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We discuss some l i m i t a t i o n s o f tha s t a t i s t i c a l approach to the rep resen ta t i on o f crass
sect ions 1n the unresolved region and suggest t h a t the actual Ooppler-broadened cross sect ions
should be used i n s t e a d .
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Introduction

The low-energy neutron cross sections of the heavy
elements can be described with resonance parameters.
Those parameters may be obtained by analyzing the total
and partial cross sections, although in many cases, and
particularly for the f iss i le nuclei, the analysis does
not yield unique values for the resonance parameters.

Above the resolved resonance region, there is an
unresolved region wnere the cross sections show consid-
erable structure but where the resonance parameters
cannot be obtained because tne resonances overlap. The
widths of the levels broadened by the Doppler effect
and the instrumental resolution are comparable to the
level spacing.

I t is important to represent the cross sections in
the unresolved region as accurately as possible, be-
cause of the large contribution of this energy region tc
the Doppler coefficient of reactivi ty of fast reactors.

I t has become the custom to describe the cross
sections in the unresolved ruyion by specifying average
values and distribution functions of the resonance
parameters. Resonance self-protection factors can then
be computed by appropriate stat is t ical techniques.

In this paper we review some of the limitations of
this stat ist ical approach. We then show that with pre-
sent neutron cross section technology i t is possible to
perform measurements that have sufficient energy reso-
lution to permit the direct calculation of the Doppler-
broadened cross sections needed for reactor calcula-
tions. This direct use of the actual cross sections
would avoid some of the Droblems associated with the
stat ist ical approach, and hence i t should be preferred.

The Statistical Approach and Its Limitations

The statist ical treatment of the unresolved region
has been described by Greebler and Hutchins,1 Brissenden
and Durston,2 Dyos,1 Lev i t t , ' and others.5 I t is based
on the statist ical theory of nuclear reactions.6 The
cross sections are specified by the average values and
distribution functions of the resonance parameters; the
required statist ical properties of the cross sections
can then be obtained numerically, by the Generation of
ladders of pseudo resonances, and in some cases analy-
t i ca l l y .

The development of this stat ist ical approach was
Init iated at a time when very few good-resolution mea-
surements above a few keV were available, and before
intermediate structure in heavy nuclei had been
observed.

Kelber and Kier,' and Dyos and Stevens9 have
investigated the statist ical uncertainty inherent in
the stat ist ical approach: even i f the average reso-
nance parameters and the distribution functions could
be known exactly, the computed reactor parameters
would have a statistical uncertainty, since they sre
functions of a f in i te samole of resonances which may
have properties differing from those of the average

resonances. For example, Dyos and Stevens have shown
that when the partial in f in i te ly dilute resonance
integral of 21*U between 4 and 5 keV is computed by the
stat ist ical approach, the probable statist ical error is
about 10J. Kelber and Kier have shown that the proca-
ble error in the stat ist ical computation of the f i ss i l e
component of the floppier coeff ic iert of reactivicy is
almost as large as the magnitude of this component:

In addition to this error inherent in the stat is-
t ica l approach, there are large uncertainties in the
values of the average resonance parameters and some
questions about the val idi ty of the model from «nich
the distribution functions of the resonance parameters
are derived.

Tha average values of the resonance parameters in
the unresolved region must be obtained by extrapolating
values obtained in the resolved region and by analyzing
the average cross sections and the fluctuations o f ^ e
cross sections around their averaqe values. However,
the values of the resonance parameters in the resolved
region often have very large uncertainties, particular-
ly for the f iss i le isotopes where the multi-level
analysis is not unique10 and where a large percentage
cf the levels are missed. : i Furthermore, for tne f i s -
s i le isotopes, only s-wave parameters may be obtained;
even for the fer t i le isotopes some p-wave parareters
(such as the radiation widths) cannot be deterrrinea
rel iably; hence the extrapolation of the resolved
resonance parameters to higher energies and angjlar
momenta must heavily rely on theoretical models.

The analysis of the average cross sections-2 and
of the fluctuations'3 yields relations between the
average resonance parameters, but tnese relations are
usually not sufficient to determine uniquely al l the
average parameters.

In recent years intermediate structure has been
observed in a number of heavy nuclei crass sections
particularly important for reactor calculations,1""1"
such as the fission and capture cross sections of
" 5 U , 23BU, 219Pu, and 2*3Pu. This intermediate
structure may be caused by doorway states in the
entrance (neutron) channel18 or by the coupling of tne
levels of the f i r s t and second wells of the fission
potential barr ier. l 9

The intermediate structure complicates consider-
ably the statist ical representation of the cross sec-
tions: First, the distr ibution laws of the resonance
parameters are based on the stat ist ical mode! of
nuclear reactions which is inconsistent with interme-
diate structure, particularly where the strengtn func-
tion varies rapidly with energy. Second, the fluctua-
tions of the cross sections are causes partly by
changes in the average value of the resonance parame-
ters, due to the doorway states, and partly by the
fluctuations of the individual parameters around their
average values. In general, there is no way to sepa-
rate clearly these two causes of fluctuations.

A number of improvements in the stat ist ical repre-
sentation of cross sections have been suagested:
"forced sampling" may be used in the construction of
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ladders to ensure that the pseudoresonances reproduce
low resolution experimental datj.'-1 This technique is
limited to the construction of ladders and is not very
practical w e n the fluctuations in the cross sections
exceed the expected value, because they are due to
intermediate structure.

In the ENDF/B-IV description of some cross sec-
tions, the "average" resonance parameters are made to
vary rapidly with energy: The - i 5U average parameters
are rsdefinea at five energies between 82 and 100 eV,
hence "averts parameters" apply only to about six
levels! Sucn an approach must make an arbitrary divi-
sion betneei fluctuations in the average parameters due
to intermediate structure and fluctuations of the
parameters around their average values. There is no
guarantee fat such a representation will yield the
correct proraaility distribution of the cross sections,
and hence t"e correct self-shielding factors.

An additional Important objection to the statisti-
cal represertation of cross sections is that this
treatment is aased on the assumption that the actual
value of the tross section at a given energy is unim-
portant, l!ic only relevant quantity being the probabil-
ity distribution of the cross section. This assumption
does not see" reasonable. Figure 1 shows the total
cross sscticn of irci,20 and Fig. 2 shows two measure-
ments of the tapturj cross section of 2 3 aU; 2 1 in the
core of a fast reactor which contains much iron, the
neutron flu» will "peak" at the position of the minimum
in the iron c-oss section near 24 keV. It seems rele-
vant to ask wether the iron cross section minimum
"lines up" with a maximum or a minimum of the 2 3 8U cap-
ture cross section. Clearly, the ENDF/B-IV statistical
representation of the 2 3 8U cross sections shown in Fig.
2 cannot provide an answer to such a question.

We have reviewed a few of the problems associated
with the statistical approach to the unresolved region.
We will now s^ow how the results of measurements could
be usad directly (that is, without going through the
step of generating statistical resonance parameters) to
obtain those cross sections needed for reaction calcu-
lations.
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FIG. 1. Iron total cross section (10-35 keV).

Doppier irjadeninq and Resolution Broadening

Harris11 3nd Frtihner23 have given elegant proofs
of the fact that if a Doppler broadened cross section
is known for a temperature, Ti , the Dop'^er broadened
cross section -"or any higher temperature, T;, can be
obtained t/ an appropriate convolution. If *he broad-
ening kernel is approximated by a Gaussian, the rela-
tion follows f~om a well-known property of the convolu-
tion of two Qajssians, and can be expressed as:

and

T2 > T, (2)

where we use common notation.

FIG. 2. Z3BU capture cross section (20-50 keV).

Frohner also noted that often the resolution
broadening may be approximated by a Gaussian convolu-
t ion of 1/e - width, w. In this case Eq. (1) s t i l l
holds with:

T, > T,
AW2

(3)

In fact as long as AW2 i 4kT,E the effect of the
resolution broadening can be "unfolded" with fair accu-
racy, as we will show later.

by:2
For most t ime-of - f l ight measurements W is given

•10 (4)-

where L is the length of the flight path, I is the
length uncertainty due to the thicknesses of the detec-
tor and of the neutron source, T is the time uncertain-
ty resulting from the finite duration of the source
pulse and the resolution of the detector, and u = 72.3
liS/m at 1 eV is the neutron flight time at the refer-
ence energy. If the source neutrons are slowed down by
an hydrogeneous moderator, the moderation process
introduces a broadening equivalent to that of a length
uncertainty of approximately 2.1 cm.25

Figure 3 shows the room temperature Doppler width,
4, for a typical heavy element (A = 240), as well as
the resolution width, W, for three different instru-
nwntal conditions. The upper curves were computed for
I = 2.4 cm, T = 5 nsec, and flight path L or 40 and
160 m respectively. The lowest curve is also for a
160 m flight path, for l = 1.0 cm (nc moderator) and
T = 5 nsec.

We see from Fig. 3 that in the energy region which
contributes most to the Doppler effect, i.e., below 50
keV, the resolution width at a flight path of 160 m can
be made smaller or comparable to the Doppler width at
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FIG. 4 . 2JSU raockup cross section at 2 keV.

300°K, although above Z5 keV this requires measurements
without moderator.

The d i rec t use of cross sections measured with
good resolut ion to compute Doppler-broadened cross sec-
tions f o r reactor calculations is i l lus t ra ted in Figs.
4 and 5. The upper curve in Fig. 4 represents a mock-
up of the f iss ion cross section of JJ5U between 2000
and 2030 aV. The resonance parameters at 2 keV are not
known and the mock-up was obta'^ed by selecting the
same sequence of spacings and .educed widths that is
found between 0 and 30 eY. This is reasonable since at
2 keV the cross section is s t i l l dominated by the s-
wave contr ibut ion and since the s-wave average parame-
ters would not Le expected 1 ; chsnge cuch over the
small change in excitation energy. The second curve of
F i j . 4 was obtained by Doppler broadening the upper
curve to a temperature of 300°K; this is the cross sec-
tion tha t might be required in a reactor calculation.
The t h i r d curve of Fig. 4 shows the cross section as i t
would be obtained with the good resolution obtainable
on an 80 in f l i g h t path at ORELA. The lowest curve
shows the cross section as i t would be obtained with
the poorer resolution corresponding to a HO m f l igh t
path a t ORELA.

I t I s apparent from Fig. 4 that I f only the "poor
resolution measurement," shown in tho lowest curve, is
avai lable, the Doppler broadened cross section cannot
be re l i ab ly obtained by unfolding the resolution broad-
ening; i n th is case the most reasonable approach is
probably to generate ladders of pseudoresonances (such
as that shown in the upper curve of Fig. 4) and Doppler
broadening the ladders to obtain the probabil i ty dis-
t r ibu t ion of the Doppler broadened cross section. On
the other hand, i f the "good resolution measurement"
shown in the th i rd curve of Fig. 4 is available, then
an accurate ei timate of the actual Doppler-broatiened
cross section may be obtained by unfolding the broaden-
ing due to the instrumental resolution. The resolution
width. U, of the "good resolution measurement" of Fig.
4 1s approximately equal to the Doppler width, A. In
F1g. 5 we i l l us t ra te a possible technique to remove the
effect o f the resolution broadening.
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FIG. 3. Doppler width and resolution width vs energy.
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FIG. S. 2 3 SU mockup cross section at 2 keV.

In the lower part of Fig. 5 we show the "good
resolution measurement" (third curve of Fig. 4) fitted
by a linear combination of the form:

(5)

and

E-u.
(6)

where the I|I and •) are the usual Voigt profiles. 2 6 The
values of G d H b i d l

te |
values of u

sual Voigt profiles. Th
Gfc and Hfc were obtained by a least
h

uk, Mk, Gfc and Hfc were obtained by a least
squares fit. In the upper part of Fig. 5 we compare
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the "unbroadened" cross section, obtained in setting
W = 0 in Eqs. (5) and (6) to the "actual" Ooppler
broadened cross section (the second curve of Fig. 4).

The resolution unfolding illustrated in Fig. 5 is
not exact but, with the limitation that W ;. ,}, it pro-
vides a fairly accurate description of the actual
Doppler-broadened cross section. Other, perhaps n v e
powerful, methods exist to unfold resolution,-' but the
technique used here is convenient and also provides a
parametric description of the Ooppler broadened cross
section.

Discussion and Conclusions

Until recently partial cross section measurements
could be done only with the iroderate resolution corre-
sponding to flight paths of 20 to 50 m, because of the
limited intensity of pulsed neutron sources. However,
in recent years powerful neutron time-of-flight facil-
ities have been developed which allow a great improve-
ment in instrumental resolution.'1 For instance, •.,*
cross sections most important for the calculation of
the Ooppler coefficient of reactivity in fast reactors
could be measured at ORELA with the resolution corre-
sponding to the lowest curve in Fig. 3. Yet very few
high resolution measurements have been reported, and
none, to our knowledge, are used directly in reactor
calculations.29 The M g h resolution measurements are
difficult and time ,nsuming, and hence may not be per-
formed unless requested by reactor designers.

The storage requirements for evaluated data con-
sisting of actual floppier broadened cross sections
would be appreciable; if on the average n points per
Doppler width are required to represenc the Doppler
broadened cross section, then the total number of
points required to represent a cross section in the
unresolved range is:

-^:^-"M &- E, (7)

where E, and E2 are the limit of the unresolved range.
The Doppler broadened curve shown on Fig. 4 covers a
range of 33 Doppler widths and can be represented to 3«
accuracy by a linear interpolation with 35 points,
indicating that for this type of cross section n "t 1
or 2. For n - 1, Eq. (7) shows that approximately 2300
points would be required to represent a Doppler-
broadened cross section up to 50 keV. This is a fairly
large number of points, but the processing of a cross
section represented by data points should be faster
than the processing of average resonance parameters.

It appears to us that the expected increase in
precision, particularly in the calculation of the Dop-
pler coefficient of reactivity, makes it desirable to
abandon the statistical approach to the unresolved
region for the most important nuclides and to replace
it as soon as possible by the use of the actual Doppler
broadened cross sections obtained directly from high
resolution measurements.
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