesses and then extrapolate to "zero" thickness in order
to deduce broad resolution results which will agree with the average of high-
resolution values (when there is pronounced resonance structure). This
approach often leads to problems owing to the effect of large statistical
errors for small thicknesses L.
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Energy-averaged total cross sections play a useful role in theoretical
analyses, but they must be used with care in applications. For example, it
is apparent that erroneous results can be obtained in shielding studies.

There is a special situation for which it is possible to improve upon
ones' knowledge of the cross section beyond the measured quantity am. If
the shape of the cross section S(E) is reasonably well established from
other experimental work or from theoretical arguments (i.e. information
from sources beyond the experiment in question), then it is possible Co
unfold the effects of resolution and determine the true cross section °(Em)

lie averag

Suppose

<;(!•) = CoS(E) , (31)

where Ca is a normal issntion constant relating the shape to the true cress
section, liquation CO assumes the form

00

o(K)dK , (32)

where R(E) is the normalized energy resolution function, therefore

o = C / R(E) S(E)dE . (33)

m a J

Then,

C = . (34)
<j oo V /

R(E) S(E)dE
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Consequently, from Kqs. (31) and (34),

o(E ) = k o , (35)
n ITI

k - — 2 . (36)

R(E) S(E)dE

So, it is seen that a knowledge of the detailed shape permits derivation
of the microscopic point-wise cross section from an experimental measure-
ment with finite resolution. In practice, detailed shape information is
available only for a few well-studied reactions where the energy depend-
ence is smooth. New measurements are usually undertaken for these reac-
tions only in order to refine the normalization, and the factor k is
often a very small correction amounting to less than ~1%. The procedure
described by Eqs. (3l)-(36) is of little value when the cross section has
pronounced structure which is not well known.
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III. COMPARISON OF RESULTS FROM DIFFERENT EXPERIMENTS

A practical matter which must be dealt with by experimenters, eval-
uators and users of nuclear data is that of comparing the results of
various experiments in order to achieve improved knowledge of the fun-
damental cross section. This is a complex issue which cannot be dealt
with readily in general terms. Unfortunately, the problem does not receive
as much attention as it deserves in either experimental studies or eval-
uations. Only a few aspects of this problem will be addressed in this
report. Energy resolution problems are probably of the greatest concern,
although angular resolution effects can confuse the comparison of angular
distribution measurements and thus the interpretation of the data in terms
of models.

We may rewrite Eq. (32) in the form

a = / R(A-E ) o(A)dA (37)
. l / m

whero

om - measured cross section corresponding to energy E m,

R(X-l!ra) = the normalised energy resolution function,

a(X) = microscopic cross section at energy \.

The cross section o is assumed equal to zero for negative energy in order
to preserve the symmetry of the formula. > There is no simple relationship
between c^ and a if the resolution function spans an energy region where o(\)
is influenced by several resonances. Consequently, it is difficult to com-
pare am deciuced from two different experiments. If a were known, it would be
possible to determine whether a measurement of om yielded the proper results;
however, the measurement would be unnecessary if this information were avail-
able. The cross section o, being a physical quantity, can be represented by
an analytic function and thus can be expanded into a Taylor's series.' The
result is

(38)
m m

n=l

where

o (E ) = nth derivative of o at energy E .
m m
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So, to relate 0"m and o(Em), it is necessary to consider the derivatives of
o and moments of the distribution function. If the distribution function is

symmetric,

R(A) = R(-A) , (39)

and only the even-order terms of Eq. (38) are nonvanishing.

If the cross section is smooth and free of sharp resonances within the
range of influence of the resolution function, only the lowest-order terms
of Eq. (38) are significant (e.g. see Fig. 3A). Then, for a symmetric res-
olution function,

<J(E ) s; 0 - i
m m 2

CO

/

The second derivative of the cross section can be estimated from the experi-
mental data. • In the example from Fig. 3A, where the second derivative is
obviously negative, the measured cross section is smaller than the true cross
section. Under these conditions, the results of two experimental meaurements
could be compared rather unambiguously to each other and to the true cross
section. Clearly we are dealing with essentially the same topic as was con-
sidered in Section 1, Eqs. 31-36, although from a somewhat different point of
view.

It is not possible to compare the results of two independent measure-
ments of a fluctuating cross section in detail when both resolution functions
are broader than the peak widths and spacings. However, if sufficient data
are available, it may be possible to check on normalization consistency by
the procedure discussed below. Furthermore, it is not possible to deduce the
detailed structure of the microscopic cross section from the broad resolution
results. Too much information is lost by the averaging procedures as is
demonstrated in Fig. 3B.

The results of two experiments are summarized by the equations

00

/

°l(E) = I M A - E ) (i(A)dA , (41)
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and

- /
o2(E) = / R2(X-E) a(X)dX , (42)

—00

where Rj and R2 are resolution functions for the two measurements and the
average energy E is presumed to be the same for both measurements. Sup-
pose that R2 corresponds to a higher resolving power than R\ so that the
"widths" Wj and VJ2 for these distributions satisfy the relationship

W2 < Wj . (43)

Equation (41) can be written in the form of a double integral.,

00 00

/ /

o(.\')dX'dX , (44)

by using the Dirac delta function, 5. It is possible to express aj(E) in
terms of the resolution function R2>

CO CO

R3(A-E) R2(A'-X) o(X')dX'dX , (45)

—CO —CO

through the use of a third function R3. The interpretation of Eqs. (44)
and (45) js: given two complete sets of data, the higher resolution results
could, in principle, be compared to the poorer resolution results by further
averaging the higher resolution results using the function R^. In practice,
there are serious difficulties involved in this approach. One concern is
that, in general, R3 is not defined uniquely. When Rj and R2 are Gaussian
functions, then Eq. (45) is satisfied if R3 is a Gaussian with width U3
given by the equation

W32 = Wj 2 - W2
2 . (46)
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If the resolving power of the second experiment is much better than
the first experiment so that

W2 << »! , (47)

then, Kr>m Eqs. (44), (45) and (46), the limits

W 3 •» Wx , (48)

R3 + Ri , (49)

are approached. It then becomes meaningful to compare the results of the
two experiments by averaging the high resolution results using the resolu-
tion function Rj corresponding to the poorer resolution data.

There are some important qualifications to this averaging procedure.
First, the higher resolution excitation function must have been measured
continuously in steps no greater than the "wldfh" W2 of the resolution
function Rg over the entire range of energies of concern for the comparison.
The purpose for this Is to insure that any structure which might be present
IK suitably delineated or averaged, as the case may be, by the experiment.
If the cross section is "smooth" no that no vital, information would be lost
by interpolntinf; between measured points, then wider measurement steps are
adequate* Secondly, the formalism represented by Uqs. (41)-(49) assumes
that the two experiments have identical ene.rgy scales. The difficulty
encountered wher. there are systematic differences in energy scales is dem-
onstrated for the case of an isolated resonance in Fig. 4. Comparison at
specific energies may be misleading even if the data sets exhibit consistent
overall normalization. Energy scale definition is crucial when comparing
the results of measurements where the resolution functions Rj and R2 are
similar and isolated resonances appear in the measured excitation functions.
A well-known example is the neutron total cross section for 6Li in the vi-
cinity of the 250-keV resonance.9 Measurements must be performed in incre-
ments which are small compared with the resolution of the experiment in
order to locate the peak of the resonance and define the average cross sec-
tion at that energy. Measurements near threshold must be conducted with
similar care, otherwise, comparison of data sets may be misleading. Clearly,
it is not meaningful to compare data sets with similar resolution unless
both excitation functions have been measured in increments not exceeding
their resolution widths Wj and Wj.

When the resolution functions of two measurements are not equal, yet
one cannot be said to be substantial broader than the other, it is generally
impractical to seek a third function R3 to be used for comparison of the
results. Overall normalization of the data sets can be compared by averaging
both sets with a resolution function Ri, which is much broader than either R^
or R2. Then,
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CO 00

/ Ri4(A-E)a(A)cU = / / RM(X-]o(E) = / Rt,(A-E)o(A)dA. = I / RM(A-E)S(A'-X)a(A' )dA'dX

—00 —00

—00 —DO

TO CO

I / RH(A-E•E)R2(A'-A)o(A<)dAldA (50)

M.00 —DO

and comparison is meaningful; however, all information on structural
detail is lost and comparison is with regard to normalization only.
Again, both sots to be compared need to bo complete in the sense that
the exaltation functions are recorded in increments not exceeding the
measurement resolution widths.

The method of averaging two data sots with a very broad resolution
function is appealing and practical because it avoids the necessity for
exact knowledge of the resolution functions for the experimental measure-
ments. The shape of the resolution function Ri, is not critical for this
analysis, but it should be broad enough to encompass several resonances
in the region of comparison (if the cross section is highly fluctuating)
so as to minimize the possibility of distortion by details of the resonance
structure (see Fig. 5).
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IV. CONCLUDING RRMARKS

It has been indicated in this report that the parameters of an experi-
ment establish definite relationships between the microscopic cross section,
the resolution and the measured cross section. Furthermore, it has been
implied that Investigators should make a reasonable attempt, to model their
experiment tn sufficient detail during the analysis of iheir data so that
these relationships can be determined and reported along with the cross
sections. While this procedure is conceptually straightforward, consider-
ing the analytical power offered by modern computers, there are problems
associated with the determination and control of the basic experimental
parameters (e.g. targets may lose mass for various reasons or oxidize and
broaden the resolution during the course of an experiment, etc.). To
achieve the experimental control required to justify the extra effort
entailed in the detailed analysis procedures described in this report, it
is necessary for experimenters to impliment monitoring techniques which are
often not included in typical experiments. For example, such measures will
be essential In future activation experiments aimed at resolving integral-
differential discrepancies for several important dosimetry reactions. It
has been demonstrated that the results of these measurements are quite
sensitive to the energy scale.10

Careful monitoring of the critical parameters of an experiment should
enable the experimenter to establish realistic uncertainties for these
parameters. Detailed analysis of the data will, in turn, establish the
sensitivity of the measured cross sections to these parameters and thereby
permit a determination of the systematic errors of the experiment. There
is strong evidence that serious systematic errors have been overlooked in
many experiments and the quoted errors are often predominantly statistical.J1

The inadequacy of quoted errors for experimental data currently hampers
attempts to evaluate these data nonsubjectively or to examine sensitivity
effects in nuclear data applications, ̂ J 13

When planning experiments to measure cross sections with resonance
structure, experimenters should select energy increments at least equal
to their anticipated resolution. Comparison of isolated data points from
various experiments is meaningless under these conditions. For data sets
which do span a region of interest in some detail, comparison is possible
provided both sets have very similar resolution, or if both sets are av-
eraged with a resolution far broader than both experimental resolutions.
In the latter case, normalization consistency alone is determined since
the averaging process discards all structural information.
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FIGURE CAPTIONS

Fig. 1. Experimental values of the cross section for inelastic neutron
scattering to the 0.847-MeV state in 56Fe.
(ANL Neg. No. H6-76-33).

Fig. 2. Typical energy resolution functions derived from the analysis
of a gamma-ray experiment. Profiles are given for flux mea-
surement with a fission chamber and for gamma-ray production
measurements with a Ge(Li) detector. Average neutron energies
are indicated. The FWHM for these distributions are of the
order of 100 keV; the distributions are different for flux
measurements and the gamma-ray measurements because of the
significant differences in the geometries.
(ANL Neg. No. 116-79-74).

Fig. 3A. The true cross section can be deduced readily from the measured
results provided that the variation is gradual within the range
of the resolution function.
(ANL Neg. No. 116-79-219).

3B. When the resolution function spans several resonance peaks,
it is not possible to derive the true cross section from broad
resolution data.
(ANL Neg. No. 116-79-219).

Fig. A. The results of two measurements cannot be compared readily
if their energy scales differ in an undetermined manner.
(ANL Neg. No. 116-79-220 Rev. 1).

Fig. 5. In order to compare two sets of data with different resolutions
Rj and R2, it is reasonable to average both sets with a resolu-
tion function Ri, which is much broader than either experimental
function and broad enough to include many resonances in the micro-
scopic cross section a.
(ANL Neg. No. 116-79-221).
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