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ABSTRACT

A method of correcting for unresolved levels in fissile nuclei
is described. The method is based on the distribution of the ratio
of the reduced neutron width to the total width of a level. Cal-
culations.are carried oul on three sets of data for U233 and it is
shown that approximately one quarter of the resonance levels are

undetected.
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Figure 1. The Probability for a Level Spacing (D) Less Than the
Mean Level Width (I') for Two Superimposed Level Sedquences
with Egual Mean Level Spacings, Versus the Ratio 5/5.
D is the Mean Spacing of the Double Sequence.

Fipgure 2. The Most Probable Number of Missed Levels (rk) Below

Détectability Limit k is Shown for Three Data Compilations.
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1. INTRODUCTION

In many applications of 1ow energy neutron cross section data, it is not
necessary to know the resonance parametefs of particular levels, but only average
parameters such as the s-wave gtrength function and the mean level spacing. To
determine these quantities an important correction must be made to the experi-

mental data for resonances which are unresclved in the measurement.

A method for calculating this correction based on the Porter-Thomas distri-
bution of reduced neutron widths has receuntly been described by Fuketa and Harvey
(1985) . An experimental resolution limit varies as a power of the neutron energy,
and levels lying below this limit are undetected in the measurement. Iﬁtegration.
of the Porter—Thomas distribution up to this limit, over the energy range under
consideration, gives the relative probability for missing levels. Hoﬁever, ﬁhen
overldppiﬁg of levels occurs, a level may remain unresolved with a reducéd neutron
width in excess of the limit of detectability. For leveis of the same spin sequence,
overlapping between.resonances is negligible, owing to the level repulsion effect,
but the probability of two levels overlapping becomes appreciable when two spin
sequences are superimposed, since the spacing distribution for each étate is B
indepehdent The probability of finding a level spacing less than T for a super-
position of two independent level sequences with average level spa01ngs Dl, D2 and

average level width F, ig given by:
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This function is shown in Figure 1 plotted against the ratio 5/F for the case
Dy = Dz. For non-fissile nuclides for which 5/F is large, the probability of
levels overlapping is still small and therefore the method of correction described
above is quite adeguate. We cannot ignore levels missed by overlapping in the
fissile nuclides, however, because of their much smaller value of ﬁ/ﬁ, and the
method of correction described below was developed specifically to deal with these

cases.

In the single level Breit-Wigner approximation to the neutron cross section,

the peak height of a resonance is given by 0o = 4ﬂi2an/F, where 29X is the
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de Broglie wavelength of the neutron (in the centre of mass system), Pﬁ is the
neutren width and I' the tetal width of a resonance, and glis the spin weighting
factor. When 0, 18 small compared with the background cross gection, there will
be a large probability of failing to resolve the level. We base our method of -
correction on the distribution of the resonance peak heights, comparing the energy
independent ratio Pg/P, where T'§ is the reduced neutron width, with the predicted
distribution. This gives a more powerful test for missed levels in those nuclei

where the correction is expected to be greatest.

z. THE METHOD OF CORRECTION
A detectablllty llmlt is selected and the number of levels for which FCVP

lies below the llmlt is compared with the number predicted from the theoretical
distribution. The probable number of levels missed below the chosen detectability
limit is the difference between the expected and the observed nunbers. The 1limit
of‘detectability is then increased until the nuwber of unresolved levels below
this limit remains constant (except for statistical fluctuations), and this then
gives the total number of levels missed in the measurement. Since we cover a wide
range of limits, we no longer need to take into account the energy dependence of
the cut-off value. Furthermore, the correction now includes levels which are
undetected as a result of overlapping with nelghbouring levels since we use a

variable detection limit.

Suppose that Nobs

EN _ EQ' The ith resonance has reduced neutron width ng, fission width Ffi’

and total width Pi. Further, suppose that the total number of missed levels in

levels are observed experimentally in an energy range

the energy range is r and the nuwmber of levels missed below a detectability limit
k is rk. Then the actual average level spacing 5, the average reduced neutron

width fg, and the average total width f;may be written as follows:

D - N 0
Nopste-2 2 (2)
Nobs
o, =o!
Pn,-,"'Pn
=0 i=1
Pn = N FR- T .(5)
obs
obs
1!
' 4+ rp
— 1 =1 1
Foos e L (4)
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_t
where FE is the average reduced neutron width of the missed levels and ' is the
average total width of the missed levels. The expected number of levels missed

below the detectability limit k is given by:

r = (N

K + 1) Pr(k) - N, e e (5)

obs
where Nk is the number of levels observed below the cut-off k and PY(k) is the
probability of finding a level with PE/P = k. For k not too small, we may
approximate r by Ty in Equation 5 and solve by iteration:

e e () 5 (g
(o)

k

x e (5a)
where m 1s the order of the iteration. T
iteration continued until rk(m) = rk(m_l).

averaging r, over a number of detectability limits.

18 put equal to zero and the

r may theun be estimated by

It is possible by this method of correction to detect overall imperfections
in the original data. If the number of missed levels continues to decrease as
the detectability limit increases, it is an indication that spurious levels have
been included in the analysis. These levels typically are given small values of
the ratio Pz /P and are included in order %o improve_the fit to the experimental

crogs sectionm.

3. THE DISTRIBUTION FUNCTION P (%)
1

It is well known that the distribution of reduced neutron widths about their

mean may be represented by a Porter-Thomas distribution with one degree of freedom:

1 -x/2 - 1/2
P(x) dx = e X ©odx (o,m) ., . (6)
e S
where x = Pg/Pg. The fission width distribution is usually represeanted by a

member of the same family of curves with n degrees of freedom:

n/z /
k n -0Gw/ 2 n/g-l
P(w)dw 72 (0] ) e W dw (0,@) | ... (7)
where w = PfﬁFf. In this case u is not normally an integer since the partial

fission widths in each channel do not necessarily have the same mean and, also,
when two spin states are present the average fission width for each state may be
different. If we assume that the radiation width PT’ is counstant, the
probability element for P/Ff may be obtained from Equation 7 by substituting

y = wte where y = r/ﬁf and ¢ = f}/ﬁf.is'a constant to obtain:

nn/g enc/g

2"/ (v/2)

The joint probability element in the distribution of x and y is therefore:

Ply)dy = e -oy/a (y—(:)n/E-1 dy (c,) R e (8)
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,_P(x,y)dxdy = K e -(x+ny)/2 X “1/2 (y-c)n/a"l dxdy, R (9)

nn/g:enc/z

2%2 r(y/) Jar

where K

°

The element for the ratio x/y is then obtained by making the substitution:

X = uv,

y = V/n, in Equation 9.

The digstribution function for the variate x/y becomes !

: ne/z t/n - |
Hx/y&£t) = < -1/2 ~(1+u)v/z2 172 one) /22 o
[y <t ey P(n/E)JEETMZ\ uwt/ dukl; e v f_(v e) av (10)

The integration over v cannot be performed analytically and to facilitate com-

putation of the integral in applications we integrate over u to obtain:

enc/2 g n/z-1 '
P(X/yét)=m . e™V/2 (vone) erf(&)dv, cvenena(11)

It is now a simple matter to obtain P? (k) as:

enc/z

P? (g} = P-(Pg_/P.S_k)= 5675_5(27;) ] e—V/E (v-nc)n/?‘"l erf {;/g:;;? }-dv ... (12)

The éuperscript u refers to the number of degrees of freedom in the fission width

distribution.

4. CALCULATION OF MISSED LEVELS FOR U233

Calculations were made for the number of misged levels in U233 using three
different sets of experimental data. These were the compilation of recommended
values of Stehn et al. (1965) and two analyses of Nifenecker (1964, 1965). The

energy interval selected was from 1.8eV to 26.0eV.

Recently, Lynn (1964) has suggested that resonance parametérs obtained from
the crogs sectiong of flgsile nuclei may be greatly in error owing to the level-
level interference term. To test thls suggestion, Monte Carlo methods were used
to generate crosg sectionsg with both multilevel and single level formulae., More

realistic average parameters were inserted than those used by Lynn and it was
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thea found that although large differerces between multilevel and single level
Ccross sectiouns occurred in valleys between resonances, the discrepancy at the
peak height of a resonance was rarely greater t{han 10 per cent. However, the
resounance half widths were often altered by a greater amount. The same levels

were "missed" in both methods of gencration.

Since our method in effect simply corrects the distribution of peak heights,
it is thought to be independent of the method used in obtaining parameters,

provided interference has no systematic effect on the fission widths and hence

on ﬁf; Indirectly, however, level-level interfereance may have a significant
effect 6n the average parameters. This is caused by the inclusion of broad levels
in some analyses to lessen the discrepancies caﬁsed by interference in the valleys
between resonances. The effect of these spurious levels is to increase I' and Nobs’
thereby giving too large a number of missed levels calculated for small detectability
limits., The number of levels missed then decreases with increase in the limit of
detectability as spurious levels are included in Nk, the number of levels observed

below the 1limit.

In the more recent data of Nifenecker, single level parameters were obtained
by performing a least squares fit to the fission cross section. Asymmetric
resonances were assumed to be due to the overlap of a broader level with a narrow
resonance and furthermore broad levels were included to improve the fit between
resonances. The average fission width for this set of data iz therefore much
larger than that in the other two. In order to bring this set more closely in
agreement with the earlier compilations, we omit the resonances at 2.19, B.72,

and 15.56 eV, for this calculation. Table 1 gives the data averages used in the

calcﬁlation.
TABLE 1
AVERAGE DATA VALUES USED TN CAICULATION
Stehn et al, Nifenecker Nifenecker
(1985) (1964) (1965)
obs 25 . 27 30
"Nobs

Z{: Pgi(mV) 4.79 4,76 5.18
i= _

Ff (mv) 283 304 415

Iy (av) 45 45 45




Ti all cases, the average rec.ced neutron width for the missed levels was assumed
to be 0.02 mV. When other values were tried, it was found that 100 per ceunt.
variations produced differences of less than one level in the number of levels
missed. Missed levels were assumed to have the same average total width as that.
for the observed levels. The number of degrees of freedom assumed for the fissicn
width distribution was 3 and a range of detectability limits from 1 X 107° to

3 X 10°* was chosen, Figure 2 illustrates the number of levels missed below each

detectability limit for each set of data.

There is a tendency for the correction to the data of Stehn et al. to show
a coutinuous rise with increasing detectability limit while that for the more
recent Nifenecker data falls after peaking for small values of the cut-off. This
may be taken as evidence of significant departures of the appropriate sets of
parameters from the expected distribution shape, either because of the inelusion
of spurious levels, or from the poor gquality of the data. However, when we
average r) over detectability limits > 1.4 X 10'4, good agreement is obtained
among the three data compilatiens for the total number of levels in the energy
range under counsideration. Table 2 shows the average parameters when the

correction produced by missed levels is included.
TABLE 2

CORRECTED AVERAGE PARAMETERS

Stehn et al. | Nifenecker Nifenecker
. (1964) (19865)
Number of levels missed 12.8 11.4 8,7
Total number of levels present 38 38 39
D (eV) 0.65 0.65 0.64
2g P2 (wv) 0.13 0.13 0.14

The s-wave strength function, fg/ﬁ =2 X 10"4,

5, CONCLUDING REMARKS

The method of correction for missed levels described here, in effect corrects
an experimental distribution of resonance parameters by comparing it with the
expected distribution. As it is insensitive to the precise experimental
resolution limit, unlike the method of Fuketa and Harvey in which a careful

determination of the limit must be made, levels missed above the resolution limit
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owing to overlapping are included in this correction. Furthermore, provided the
number of levels considered is large enough to permit reasonable statistical
accuracy, this type of test may show the bresence of other systematic deviations

from the expected distribution of rescnance parameters.
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