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The evaluation of radiation damage in stainless-steel reactor pressure vessels
requires reliable iron cross sections. However, cross sections in general, and those of
iron in particular, in even the more recent evaluated-cross-section libraries (e.g.
ENDF/B-VI1) are not yet reliable enough to satisfy the needs of the dosimetry as well
as those of other user communities. Even if the uncertainties due to the approximations
involved in the calculational models and numerical schemes are negligible, the
uncertainties in calculated responses — due to the uncertainties in the given cross
sections — generally are such as to make these responses rather doubtful. Speaking of
cross-section (limited) reliability, we refer not only to their nominal values, but also to
the uncertainties (collective noun for variance and covariance) in these values. To
illustrate the argument about the modest quality of present-day cross-section data, we
quote Ref. 1 (p. 154): "The 56Fe(n,n') cross section exciting the 0.847 MeV level up to
an incident neutron energy of 5 MeV is known to about 5-10%, but an accuracy of
2% is needed for reactor pressure vessel surveillance dosimetry."

In the analysis of any problem, involving the calculation of physical quantities which
are functions of certain cross sections, an essential element is the evaluation of the
partial derivatives, i.e. the sensitivities of each response to every parameter. The
sensitivities are, first of all, necessary to determine the uncertainties in the calculated
responses, and for a given response the sensitivities serve to find the "more important"
parameters. As the geometry of an assembly becomes even moderately complex, if
time-dependent solutions are required, or when point, rather than multi-group, cross
sections are called for, then deterministic calculations become unacceptably time
consuming.

To overcome these difficulties we turn to MC calculation of the responses and their
sensitivities. Then the geometry poses no serious problems, time-dependent problems
are as easy to solve as stationary ones and, surprisingly, the differential-operator
method, suggested by Hall,2 reformulated in an elegant paper by Rief,3 and recently
adapted to the evaluation of point-detector sensitivities,4 facilitates the evaluation of all
the sensitivities of all the responses in the one MC run that calculates the responses.

A detailed description of the differential-operator method and the rigorous
derivation the actual algorithm for the evaluation, in one MC run, of both the great
number of responses and all their sensitivities are given in Ref. 4.

In this work we will present the sensitivities of the recently measured5 237Np/238U
fission-rate-ratio, in the NIST-Iron-Sphere field, to the 56Fe elastic- and first-level-
inelastic-scattering cross sections. The reported measured value of this response is
18.25 and our calculated value, based on ENDF/B-VI data, is 18.65. The respective
relative statistical uncertainties are 0.26 and 0.8 percent.

The NIST Iron Sphere has a radius of 25.35 cm, and its density is 7.831 gr/cc. Its
isotopic composition is also given. ROSPEC energy-leakage-spectrum measurements
at both 1 and 2 meters from the center were performed, as well as fission-rate-ratio
measurements at 30 cm from the center, utilizing the NIST back-to-back double-
fission chambers6. Traditionally, the NIST fission-rate-ratio measurements are very
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accurate, and these measurements in the Cf and ISNF standard neutron fields already
serve as integral responses in LEPRICON.7

It is important to understand the sensitivities of the various fission-rate ratios to the
sphere's cross sections, in particular to those of 56Fe. Figure 1 depicts the relative
sensitivity of the "7Np/238U fission-rate ratio to the 56Fe elastic- and first-level-
inelastic-scattering cross sections. Recall that if Rl is reaction rate of type 1, and R2
reaction rate of type 2, then the relative sensitivity of R1/R2 to a parameter p is

p 9 (R1 /R2)_ p 3R1 p 3R2 t

Rl / R2 9p ~ Rl dp R2 dp '
i.e. the difference between the two reaction-rate relative sensitivities. Obviously, the
relative sensitivity of this ratio to the first-level-inelastic-scattering cross section
vanishes below 847 keV, the energy of the first excited level. One also notices that the
sensitivities to the elastic- and inelastic-scattering cross sections are negative at the
lower energies up to about 1.5 MeV, and positive at higher energies. The maxima of
the relative sensitivities to the elastic- and inelastic-scattering cross sections are at
about 1.7 MeV. This energy is slightly higher than the 238U effective fission threshold.
An elastic- or inelastic-scattering event at about 1.7 MeV slows the neutron down to
below that threshold, diminishes the denominator in our fission-rate ratio and thus
increases the response. One has to keep in mind that in an elastic-scattering event the
neutron can lose at most [4A / (A +1)2]E which is 117 keV for a 1.7 MeV neutron
elastically scattered on 55Fe. On the other hand, a neutron exciting the first level loses
over 850 keV. It is worth noting that due to this the sensitivity to the inelastic-
scattering cross section has a much wider maximum than the sensitivity to the elastic-
scattering cross section. There is, of course, much more structure in the sensitivities of
Fig. 1.
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Fig I: The relative sensitivities of the 237Np/238U fission-rate ratio, at 30 cm from the center of the
NIST iron sphere, to the 56Fe elastic- and first-level-inelastic-scattering cross sections
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Fig 2: The relative sensitivities of the Np fission rate, at 30 cm from the centci of the NIST iron
sphere, to the 56Fe elastic- and first-level-inelastic-scattering cross sections
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Fig 3: The relative sensitivities of the U fission rate, at 30 cm from the center of the NIST iron
sphere, to the 55Fe elastic- and first-level-inelastic-scattering cross sections
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Much insight can be gained by understanding what is behind each peak or valley in
the sensitivity curves. The physical picture becomes much more intelligible as one
examines the sensitivities of each reaction rate apart, and recalls that the relative
sensitivity of the ratio is just the difference between the two respective relative
sensitivities of the numerator and denominator. Figs. 2 and 3 respectively represent the
relative sensitivities of the 237Np and 238U reaction rates to the 56Fe elastic- and first-
level-inelastic-scattering cross sections. Both elastic and inelastic scattering slow the
neutrons down, and thus, unless there is a very substantial change in the relevant cross
section, fission in our case, these sensitivities will be negative. In other words, the
response will be smaller for an increase in a scattering cross section. An interesting
difference between Figs. 2 and 3 can be noticed in the energies at which the
sensitivities start to differ from zero. Since the 237Np fission threshold is lower than the
56Fe first excited level, we can see in Fig. 2 that the sensitivity to the M'Fe elastic-
scattering cross section starts to become negative at the fission threshold and that the
sensitivity to the first-level-inelastic-scattering cross section starts to differ from zero
only at energies higher than the first excited level energy. In Fig. 3, on the other hand,
both sensitivities start to become negative at energies that are slightly higher than the
effective fission threshold of 238U, which is higher than the 847 keV first excited level.
Thus we can now understand the features of the two curves in Fig. 1, which are just
the respective differences between the two curves in Fig. 2 and the corresponding
curves in Fig. 3. The sensitivity analyses of other fission reaction-rate ratios outside the
NIST iron sphere are just as illuminating.

Referring to the MC calculation of responses and sensitivities, an additional remark
is worth our while. Direct simulation is extremely inefficient. Therefore, in a practical
game paths are sampled collision by collision, and the contributions of individual
collisions to a response are collected and their sum is the path's estimate of this
response. The differential-operator method addresses the simultaneous evaluation of
the contributions of each collision to all the relevant sensitivities of the response. The
result is a convenient and highly efficient tool for the one-shot evaluation of the
multitude of sensitivities, of as many responses as there might be, together with the
very responses, which in fact makes the kind of analysis we have presented possible
and even very practical.
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