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WORK ON SURVEILLANCE DOSIMETRY AND BENCHMARKS
USED FOR U.S. POWER REACTORS AND

FOR IRRADIATION EXPERIMENTS

F. B. K. Kam and F. W. Stallmann

Exposure to neutron radiation causes embrittlement in the pressure vessel (PV) steels
of commercial power reactors which lowers the resistance against cracking. To prevent
catastrophic failures of the PV, surveillance programs are required which monitor the
neutrJn environment and its effect on the PV plates and weldments during the
operating life of the reactor. In the standard surveillance program, capsules containing
specimens of the PV materials and dosimetry are inserted at the beginning of the
reactor operation at locations inside the PV (usually either at the thermal shield or the
inside surface of the PV). These capsules are removed at predetermined times and
analyzed to determine the radiation damage and neutron fluence received at the time
of removal. In some reactors, additional dosimetry measurements were performed in
the cavity behind the PV wall to obtain a more complete assessment of the neutron
fluence throughout the PV wall and to monitor modifications of the neutron
environment, such as the introduction of low leakage cores. Neutron fluence
calculations are needed in addition to the measurements since the dosimetry does not
provide the complete energy spectrum of potentially damaging neutron radiation. Also,
dosimetry cannot be applied at the critical locations inside the PV wall.

The assessment of radiation damage requires not only the determination of neutron
fluences but uncertainties must also be considered to assign safe but not un-necessarily
conservative safety margins. Measuring uncertainties in the dosimetry is usually well
understood; however, assigning uncertainties to the fluence calculations is far from easy.
The calculation depends on a large number of input data concerning the geometry and
material composition of the reactor and also large amounts of nuclear data. Ali of
these data impact in a rather complicated way on the calculation which is in itself
rather involved and requires many simplifications to hold down computing times, even
with today's technology. The sources of uncertainties in the fluence calculations can be
categorized as follows:

Method uncertainties. These uncertainties are caused by the need for numerical
approximation to the solution of the neutron transport equation. Examples are
finite mesh size, the use of finitely many terms in an infinite expansion, and a
synthesis procedure which replaces the three-dimensional model with a
combination of two-dimensional ones. These uncertainties can be reduced by
using more refined approximations at the cost of greatly increased computer
time.



Modelling uncertainties. These uncertainties are due to inaccuracies in the as-
built dimensions in the reactor configuration, such as slight eccentricities of the
reactor vessel relative to the core and perturbations at the location of the
surveillance capsule. Uncertainties in the material composition of the reactor
components, such as the PV steel, the concrete of the biological shield, and the
density of the coolant water also fall into this category.

Uncertainties in the nuclear data. The pertinent data are the cross sections,
both for neutron transport and dosimetry, and the neutron spectrum of the
fission source.

Quantitative measures of uncertainty must be assigned to each individual item in the
above catalog. The standard deviation is the most commonly used quantity w_.'thtwo to
three standard deviations usually assigned as a safety margin depending on the severity
of the consequences for exceeding the margin. The source uncertainties can then be
propagated to the calculated fluences by determining the influence each source term
has on each individual fluence value. Since each source term influences ali fluence

values to a varying degree, a correlation between uncertainties for fluences at different
neutron energies and/or different locations exists, even if the source uncertainties are
un-correlated. Correlations are an essential part of each complete quantitative
characterization of uncertainties. They are needed for the correct determination of
standard deviations for any combination of fluences, e.g., for damage parameters such
as dpa (displacements per atom). Correlations must also be considered in comparisons
between calculated fluences and dosimetry measurements and in adjustment procedures.
The following steps are required for the quantitative determination of uncertainties for
calculated fluences:

Identify ali relevant sources of uncertainty for the fluence calculation under study
and assign standard deviations (and correlations, if applicable) to each source.
This procedure will be, in most cases, in the form of an "informed guess" since
no strict statistical basis is available for such assignments. Credible assignments,
that can be generally accepted, are nevertheless possible.

Determine the sensitivity of each source uncetta,.'nty to each fluence
determination. This can be accomplished by varying the input parameters within
the range of the source uncertainties and determining the resulting change in the
calculated fluences. This is obviously a rather involved task which is feasible
only by using significant simplifications and shortcuts. The sensitivities are
linearized to obtain a matrix which relates the source uncertainties to the fluence
uncertainties.



Calculate the fluence uncertainties (standard deviations and correlations) from
the source uncertainties and the sensitivity matrix. The combination of
uacertainties from different sources is considered additive (corresponding to the
sum of squares of standard deviations). Sources with small contributions can
often be disregarded.

Computer programs which perform these steps are contained in the LEPRICON code
package. 1 Application of this methodology z3 has shown that the procedures outlined
above are feasible and lead to credible results. Nevertheless, this or any equivalent
methodology requires considerable skill from the analyst in setting up the procedure
and interpreting the results correctly which makes it less than desirable for routine use.
However, source uncertainties and sensitivities remain mostly the same for different
fluence calculations of the same reactor and differ very little between reactors of similar
construction. Thus, a complete uncertainty analysis needs to be performed only once
and the resulting standard deviations and correlations can be used as "generic" values
for other, similar fluence calculations, lt is even likely that such generic uncertainties
can be extended to more general cases; it should be noted that the assignment of
source uncertainties is, in itself, rather uncertain so that small differences in the source
uncertainties and sensitivities are comparatively unimportant. When and to what extent
generic fluence uncertainties may be used requires further study by comparing the
results of explicit uncertainty analysis for several different reactor environments.
Investigations of currently used procedures show that fluence values related to radiation
damage can be calculated at the surveillance location with standard deviations between
8% and 20% with somewhat higher values at the cavity.

"Benchmark experiments" have been performed in order to validate current fluence
determination methodologies. "Benchmark fields" consist of facilities with well-defined
neutron fields in which extensive dosimetry measurements have been performed in
addition to state-of-the-art fluence calculations. Depending on the particular
configurations, different aspects of the fluence calculation are tested. The "Standard
Neutron Fields" which consist of a single fission source are intended primarily for
testing fission spectra and dosimetry cross sections. The "Prototypic Test Reactor
Fields" consist of a simulation of some part of a typical power reactor configuration and
are intended to test the ability to accurately calculate the transport of neutrons from
one part of the reactor to another including test of the transport cross sections. A third
group of benchmark fields consists of selected operating power reactors which have
been carefully analyzed with additional dosimetry placed in the cavity. These
benchmarks can be used to test all aspects of any methodology for fluence calculation
of power reactors of similar type. In particular, any calculational procedure or set of
nuclear constants that deviates from currently accepted practice should be tested in the
appropriate benchmark fields.



The ultimate test for the validation of a neutron fluence calculation including
uncertainties is the comparison with dosimetry measurements. The basis for such a
comparison is the ratio between the calculated dosimeter response (obtained from
calculated fluences and the dosimetry cross section) and the corresponding
measurement, the C/E (calculated over experimental) ratio. The calculation is validated
if the C/E ratios are consistent with the combined uncertainties from calculations and
measurements. Correlations between the uncertainties of different C/E ratios should

also be considered in determining the degree of consistency. (The statistical measure
for consistency is the Chi-square value which can be calculated from the standard
deviations and correlations.)

It has been customary to regard the C/E values as indicators for the accuracy of a
fluence calculation and to use a suitable average of them as a scale factor to correct
the calculated fluences. This practice has some intuitive appeal, but is dangerous and
unsound since agreement at one location and at one energy range need not be
indicative of locations and energy ranges not covered by dosimetry. Moreover, any
fluence calculation that is inconsistent with dosimetry measurements within uncertainties
must be completely re-evaluated to determine the source of error and cannot be
rescued by corrective measures. Once consistency is established, an uncertainty analysis
as described above does not only cover ali locations and energies contained in the
fluence calculation but also provides a mathematically valid procedure for use of the
added information from the dosimetry measurements to correct (adjust) ali calculated
fluences and at the same time to reduce uncertainties. The procedures in question are
known as "adjustment procedures" and are based on the least-squares principle.
(Maximum likelihood and Bayesian principles are equivalent if Gaussian distribution is
assumed; the use of these or other principles in non-Gaussian settings is possible but
the added complication makes it hardly worthwhile.) One such procedure is part of the
LEPRICON _ methodology. Simpler procedures, such as LSL-M2 4 can be used if the
fluence uncertainties are known beforehand, lt is also permissible to use the calculated
fluences with uncertainties "as is." The improvements in fluence values and
uncertainties may not be significant enough to warrant the extra effort in applying an
adjustment procedure.

Whether or not an adjustment procedure is applied, the uncertainties in the calculated
fluences must be consistent with the dosimetry measurements. A serious problem arises
if the differences between calculation and measurements exceed the expected
confidence limits. [For the sake of safety rather strict limits should be applied; the
value of Chi-square per degree of freedom (i.e., the number of measurements) should
be less than one.] A moderate deviation may just be the result of an underestimation
of the source uncertainties and may be remedied by appropriate increases. Substantial
deviations call for a complete review of the methodology to pinpoint the possible error.
An adjustment procedure may help in this task by demonstrating which of the data
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require the largest adjustment. However, the results of adjustment procedures should
never be used for radiation damage assessment before the inconsistency has been
eliminated. An extra large safety margin must be applied as long as the discrepancy is
not resolved.
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