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1. GENERAL ASPECTS

In the evaluation of neutron embrittlement of light water reactor pressure
vessel (LWR-PV) steel, it is necessary to know the neutron exposure of the steel in
order to interpret the resulting changes in mechanical properties. In this ch.apter we
discuss LWR-PV neutron transport calculations and dosimetry methods, andiiow they
are combined to evaluate neutron exposure. First, we review the history of the
development of these approaches.

1.1 History

In early work on the neutron embrittlement of pressure vessel steels [1], there
were very large uncertainties in the evaluation of neutron exposure. It became clear
[2] that the best experimental approach for reducing the uncertainties was activation
dosimetry (sometimes referred to as radiometric dosimetry). In this approach a set of
foils or wires of different chemical elements or isotopes is irradiated. Each one
undergoes activation in response to a different range of the neutron energy spectrum
[3-5]. The spectrum can then be evaluated from the measured activities of the foils, if
the activation cross sections are known.

Activation dosimetry by itself, however, was not able to give a very detailed
picture of the neutron spectrum, principally because of the lack of availability of a large
enough set of suitable monitors that responded to different parts of the neutron energy
range. Nor could activation dosimetry provide a knowledge of neutron exposure at
locations other than the dosimetry locations.
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Fortunately the problem could also be approached theoretically by solving the
energy-dependent Boltzmann transport equation. To do this in a practicable manner,
the development of new calculations methods, high speed computer hardware, and
complex computer codes was necessary. Evaluated neutron scattering and
absorption cross sections were also needed. As these developments proceeded in
the early sixties, it became possible to combine the results of neutron transport
calculations and dosimetry measurements for the same reactor location and achieve
the "best fit" neutron flux and spectrum by iteration [6]. The transport calculations could
then supply results for other locations. However, different workers used different cross
section libraries [7], making it difficult to compare results from one reactor to another,
and there were still significant uncertainties in the results.

In 1966 the Cross Section Evaluation Working Group (CSEWG) was formed in
the U.S. in order to coordinate the evaluation of nuclear data, originally for the fast
breeder reactor program, and later, for a variety of purposes. This group has produced
six versions of the Evaluated Nuclear Data File (ENDF/B) to date, the most recent
being ENDF/B-VI. Dosimetry files have been included since ENDF/B-IV [8]. Evaluated
cross section files have also been developed in Europe, Japan, and the USSR, and
are called JEF, JENDL, and BROND, respectively [9]. A major advance was~ the
inclusion of error files, beginning in the late seventies. Extensive cross section
sensitivity and error studies on parameters related to LWR-PV damage analysis
became feasible [10]. These efforts have led to great improvements in the cross
section information available, and to more standardization between laboratories.

In 1971, the Interlaboratory Liquid Metal Fast Breeder Reactor Reaction Rate
(ILRR) program was initiated by the U.S. Atomic Energy Commission to develop a
capability to determine consistent and reliable experimental values for reaction rates
in various well-established and permanent neutron fields [11]. Cooperation was
established with the U.S. National Bureau of Standards and the Centre d'Etude de
I'Energie Nucleaire-Studiecentrum Voor Kernenergie in Mol, Belgium. This program
provided excellent quality control for dosimetry in breeder reactor development.

In 1975, recognizing the need for further improvement and for international
cooperation in the dosimetry field, the American Society for Testing and Materials
(ASTM) Committee E-10 (now called Nuclear Technology and Applications), together
with the EURATOM Working Group on Reactor Dosimetry, began sponsoring
symposia on reactor dosimetry. Seven of these symposia have now been held, and
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the proceedings have been published [12-18]. These proceedings detail the progress
that has been made internationally in reactor dosimetry research and development.

In 1977 the U.S. Nuclear Regulatory Commission established the Light Water
Reactor Pressure Vessel Surveillance Dosimetry Improvement Program. Its purposes
are "to improve, maintain, and standardize neutron dosimetry, damage correlation,
and the associated reactor analysis procedures used for predicting the integrated
effect of neutron exposure to LWR pressure vessels [19]." Cooperative links have
been established between U.S. and European laboratories. Benchmark neutron
facilities have been set up, including PCA, VENUS, and NESDIP [16-17], in which
radial neutron penetration, variation of the reactor core fission neutron source, and the
reactor cavity environment were studied, respectively, and comparative experiments
have been performed.

In 1980 the IAEA Nuclear Data Section organized an international
calculationaf exercise to determine the state of the art of data treatment in reactor
neutron metrology. It has been conducted in three rounds, called REAL-80, REAL-84,
and REAL-88. REAL stands for "Reaction Rate Estimates, Evaluated by Adjustment
Analysis in Leading Laboratories." This exercise has been helpful in revealing
problems in unfolding calculations [20]. '

ASTM Committee E-10 has developed standard methods for pressure vessel
dosimetry, contained in the Annual Book of ASTM Standards [21]. Standard methods
have also been developed in Germany, as DIN 25456 [22].

In recent years the Electric Power Research Institute in the U.S. has
sponsored the development of the LEPRICON computer code system, which takes
careful account of uncertainties in cross sections, dosimetry measurements, and
transport calculations in terms of covariances and bias factors [23].

As a result of these efforts, it is now possible to evaluate integrated neutron
exposure (fluence of neutrons having energy greater than 1 MeV) with 1a
uncertainties as low as 10% for power reactors [24] and in the range of 5 to 10% for
mockup experiments. Maintenance of uncertainties at levels this low depends on
continued attention to benchmarking, standardization of methods, "round robin"
radiation counting comparisons, the complementary use of transport calculations and
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dosimetry, and rigorous accounting for uncertainties in all aspects of the process of
evaluating neutron exposure.

1.2 Definitions of Important Concepts

In light water reactors the neutrons originate primarily from the fission of 235U
by thermal neutrons, although thermal fission of 239Pu becomes significant as fuel
burn-up proceeds. The energy spectrum of the neutrons produced in 235U thermal
fission has been described by Watt [25] and by Cranberg [26]. About 2.4 neutrons are
produced per 235U fission, compared to about 2.8 for 239Pu. Their average energy is
about 2 MeV for both nuclides.

The flux density or simply "flux" of neutrons is defined as the number of
neutrons per unit time that pass in all directions through an imaginary sphere of unit
cross sectional area centered on the point in question. Flux is represented by the
symbol <)>, and its units are neutrons/m2-s.

The fluence. <I>, expressed in neutrons/m2, is the time integral of the flux. The
energy spectrum of the neutrons is most usefully plotted in terms of the flux per unit
lethargy.

Lgltiargy(u) is defined by

where Emax is usually taken to be 10 MeV. By plotting the flux per unit lethargy on the
ordinate versus the neutron energy on the abscissa of a log-log plot, one obtains a
graph in which the number of neutrons in each part of the spectrum is proportional to
the area under the curve, and the detailed shape of the spectrum can be seen.

The wide energy spectrum of the neutrons in a reactor results from interaction
of the original fission neutrons with nuclei of the materials in the reactor. The principal
interactions in an LWR are elastic scattering (n.n), inelastic scattering (n.n'-y), radiative
capture (n/y), and fission (n,f), the first two yielding a neutron of lower energy than that
of the incident neutron.
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The rate of neutron interactions is expressed in terms of the cross section (a)
for the particular reaction:

where —JJT is the number of interactions occurring per unit volume and per unit time, N

is the number of target nuclei per unit volume, <}> is the neutron flux, and <J is normally

expressed in barns (= 10-28 m2).

The total cross section is the sum of the partial reaction cross sections for all of
the interactions that a neutron of a particular energy can undergo in a particular
material:

OTOT = CJELAS + OINELAS + <J(n,y) + etc.

The mean free path is the average total distance that a neutron travels before
interacting:

N(m-3)OTOT(m2)

The mean free paths of fission neutrons in light water or steel are typically a few
centimeters. Thus, on the average, neutrons undergo several scatters in travelling
from the reactor core to the pressure vessel. The cross sections for materials of
interest in LWRs have been measured, evaluated, and tabulated in the nuclear data
files available from the four nuclear data centers.

There are three main components in the neutron spectrum in the core of a
LWR: the prompt fission neutrons (first-flight or unscattered), which have energies in
the range of about 0.1 to about 15 MeV, the intermediate-energy or "slowing-down"
neutrons, with energies between about 0.5 eV and about 0.1 MeV, and the thermal
neutrons, having energies below about 0.5 eV. The fission neutrons can be described
by the Watt or Cranberg curves as noted above. The intermediate-energy neutrons
have an energy spectrum that is approximately proportional to 1/E, because the
scattering cross sections are nearly constant with energy in the intermediate-energy
range, absorption cross sections are small, the core is large compared to the mean
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free path, and in each collision, a neutron loses nearly a constant fraction of the
energy it has before the collision. The thermal neutron component is nearly in thermal
equilibrium with the LWR core, and its energy spectrum is roughly approximated by the
Maxwell-Boltzmann distribution. Deviations are caused by neutrons being added on
the higher energy side by scattering down, and being removed preferentially on the
lower energy side because absorption cross sections are proportional to 1/VE.

As the neutrons diffuse from the core to the pressure vessel, their flux drops by
some three or four orders of magnitude and their energy spectrum changes as a result
of interactions with reactor materials. Figure 1 compares normalized neutron spectra
in the core and in the pressure vessel of a BWR, down to 0.1 eV. These spectra were
calculated using an Sn transport code with 100 energy groups and P3S8 cross section
expansion and quadrature. The structure in the spectra correspond to resonances in
the absorption cross sections of uranium and iron, respectively.

When neutrons interact with solid materials such as pressure vessel steels,
they produce nuclear transmutations and atomic displacements. Most of the atomic
displacements are produced by fast neutron collisions with nuclei, producing primary
knock-on atoms (PKAs), which in turn produce cascades of atomic displacements:
Thermal neutrons are able to produce atomic displacements because of the recoil of
the nucleus that results from gamma ray emission in radiative capture of neutrons, and
also because the resulting gamma rays (having several MeVs of energy) can produce
displaced atoms via Compton recoil electrons [28]. If the cross sections are known in
detail for all possible neutron interactions with a material, it is possible to calculate the
energy spectrum of the primary knock-on atoms from the neutron energy spectrum.
From this, the number of atomic displacements that result from neutron interactions
can be calculated, using the modified Kinchin-Pease (or Norgett, Robinson, and
Torrens) [29] equation. This equation requires a knowledge .of the energy required to
displace an atom, and uses the Lindhard theory [30] for evaluating the fraction of the
PKA energy that goes into atomic displacements. This calculation has been
performed for iron and is the basis of the standard practice for calculating the
displacements-per-atom ordpa [31]. Dpa is defined as the number of times, on the
average, that an atom has been displaced during an irradiation. Calculation of dpa
takes account of the fact that the number of displaced atoms that result from a neutron
interaction depends on the energy of the neutron.
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When a surveillance program is performed on a power reactor, the
surveillance specimens are located between the reactor core and the inside wall of the
pressure vessel. The rate of neutron exposure is therefore greater for the surveillance
specimens than for the inner wall of the pressure vessel. The lead (pronounced
"LEED") factor is defined as the ratio of the neutron flux density at the location of the

. specimens in a surveillance capsule to the neutron flux density at the reactor pressure
vessel inside surface at the peak flux location. The neutron flux density is generally
defined in terms of neutrons having energies above a cut-off energy such as 1 MeV in
specifying the lead factor.

1.3 Neutron Exposure Parameters for Correlation with Damage

The search for the most appropriate neutron exposure parameter has gone on
for a long time and has been the subject of some controversy. Initially, the technology
for evaluating neutron exposure was very limited, so that there was little choice of
parameters available. At present our evaluation capabilities are much improved, but
the lack of a detailed understanding of the embrittlement process makes it difficult to
specify the most relevant parameter to use for evaluating neutron exposure. It is well
known that neutron exposure produces atomic displacements and transmutations in
pressure vessel steels. It is not understood in detail how these basic processes
translate into embrittlement of the steel.

Initially, very crude measures of neutron exposure were used, such as
"megawatt-days per adjacent ton" (of uranium fuel) or specification only of the thermal
neutron fluence. As dosimetry techniques improved and a greater appreciation of the
effects of fast neutrons developed, neutron exposure came to be expressed in terms of
the fluence of neutrons having energies above some cut-off energy, such as 0.1, 0.5,
or 1.0 MeV. So long as comparisons were made between reactor locations or
between different reactors in which the neutron energy spectra were similar, such
measures were found empirically to correlate embrittlement data fairly well. They thus
found their way into regulatory practice, where the fluence of neutrons with energy
greater than 1.0 MeV is usually the parameter that is correlated with radiation damage
in pressure vessel steels for Western reactors, while 0.5 MeV is used for WER-type
reactors.

As radiation damage theory developed, and concern grew about the
importance of the shape of the neutron spectrum in determining the number of atomic



- 2 5 8 -

displacements, the concept of dpa was developed and in turn found its way into
regulatory practice. Dpa was found to correlate property degradation data for the
same material in different neutron environments better than did fluence (E>1.0 MeV)
[32]. A recent informal international workshop adopted (with three dissensions out of
approximately 40 participants) the consensus statement that "dpa is a useful exposure
parameter, and it is clearly superior to the neutron fluence above 1 MeV for correlating
embrittlement data obtained from irradiation experiments with different neutron energy
spectra" [33].

The use of dpa is particularly indicated when comparing results from different
reactors and fh the analysis of through-vessel-wall embrittlement [34]. The "softening"
of the neutron energy spectrum with radial depth within the vessel wall causes the
relative decrease of dpa with depth to be smaller than the decrease with depth of
fluence (E > 1 MeV). Exposure can be approximated within the vessel by means of an
exponential function:

where f (rj) is the exposure value at the inner surface (r in cm). The exponent factor is
about 0.13 cm-1 for fluences (E > 1.0 MeV) and in the range of 0.095 to 0.10 cm-1 for
dpa, depending on reactor geometry. This means that the ratio of dpa to fluence (E >
1.0 MeV) can change by a factor of two in traversing from the inner to the outer PV-
surface of a typical 1200 MW(e) PWR. Therefore conservative lead factors between
surveillance and vessel positions should be based on dpa exposure.

In spite of the advantages of the dpa parameter compared to simply
fluence (E > 1.0 MeV), few people in the radiation damage field believe that dpa is the
ultimate, optimum neutron exposure parameter. One reason is that experimental
electrical resistivity measurements and molecular dynamics computer modelling have
both shown that dpa gives an overestimate of the true number of displacements (by
about a factor of two for reactor neutrons in body centred cubic metals), and does not
correctly account for the variation of displacement efficiency with primary knock-on
atom recoil energy [35,36].

A second problem is that the number of atoms originally displaced is not likely
to be a parameter of direct importance to embrittlement. The great majority of
displaced atoms recombine with vacancies, leaving no lasting effects. -Others form
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clusters or diffuse as interstitial atoms. The number of "freely-migrating defects" (that
is, vacancies and interstitial atoms that do not recombine or form clusters or become
trapped) may be of significance, and this parameter has been found to be very
sensitive to the recoil energy, with lower energy recoils producing a much greater
fraction of free defects. In this connection a suggestion has also been made recently
[28] about the possible importance of displacements produced by high-energy gamma
rays resulting from low-energy neutron capture. These displacements are produced
by Compton recoil electrons that result from gamma ray interaction with electrons, and
the resulting atomic recoil energies are low. Thus, displacements produced by low-
energy neutron interactions may have even more significance because of the resulting
capture gamrrfa ray displacements.

Another important point is that dpa takes account only of displacements. If
transmutations play a major role, for example helium production due to high boron
content in a particular steel, this would not be accounted for by dpa.

Finally, there have been questions about the possibility of flux dependence.
Specification only of an integral parameter such as fluence or dpa does not take
account of possible flux-dependent effects.

Until a better understanding of the embrittlement process is in hand, it will
probably not be possible to make much progress in optimizing the neutron exposure
parameter (or parameters). In this situation, the most prudent course of action is to
evaluate the neutron exposure in as complete and detailed a manner as is feasible, so
that the data collected can be converted to whatever parameter is found to be most
useful in the future. In this way the value of the collected data will be preserved for use
in future data bases.

With these considerations in mind, we recommend that the following
parameters be specified when providing evaluations of neutron exposure for pressure
vessel steel embrittlement work:

1. Full power neutron fluxes for locations of interest, and full power
local flux changes during the fuel cycle for surveilance
programmes, including thermal (<0.5 eV), epicadmium (>0.5
eV), and fast (both >0.1 MeV and >1.0 MeV), with uncertainties.
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For VVER-type reactors, >0.5 MeV should also be included,
because of conventional usage.

2. Fluences for the locations of interest (same energy ranges as in
1.) with uncertainties.

3. Displacements per atom (dpa) for locations of interest, with
uncertainties.

4. Full power dpa rates for locations of interest, with uncertainties.

5. Listing and plots of complete neutron spectra for locations of
interest, preferably shown as flux per unit lethargy versus
energy in log-log format.

6. Spatial gradients of neutron flux (E>1.0 MeV), neutron fluence
(E>1.0 MeV), and dpa throughout the array of metallurgical
specimens in surveillance capsules, and in the pressure vessel.

2. CALCULATION OF NEUTRON EXPOSURE PARAMETERS

In analyzing radiation damage to a reactor pressure vessel, it is necessary to
determine the detailed energy-dependent neutron flux distribution in the vessel as well
as within surveillance capsules. For dosimetry comparison, estimates of the neutron
spectrum and spectrum-averaged cross sections for the activation monitors must be
calculated at various detector locations.

As noted in Section 1.1, the behavior of large numbers of neutrons in
materials is described theoretically by the energy-dependent Boltzmann transport
equation. This equation is based on conservation of neutrons and is written in terms of
angular flux. The equation includes terms for source, translation, scattering, and
absorption of neurons. When applied to a nuclear power reactor, the Boltzmann
equation is too complex for analytical solution. Accordingly, numerical methods such
as discrete ordi nates (or "Sn-method") [37] and Monte Carlo [38] are used.

The first calculation that must be performed is the determination of the neutron
source distribution in the reactor core. The results of this calculation then serve as
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input to the neutron transport calculation. The validity of these calculations depends
on the accuracy of the knowledge of the materials and geometry of the reactor, and the
quality of the nuclear data used, especially the neutron cross sections. Neutron
source distribution codes and neutron transport codes can be obtained either from the
Radiation Shielding Information Center at Oak Ridge National Laboratory, Oak Ridge,
TN, USA, or from the Nuclear Energy Agency-Data Bank in Gif sur Yvette, France.

2.1 Neutron Source

A representative fission neutron source density S(r,E) must be calculated

within the reactor core spatial mesh for the time period to be analyzed, which can be a
reactor fueling cycle or a shorter period. S(r,E) may be calculated from the equation

S(r,E)=v(r)-X(r,E)-P(r)

where v(f) is the average number of neutrons per fission

X(r,E) is the fission neutron energy spectrum,

and P(r) is the spatially dependent fission rate.

To define v(r) and X(?,E) for a reactor core, one must account for the facts

that these parameters differ for fission of 2 3 5U and 2 3 9Pu, and that the relative
contributions of these two nuclides to the overall reactor neutron source vary
significantly with burnup of the fuel. To define proper time-averaged v(r) and X(r,E)

values for a reactor core, the fuel loading and bumup tables consequently have to be
analyzed. The average energy per fission also depends on the 235u/239pu ratio and
thus on the burnup, and has to be taken into account when relating neutron production
rate to reactor thermal power.

Normally the fission rate P(r) is determined by diffusion theory calculations

together with reactor power distribution measurements. The power distribution within
the outer fuel elements must be accurately known, since they dominate the
contributions to neutron exposure of the pressure vessel. This is also important in the
case of "low-leakage" cores, where highly depleted fuel assemblies are placed at the
core periphery.

In the axial direction, use of measured power distributions or form factors
calculated from measured axial burnup distributions is preferable to "assuming a
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simple cosine variation. For boiling water reactors as well as for VVER (PWR type)
reactors the changing source distribution within a reactor cycle must be taken into

"account. The varying neutron spectrum and flux must be calculated in short enough
time steps to model the real situation to the desired accuracy.

2.2 Neutron Transport Calculations

The transport of neutrons from the core region to and through the pressure
vessel can be modeled either by the method of discrete ordinates (Sn) or by Monte
Carlo calculations. However, in practice the Sn method generally has been preferred
because of its'lower cost. After a brief description of Monte Carlo, we will focus on the
Sn method.

The Monte Carlo approach involves tallying the paths of a large number of
individual neutrons, the scattering and absorption of which are determined
stochastically according to probabilities governed by the geometry of the problem, the
materials, and neutron cross sections. This collection of paths is then taken to be
representative of the overall neutron transport, within statistical uncertainty. By means
of improved calculational acceleration techniques, deep penetration Monte Carlo
calculations such as LWR-PV calculations have become practicable. Neutron
exposure values for pressure vessel positions can be calculated with sufficient
accuracy in a reasonable time. Computer codes such as MCNP, TRIPOLI, and
MCBEND have been employed successfully for the analysis of LWR-PV neutron
transport problems. The Monte Carlo approach is particularly attractive for calculating
three-dimensional effects [39,40] and in cases with unsymmetrical geometry.

The Sn method has been shown to be the most cost-effective for
characterizing the radiation environment outside an LWR core. Continual
improvements since the early sixties can be followed best by reviewing the series of
DOT transport codes [41]. Although the DOT codes can handle problems only in two-
dimensional geometries, they have been successfully applied worldwide in analyzing
LWR-PV surveillance programs as well as irradiation experiments in materials test
reactors. Real three-dimensional (3-D) codes, such as TORT, have also been applied
in pilot studies in PV exposure calculation [42], but the requirements for computer time
and memory space are extremely high. 3-D synthesis using 2-D results is the more
efficient method, and it gives acceptable accuracy at the pressure vessel and
surveillance capsule positions that are of interest in PV damage analysis.
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The actual details involved in setting up the input files for an Sn code as
applied to a particular problem are strongly dependent on the reactor and cycle to be
modeled. Therefore, only some advice about the most important features can be
given, and we hope this will be helpful to the readers. We recommend that the code
manuals be consulted for details. The relevant benchmarks should be carefully
reexamined for validating computational methodology. Further details can be found in
relevant Standard Guides which have been published by the American Society for
Testing and Materials (ASTM) [21].

2.3 Geometric Modeling

As a first step a one-dimensional code such as ANISN should be used to
calculate spatially dependent fine group spectra. It is further used to collapse the fine-
group data to a broad-group, problem-specific set of about fifty neutron energy groups.
At this point, multidimensional transport calculations are practicable.

A real 3-0 treatment on the basis of finite difference numerical methods is still
not practicable today for routine application. But symmetry conditions in a reactor and
slow variation of neutron flux in the axial direction normally allow construction of the 3-
D flux distribution by combining the results of lower-dimensional calculations. This
procedure, known as "flux synthesis" has been used often and successfully in the past.
Normally a LWR is modelled in an R - 9 - Z system of coordinates, and the synthesized
3-D energy group fluxes are calculated from the equation

where <l>g(R,8) are the results from a 2-D axially infinite calculation,

<}>g(R,Z) are the group fluxes from a azimuthally symmetric, (R.Z) calculation, and

4>g(R) are the group fluxes from a 1-D calculation in cylindrical geometry.

can be regarded as the axial form factor at each R point. The synthesis

procedure has been shown to provide sufficiently accurate 3-D fluxes at surveillance
positions and for the pressure vessel, even at axial locations far away from the active
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core height. Symmetry and boundary conditions can help in reducing the space mesh.
Normally the analysis of a 45-degree octant is sufficient In the radial direction accurate
modelling of the inner biological shield is essential to calculating the flux level in the
reactor cavity and attenuation through the vessel wall. Figure 2 shows a typical (R,8)-
mesh, used to calculate end-of-life fluence for the German BWR Gundremmingen A
(KRB-A). The positions of trepans (A,B,C, etc.) in the vessel are indicated. The trepans
were removed after decommissioning to compare calculated and measured neutron
exposure data, together with material property change measurements [34].

Special attention has to be paid to modelling of surveillance capsules, which
may include a'relatively large quantity of iron. Their perturbation effect normally is not
negligible. Changes in exposure values or threshold detector reaction rates can
exceed 20%, compared with the unperturbed neutron field. Figure 3 shows calculated
perturbation effects of iron specimens within a 5-cm diameter tube outside the core
barrel of a 1300 MW(e) PWR.

Transport calculations for BWRs are more difficult than similar calculations for
PWRs. This is the case principally because of void fraction and control rod movements
in the core. By means of adjoint calculations one can determine if changes in the core
are influential in affecting exposure values in the vessel. The influence of
simplifications of the real 3-D geometry on the target quantities investigated should be
carefully checked by comparison with a real 3-D calculation on the same reactor or a
similar one.

Convergence studies should be performed to guarantee a sufficiently fine
spatial mesh and angular quadrature for Sn-methods. An S8 quadrature together with
P3 cross section expansion is recommended for pressure vessel exposure
calculations.

2.4 Nuclear Data Libraries for Transport Calculations

The validity of transport calculations depends greatly on the accuracy of the
nuclear cross-section data used. There are several processed multigroup libraries
available which can be recommended [43,44]. Their energy group structure, with
about 170 neutron groups, emphasizes the high energy range. Cross-section minima
of important materials like iron are taken into consideration.
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3. REACTOR NEUTRON DOSIMETRY

Having discussed methods of calculating the detailed energy-dependent
neutron flux distribution in the pressure vessel and surveillance capsules, we now turn
to a discussion of neutron dosimetry, which is the measurement of neutron exposure at
certain discrete locations.

The accurate measurement of neutron exposure in power reactors requires
careful attention to detail. While the main points are covered in this chapter, it is
recommended that the reader refer to the current edition of the Annual Book of ASTM
Standards, Volume 12.02 [21], for detailed procedures, since space is not available
here to discuss everything of importance.

3.1 Types of Dosimeters Used for RPV Dosimetry

The most commonly used dosimeters for measuring neutron exposure of LWR
pressure vessels are activation (sometimes referred to as radiometric) monitors. Other
dosimeters that have been developed and have been used to some extent are solid
state track recorders (SSTRs), helium accumulation fluence monitors (HAFMs), and
damage monitors. A relatively recent development for power reactors has been the
"scraping sampling" or "scratch dosimetry" technique, a special application of
activation dosimetry. We will briefly discuss these dosimeters, and then describe the
use of activation dosimeters in more detail. It should be noted that dosimetry methods
used in benchmark facilities or experimental reactors include other techniques in
addition to those used in power reactors, made possible by the shorter duration of
irradiations and/or more ready access. These methods have included fission
ionization chambers, nuclear emulsions, and proton recoil spectrometers. They will
not be discussed further here, but interested readers can find information about them
in Ref. [45].

The method of performing dosimetry with activation monitors consists of
subjecting foils or wires to neutron activation at the desired location for a known period
of time. They are then removed, and their decay radiation is counted in the laboratory.
Reaction rates are calculated, and these can then be used to evaluate flux and
fluence.
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Advantages of activation monitors are that they are small, passive, convenient,
and tolerant of the radiation environment. They can provide spectral information, their

1 accuracy is adequate, and some can be used for long periods of time. A disadvantage
is that it is not possible to measure that part of the neutron spectrum between about
0.01 and 0.5 MeV using known activation monitors.

The operating principle of the SSTR is that a thin layer of fissile or fissionable
material is irradiated while in contact with mica or quartz. The resulting fission
fragments produce damage along their paths in the dielectric. Chemical etching,
performed later, reveals damage tracks. These are counted under an optical
microscope. Fluences are calculated from the number of tracks per unit area. The
chief advantages of this method are that no correction is needed for radioactive decay,
that the fissile or fissionable material can be re-used, and that the method works for
very low fluxes (down to 20 n/m2-s). Disadvantages are that only fissionable or fissile
materials can be used, limiting the number of possible energy thresholds, and that
difficulty is experienced in uniformly preparing and determining the mass of the thin
layer of fissionable material. Also, track counting is tedious unless performed by
automated equipment, tracks may anneal at reactor operating temperatures, and the
maximum measurable fluence is limited to about 5x1022 n/m2 by track overlap. With
the current state of technology, SSTRs are useful for dosimetry in the cavity outside the
pressure vessel, but not within surveillance capsules inside the vessel. Additional
information about SSTRs is available in ASTM E 854 [21].

The principle of operation of the HAFMs is that helium-4 is produced in
monitor materials by (n,a) reactions, and is retained in the material or in a capsule
surrounding it. After irradiation, the monitor is vaporized and the amount of helium is
measured by gas mass spectrometry. The neutron fluence above the reaction
threshold is then calculated using a spectrum averaged cross section. The chief
advantage of HAFMs is that helium does not decay or burn out, so they can be used
for long times without corrections. Disadvantages are that rather specialized
apparatus is needed to perform the helium analysis, and most materials have high
energy thresholds for their (n.cc) reactions. Exceptions are boron and lithium, which
unfortunately show rapid depletion because of their large cross sections for thermal
and intermediate (or resonance) neutrons. Another disadvantage is that high purity
materials must be used to avoid significant production of helium from impurities.
HAFMs have not been widely used in power reactor dosimetry, but the technique
appears to offer advantages in determining the fluence directly from samples of steel
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irradiated for long periods of time, provided the chemistry of the steel is well
characterized and contributions from impurities such as boron and lithium can be
accounted for. Additional information about HAFMs is available in ASTM E 910 [21].

In the case of damage monitors, well-characterized solid materials are
irradiated. After irradiation a characteristic physical property is measured which is
sensitive to radiation damage. The change in this property is related to damage in
steel. The materials that have been used, along with their corresponding properties
are as follows: sapphire - optical absorption due to aluminum vacancy centers;
graphite and tungsten - electrical resistivity; silicon ~ electrical properties of P.I.N.
diodes; and quartz — density and refractive index. The advantages of damage
monitors are that they provide a more direct, integral measurement of radiation
damage, that a single monitor is sensitive to the entire damaging neutron spectrum,
and that they are sensitive to the portion of the spectrum between about 0.01 and 0.5
MeV, where other monitors have little or no response. Issues that must be addressed
are the usable fluence range, the degree of annealing of damage at reactor
temperatures, and the development of an accurate damage correlation to steel. AEA
Reactor Services in the UK are pursuing the application of the sapphire damage
monitor to cavity dosimetry. Irradiation of reference samples of steel as correlation
monitors can also be viewed as a type of damage monitor approach. These are
helpful in comparing embrittlement results from one location to another.

The "scraping sampling" or "scratch dosimetry" method [46] involves removing
small samples from the surfaces of structural materials during reactor shutdown,
analyzing their radioactivity, and calculating either relative or absolute neutron
exposures from the results. This method has been used on the inner stainless steel
cladding of pressure vessels. The most useful product radionuciides have been
93mNb and ̂ Mn. One advantage of this method is that the pressure vessel material
serves as its own dosimeter, obviating the need to extrapolate or interpolate from other
locations. Another is that dosimetry is available at essentially any location on the
surface. This provides an excellent way to determine neutron exposure distributions
within the reactor. Disadvantages are that one is restricted to using reactions of
chemical elements that are already present in the structural material, that one cannot
introduce fresh, non-irradiated material at will, and that care must be taken that the
sample truly represents the material at the sampling location, and does not contain
significant amounts of corrosion products that may have been transported by reactor
coolant. It is preferable to perform dosimetry with monitors that are selected and well



- 2 6 8 -

characterized in advance. Nevertheless, this method is an important addition to
reactor dosimetry, and is particularly useful in cases where neutron exposures must be
quantified, but no dosimetry was planned in advance (see section 7).

3.2 Procedure for Dosimetry with Activation Monitors

In this section we will outline the main steps in performing activation monitor
dosimetry. The reader should refer to the ASTM standards [21] for further details.

It must first be decided where the monitors will be placed. For test reactor
irradiations, the monitors should be located so as to determine average exposure
values and exposure gradients for the metallurgical samples to be irradiated. For
power reactors, the locations where dosimetry is needed may be specified by national
codes or regulations. Normally the locations of interest are (a) within surveillance
capsules inside the pressure vessel ("in-vessel dosimetry"), particularly in the beltline
region close to positions of maximum flux, and (b) in the reactor cavity outside the
pressure vessel, but inside the concrete biological shield ("cavity dosimetry"' or "ex-
vessel dosimetry"). The former are necessary for evaluating the neutron exposure of
the metallurgical samples in the surveillance capsules. The latter have come into
wider use in recent years for several reasons: The cavity region is more accessible,
and the environment there is less demanding. A larger azimutha! and axial range can
be spanned with dosimetry. Dosimetry data can be obtained there to compare with the
results of neutron transport calculations outside the thick steel pressure vessel, where
the calculations are more sensitive to uncertainties in the scattering cross sections.
Cavity dosimetry is also very helpful in monitoring long-term variations in the reactor
core power distributions. This is particularly important in cases where fuel
management strategies have been changed in order to minimize peak neutron
exposure of the pressure vessel. Another application of cavity dosimetry is in
evaluating exposure of pressure vessel support structures (ASTM E 1035) [21].

In selecting the monitor materials, a large number of factors should be
considered:

• A product nucleus that emits gamma rays is preferred, for ease of
analysis.
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Monitor materials should be selected that are sensitive to
different parts of the neutron energy spectrum, with as complete
a coverage as possible.

The materials must be compatible with the environment,
including temperature and radiation.

The product half-life should be at least comparable to the
duration of irradiation, but not so long that the decay rate will be
too slow to give significant counts in a reasonable counting time.

The excitation function (cross section as a function of energy)
should be well-known, sufficiently large to produce a
measurable product, but not so large that self-shielding and
depletion (burn-up) are serious problems.

Product gamma rays preferably should have energies between
about 0.06 and 2.0 MeV, with yields high and well-known.

The isotopic abundance of the nuclide to be activated should be
high and well-known.

There should be no gamma ray interferences from products of
competing reactions at energies too close to the energies of the
desired gamma rays to be resolved.

For fission-type monitors, the fission yield of the product nuclide
should be high and well-known.

Preferably there should be no highly-absorbing resonances, in
order to minimize self-shielding and heating.

The materials should be available in sufficiently high purity and
at reasonable cost.

Preferably the cross sections for burn-in and burn-out of the
product should be small.
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These selection factors describe the ideal activation monitor. In reality, however, our
choices are limited to what exists in nature, and compromises must be made. Possible
choices for the various energy ranges are given in ASTM E 844 [21]. Guidance on
selection of monitors for an experiment to qualify as a calculations benchmark is
given in ASTM E 482 [21], paragraph 3.2.1.7: "Reaction rates (preferably established
relative to neutron fluence standards) must be reported for 237Np(n,f) or 238U(n,f) and
58Ni(n,p) or ^Fe(n,p)] additional reactions that aid in spectral characterization such
as provided by Cu, Ti, and Co-AI, should also be included in the benchmark
measurements." With these monitors, the energies between which 90% of the activity
is produced in a 235ll fission spectrum are as follows (see also Fig. 4):

Reaction

237Np(n,f)137Cs
238u(n,f)137Cs

58Nj(n,p)58co
54Fe(n,p)54Mn
46Ti(n,p)46sc
63cu(n,a)60Co
27AI(n,a)24Na
59Co(n,v)60co

Energy Range of 90%
Response flvle\A

0.67 - 5.7
1.51 -6.7
2.09 - 7.6
2.47 - 7.8
3.86 - 9.4
6:13-11
6.5-12
thermal and intermediate

Product Half-life

30.17a
30.17a
70.82*1
312.5d
83.81 d
5.271a
15.0h
5.271a

As can be seen, several of the product half-lives are short compared to the
length of a power reactor fuel cycle, which may be 1,1.5, or 2 years. If these monitors
are used for such time periods, as in surveillance capsules, the measured activation
will reflect only the last part of the irradiation, since earlier activation will have
decayed. In this case, one must rely on an accurate knowledge of the neutron flux
history in order to calculate the fluence for the entire period. Fortunately, there are
some product nuclei with multiyear half-lives. For irradiations over shorter periods,
other reactions having shorter-lived products can be chosen from the lists given in
ASTM E 844 [21]. Detailed procedures for each of these monitors are given in the
ASTM book of standards [21]. Special considerations for thermal neutron dosimetry
are discussed in ASTM E 262 and E 481 [21J. The German standard DIN 25456
provides standard methods for Fe, Ni, Nb, and Cu monitors [22].
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It should be noted that 2 4 Na has too short a half-life to be useful for long
irradiations or long decay times, but aluminum, the target element from which it is
produced, is useful as an alloying diluent for Co to reduce self-shielding.

Use of the Nb monitor has become more prevalent in recent years because of
its response to the lower part of the fast neutron spectrum, down to about 0.5 MeV, and
the long product half-life. The reaction is 93Nb(n,n')93mNb. The product half-life is
16.13a, and analysis involves counting X rays of energies 16.6 and 18.6 keV. High
purity Nb is required, especially with respect to Ta. Otherwise, it is necessary to use a
chemical extraction method. The Nb should be used in wire form, since very thin foils
have been found to oxidize readily and to fall apart. However, for counting the x-rays,
the Nb monitor must be converted to a thin source. Details are given in ASTM E
1297 [21].

Once the monitors are selected, their configuration, size, shielding, and
encapsulation must be designed. Important factors are as follows:

• Monitors using nucfides with high cross sections should be thin
or diluted in an alloy to minimize self-shielding. Thinness is
also important to minimize self-absorption of emitted radiation
during counting. For fissionable monitors, however, extreme
thinness can permit excessive loss of fission fragments. The
ASTM standards [21] should be consulted for guidance on
thickness of particular monitors.

• Overall size and mass are determined by the space available,
by the need to minimize perturbation of the neutron field, and by
the need to minimize the corrections required to obtain reaction
rates for several monitors at a common point in space. Also, the
amount of radioactivity at the time of counting should be
sufficient to provide good statistics in a reasonable time, but not
so high that dead time is excessive. Monitors must be
physically large enough for good precision in weighing and for
convenience in labeling and handling. In order to insure that
the activity of the monitors after irradiation will be within the
dynamic range of the counting equipment, it is important to
estimate it beforehand. The expected activity (D) of a monitor at
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the time of counting, after the irradiation, can be estimated using
the following equation:

D(bequerels) = No a <(>a(1-exp(-Xti)) (exp(-X,t2))

where No = the number of target element atoms
<]) = the estimated flux density (m~2 s~1)
a = the estimated spectral averaged cross section (m2)
a = the product of the nuclide fraction and (if applicable)

the fission yield
A,«the decay constant for the product nuclide (s"1)

t i as the expected duration of the irradiation (s)
and t2 = the expected decay time between the end of irradiation

and the start of counting (s).

f>(E)cr(E)dE
The spectral averaged cross section is defined by a - •=j2-— »

J>(E>d E

where <j>(E) is the flux spectrum, and a(E) is the excitation function for the

activation reaction.

Note that the equation for expected activity is only approximate. § and a
can only be estimated for an unknown spectrum. Various corrections will
be applied to the actual observed activity to improve the accuracy, as
shown in later steps below.

• In some cases monitors should be irradiated inside covers
designed to absorb thermal neutrons. Thermal neutron shields
are used for a variety of reasons: to eliminate extraneous
activation in fast neutron monitors, to reduce burn-out of monitor
or product nuclei, or to distinguish between thermal and
intermediate energy neutrons in neutron capture type monitors.
In the case of fissionable monitors such as 2 3 8 U , shields are
used to reduce thermal neutron fission of trace amounts of
fissile materials, such as 2 3 5 U , which produce the same fission
products. Thermal neutron shields must have adequate
thickness to shield thermal neutrons even after depletion, and



- 2 7 3 -

must have a sufficiently high melting point. These shields
generally incorporate Cd, B, or Gd. (CdO is often used, rather
than Cd metal, which melts at 321 °C). Thermal neutron shields
are discussed in ASTM E 262 [21]. The individual ASTM
procedures for each monitor material should be consulted to
determine the need for thermal neutron shielding [21].

It is advisable to use more than one set of monitors in a
surveillance capsule, placed on opposite sides or ends of the
metallurgical samples to measure gradients in the neutron field.
Wires called "gradient wires" can be arranged to span the entire
capsule. After irradiation they are segmented, and the
segments are counted individually to evaluate gradients. When
thermal neutron shields are used, it is important not to place
them too close to monitors intended to measure thermal
neutrons.

Capsules for activation monitors have several purposes:

To position monitors at the correct, known location
To prevent loss of monitors
To prevent interference with reactor operation
To prevent dispersion of monitors having low melting points,

high vapor pressures, or vulnerability to radiation damage
To prevent oxidation
To control health hazards
To conform to shipping regulations (In particular, fissionable

material may be encapsulated in vanadium.)

The requirements for capsules are as follows:

They must tolerate the environment
They must not shield neutrons or perturb the neutron field

significantly.
They must be easy to load and unload without damaging

monitors.
Minimum activation is desirable.
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Materials used for capsules have included stainless steel, vanadium,
copper, aluminum, and fused silica. Stainless steel is not desirable for
encapsulation of thermal neutron monitors because of its high
absorption. Fused silica is subject to breakage on impact during
handling.

After the monitors, thermal shields, and capsules have been designed,
materials must be obtained to fabricate them. In ordering material, it is important to
specify sufficiently high purities. Certain impurities are particularly deleterious, such
as cobalt in copper and tantalum in niobium. The ASTM standards should be
consulted for details [21]. Supplies of activation monitors can be obtained from CEC-
JRC-CBNM, Steenweg Naar Retie, B-2440 Geel, Belgium.

Before fabricating monitors, it should be verified by chemical analysis that the
specified materials have actually been obtained. (This statement is not intended to
disparage suppliers of activation monitors. It is simply good practice to check to be
sure that material has not been inadvertently transposed.) The monitors, thermal
shields, and capsules can then be fabricated. Monitors and capsules should be
labeled by scribing numbers onto them, or permanently marking them in some other
way that does not introduce chemical contamination. They should be weighed, and
the numbers, materials, weights, and locations should be recorded in permanent
records.

Plans should be made before the irradiation for handling and transportation of
irradiated material. The radiation dose rates that will be present from the capsules
after irradiation should be estimated. Appropriate shipping containers, hot cells, and
counting facilities should be available. "Dry runs" (practices) of handling procedures
are very helpful.

The capsules can then be assembled and installed. They must be attached
securely. Attachment of capsules can be performed by welding, clamping, or pressing
into holders built into reactor components. In any case, care must be taken not to
cause adverse effects on reactor components or to allow loose parts in the reactor.
Careful, permanent records of the installed locations should be kept.
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The monitors are then exposed to neutron irradiation during reactor operation.
(When possible, dummy dosimetry runs should be performed before irradiations that
include steel surveillance specimens. This will enable the dosimetrist to obtain
experience and to correct unforeseen problems that may arise before committing the
steel specimens.) During the exposure, accurate records of the reactor power history,
relative neutron flux in the fuel nearest the dosimeters, fuel loading, and control rod
positions should be kept. The duration of irradiation should be sufficiently long to
minimize contributions of start-up and shut-down and must be compatible with the
reactor operating schedule or fueling cycle. Duration of surveillance capsule
irradiation may be established by national codes or regulations.

After irradiation the capsules and monitors are removed from the reactor and
transported to the analytical facility. Remote handling and transport casks will be
required to limit radiation exposure of personnel to allowable amounts.

The capsules are then disassembled. Hot cell handling may be required to
limit radiation exposure of personnel to allowable amounts. Care must be taken not to
lose, damage, mix up, or cross-contaminate the monitors. They should be cleaned as
necessary. They should be reweighed and the weights compared to the initial weights
to verify identities and to correct for corrosion losses. The monitors are then mounted
in standard holders or planchettes for counting. In the case of Nb, dissolution and
further processing may be necessary (see ASTM E 1297) [21].

Radiation counting is then performed. In most cases this will be gamma ray
counting, but beta counting (e.g. for sulphur monitors) and x-ray counting (e.g. for
niobium monitors) are also used. For gamma ray counting, a high resolution
spectrometry system is preferred. Such a system consists of a high purity germanium
or lithium-drifted germanium diode, its liquid nitrogen cryostat, a preamplifier, a high-
voltage power supply, a linear amplifier with a multichannel pulse-height analyzer and
live time correction, and a data read-out device, such as a printer or teletype. A
thallium-activated sodium iodide scintillator system can be used instead of the
germanium diode for gamma ray peaks that are well separated. Beta counting can be
performed with several types of instruments. X-ray counting is preferably done with a
high-resolution lithium-drifted silicon or a germanium detector.

The detector should be well shielded and should be equipped with sample
positioning hardware to insure reproducible sample locations. Careful background
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measurements and checks for stability should be made. The system should be
calibrated for energy and efficiency using national or certified radioactivity standard
sources, as described in ASTM E 181 [21J. The counting position should be chosen to
give the highest possible count rate without unacceptably high uncertainties due to
dead time, summing, or geometry corrections. The duration of counting should be
long enough to achieve a sufficiently low statistical uncertainty. As an approximate
guide, 20,000 counts are usually enough. Careful records should be kept of the times
when counting began and ended. Care should be taken to make sure that all times
and dates are placed on the same basis, particularly for short-lived products (for
example, be sure to account for daylight savings time if used, leap years, transport of
monitors across time zones or the International Date Line, etc.).

The counting system should be calibrated against standard neutron fields.
NIST in Gaithersburg, Maryland, USA, and PTB in Braunschweig, Germany, maintain
fission spectrum standard neutron fields. Foils irradiated to specified fluences in such
a field should be counted using the same procedures used for the activation monitors,
and the results should be reported.

The value of the absolute activity (D) of each monitor product nuclide at the
time when the irradiation ended is calculated. This is defined on the basis of the entire
monitor.

D (bequerels) = A I SR Sc E G P exp(Xt2) C

where A = average observed count rate (counts/s)
I = correction for gamma self-absorption in monitor

= correction for random coincidence summing

= correction for true coincidence summing

E = reciprocal of detector efficiency for photopeak and counting
position used

G = sample size and geometry correction
P = reciprocal of gammas per disintegration
X = decay constant = In2 / t-j/2 (s~ )̂
t-i/2 = half-life (s)

t2 = time from end of irradiation to start of counting (s)
C = correction for decay during counting = Mc/(1 -

and tc = true elapsed counting time (s).
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Detailed information on the various corrections in this equation as well as in
f.he following two equations can be found in Ref. [21]. Space is not available to
discuss them fully here.

The (theoretical) saturated specific activity is then calculated from the (actually
observed) absolute activity. The saturated specific activity (As) is defined as the
activity (per unit mass of the monitor) which the monitor would have had if it had been
left in the full power flux for a time very long compared to ti/2 and if no depletion (burn-
up) of the target nuclei or burn-out of the product nuclei had occurred.

If the flux was constant during the actual irradiation,

beguerels _ D B 0 Cp
As( g

 ) =

where Bo = correction for actual bum-out of product nuclei
C D - correction for actual depletion (bum-up) of target nuclei

W = mass of monitor (g).
and t-| = duration of irradiation (s)

If the flux was not constant, the irradiation must be divided into N segments, in
each of which the flux is approximated as constant:

A ,bequerelsx DB 0 Cp
A s l g ) - jq

W £ Rj(1-e-XAtj)(e-Mte-toi))
i=1

where Rj = the fraction of full power flux during time segment i

Atf - the length of time in segment ?
te = the time at the end of the irradiation

and toj = the time at the end of segment i.

R( is determined from total reactor power for small test reactors or from self-

powered (Hilborn-type) neutron flux monitors located in nearby fuel elements for

power reactors. It should be noted that the relationship between Rj and reactor power

changes with burnup because the relative contributions of 235U and 239p'u change.
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The reaction rate for each monitor reaction is calculated from the saturated
specific activity. The reaction rate (RR) is defined as the rate at which individual,

isolated nuclei of the target nuclide would undergo the reaction of interest if placed in
the neutron field of interest:

pD / reactions \ _ As M S$ Bj
HS>. nucleus' NfY

where M = the gram-atomic mass of the target element
Ss = the correction for neutron self-shielding
Bj = the correction for burn-in of the product nuclide from

competing reactions, if any.
N = Avogadro's number
f = the atom fraction of the target nuclide

and Y = the fission yield of the product nucleus if fission
monitor is used (Y = 1 for non-fission monitors).

When fission foils are used, attention should be given to the possibility of
significant contributions from gamma-ray induced fission (photofission). The gamma-
ray fluxes should be estimated or calculated by a transport code to determine the
contributions from photofission. If fission foils are used to high burn-up, contributions
from fission of nuclides that have grown in must be considered (e.g. 239pu j n 238jj).

4. DETERMINATION OF NEUTRON EXPOSURE BY COMBINING NEUTRON
TRANSPORT CALCULATIONS AND DOSIMETRY

In order to compare the results of the transport calculations to those from
dosimetry, it is necessary to calculate predicted dosimetry monitor responses using the
neutron spectrum from the transport calculations. Before doing so, the perturbations
due to the surveillance capsules should be modeled in the calculations.

r» / J- ^ .reactions % ,£, -
RR(predicted) (s n u c l e u s ) = 5 > A

g=1
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where ag are the group-averaged cross sections for the monitor
reaction, obtained from an evaluated cross section file

- (m2). These are available as the IRDF (International
Reactor Dosimetry Hie) from the IAEA Data Section in
Vienna. See also ASTM E 1018 [21].

and <j>g are the group fluxes from the calculated neutron
spectrum (n/m^-s).

The comparison is usually expressed as a C/E ratio for each monitor reaction:

C RR(predicted)
E = Rpj(measured)

If the calculated and measured dosimeter responses agree to within the
required accuracy, the transport code is used to calculate the neutron field in the
pressure vessel material. If not, the calculated spectrum must be adjusted. Note that
the transport calculations normally are not carried down to thermal energies because
of the long computer times required, so there will not be a predicted RR for the. thermal

neutron monitors. The thermal flux is normally calculated from the monitor results, and
this is taken as the true value.

If the C/E ratios differ from 1.0 by too large a factor, it is necessary to adjust the
calculated neutron spectrum. If the resources are available this is best accomplished
using a computer program that will do a simultaneous best fit using all three sets of
input: the evaluated neutron cross sections, the reaction rates based on the
measured monitor results, and the neutron spectrum obtained from the neutron
transport calculations. The program should take into account the uncertainties in
each of these three inputs in terms of covariances and bias factors. The sources of
uncertainty in the transport calculations include uncertainties in the inelastic
scattering cross sections for steel, the neutron spectrum from thermal fission of 235U
and 2 3 9Pu, the dimensions and relative locations of the reactor components, the
densities of materials, the three-dimensional flux synthesis, and streaming
corrections. The dosimetry uncertainties include uncertainties due to random
counting statistics, gamma-ray counter efficiency calibration, contributions from
competing reactions, and normalization to reactor power.

The most advanced computation system that takes account of these
uncertainties in a rigorous way is LEPRICON [22], available from the Radiation
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Shielding Information Center at Oak Ridge National Laboratory, Oak Ridge, TN, USA.
Adjusted neutron spectra are computed with this system by a generalized linear least
squares procedure that combines the nuclear data, bias factors, and calculated and
measured dosimetry. Results for the neutron field in the pressure vessel material are
then obtained from the transport code by making use of correlations that exist
between the calculated spectra at the dosimetry and pressure vessel locations.

If the transport calculations are found to be incompatible with the dosimetry
results, and errors cannot be found, then the one that predicts the higher fluxes
should be used, and larger uncertainties should be assigned to the final results.

The full power thermal (<0.5 eV), epicadmium (>0.5 eV), and fast (both >0.1
MeV and >1.0 MeV) neutron fluxes should be calculated for the locations of interest in
the pressure vessel material, using the neutron transport code, as adjusted, for the
higher energies and the activation monitor results for the thermal energies. The
fluences corresponding to these fluxes should be calculated per effective full power
year. Estimates of fluences at future times are made by multiplying the fluence per
effective full power year by the time in years and an estimated plant capacity factor.
Caution should be used in projecting the fluence at long times from fluxes determined
early in the reactor's life, because the core power distribution of new fuel changes as
non-uniform burn-up occurs. Estimates of uncertainties should be made.

Displacements per atom (dpa) should also be calculated for the locations of
interest. For details, see ASTM E 693 [21].

5. MOCK-UP EXPERIMENTS

As mentioned in section 1.1 above, benchmark facilities have been set up in
which mock-up experiments have been run to simulate actual reactor geometries.
Neutron exposure has been calculated and measured, and the comparisons have
been very helpful in reducing uncertainties by identifying areas where improvements
are needed. A discussion of mock-up work for VVER-type reactors is given in [£?] and

Figure 5 shows the geometry of the mock-up, and Figures 6 and 7 show relative
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neutron energy spectra for the surveillance position (R2) and for the ex-vessel
position (R6) respectively, as determined by proton recoil spectrometry. The relative
spectra are expressed in terms of F(E)*E, which is equal to flux per unit lethargy.

6. THE DOSIMETRY REPORT

It is very important to make the dosimetry report as complete as possible. It
should provide the information that will be needed by all potential users. We
recommend that the following be included:

1. Identification of monitors used
2. Source of monitor material and chemical purity
3. Thicknesses of monitors
4. Locations in reactor and relative arrangement
5. Thickness and material for thermal neutron covers
6. Thickness and material for dosimetry capsules
7. Power or relative flux history during irradiation
8. Dates and times of beginning and end of irradiation and

counting
9. Standard sources used for energy and efficiency calibration

of radiation counting system.
10. Calibration standards used for chemical balance
11. Description of calibration against standard neutron fields, if

used.
12. Total count, duration of count, and distance from detector for

each peak.

13. Background count and duration for each peak used.
14. Values of parameters used in equations to derive reaction

rates from counting data
15. Gamma ray energy spectra and reaction cross sections used

to make photofission corrections for fissionable monitors
16. Absolute activities, saturated specific activities, and reaction

rates for all reactions used
17. Specification of activation cross section sets used in

calculating predicted reaction rates
18. C/E ratios for reaction rates
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19. Description of adjustment procedures for neutron spectra
20. Dosimetry results:

a Full power neutron fluxes for locations of interest,
including thermal (<0.5 eV), epicadmium (>0.5 eV),
and fast (both >0.1 MeV and >1.0 MeV), with
uncertainties. For VVER-type reactors, the flux for
E>0.5 MeV should also be specified.

b. Fluences for the locations of interest (same energy
ranges as in a.) with uncertainties

c. Displacements per atom (dpa) for locations of interest,
with uncertainties

d. Full power dpa rates for locations of interest, with
uncertainties.

e. Tabulation and plots of neutron spectra for locations of
interest, preferably as flux per unit lethargy on a log-
log plot.

f. Spatial gradients of neutron flux (E>1.0 MeV), neutron
fluence (E>1.0 MeV), and dpa throughout the array of
metallurgical specimens in surveillance capsules.

7. RETROSPECTIVE DOSIMETRY

Cases sometimes arise in which it is necessary to determine the past neutron
exposure for a reactor that was not equipped with dosimetry monitors in advance. This
presents a considerable challenge, since one must make use of whatever happens to
be available.

If the reactor can still be operated, it may be possible to perform the type of
planned dosimetry discussed in section 3.2 for a future period of operation, and then
use the results to project back to the earlier operation that was not monitored, provided
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there is sufficient knowledge of the previous history of fuel loading and power to
perform reliable neutron transport calculations.

If the reactor is no longer in operation or if the neutron exposure results are
needed to help in making a decision as to whether it is safe to resume operation, other
means must be used.

An estimate may be obtained by comparison to other reactors of the same
design, if any exist. This approach is of course subject to large uncertainties,
particularly if the power histories and fuel loading histories are not well known for both
reactors, or if the detailed geometries of the reactors are not the same.

A purely calculational approach can be attempted if there is enough
knowledge of the geometry, materials, and history of fuel loading and power. Of
course, there is then no independent, experimental check on the results.

Radiation spectrometry of irradiated structural parts can also be performed as
in the "scratch dosimetry" approach discussed in section 3.1 above. Success with this
approach depends on the presence of products of activation that have sufficiently long
half-lives that they can give information about the irradiation that occurred throughout
the period of interest. Unfortunately the product radionuclides with relatively long half-
lives in pressure vessel steels tend to be those activated by thermal neutrons, such as
55Fe (2.68a) and 60Co(5.27a), whereas fast neutrons are often of more interest.
54Mn(312d) is perhaps the best candidate. If 93mNb(16.13a) is present, it will be very
helpful. Figure 8 shows a comparison of calculated and measured Mn-54 specific
activities within the vessel wall of the decommissioned KRB-A reactor. The dosimetry
data have been obtained from trepans taken out of the vessel at several locations [34].

Another requirement for successful scratch dosimetry is an accurate
knowledge of the original composition of the material. This is particularly important if
trace impurities are activated. Analysis of archive material will probably be adequate
for major constituents, but if use is to be made of trace impurities, analysis will
probably be needed on the actual irradiated sample, since the composition may not be
uniform.
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In using any of these retroactive approaches, one must make a careful
estimate of uncertainties and keep them in mind in making decisions. Planned
dosimetry is very much preferred when possible.

8. SUMMARY OF NEUTRON EXPOSURE DETERMINATION

The evaluation of neutron exposure is a necessary and vital part of efforts to
monitor, understand, and predict pressure vessel embrittlement. It is performed by a
combination of neutron transport calculations and dosimetry. Present methods have
been developed over the past 35 years and have resulted from both individual and
coordinated projects in many countries. It is now possible to evaluate integrated
neutron exposure with uncertainties as low as 10% for power reactors.

The optimum neutron exposure parameter has still not been established.
Until a better understanding of the embrittlement process is obtained, a complete
evaluation and reporting of the energy-dependent neutron flux distribution in
embrittlement studies is prudent. Dpa should also be calculated and reported.
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Figure Captions

Figure 1. Normalized Calculated Neutron Spectra for the Core and Pressure
Vessel of a Boiling Water Reactor (G. Prillinger).

Figure 2. Calculational Mesh Used for the German BWR
Gundremmingen A (KRB-A) Trepans (G. Prillinger)

Figure 3. Calculated Perturbation of Iron Specimens on Flux (E>1 MeV) and DPA
Within a 5-cm Tube Outside the Core Barrel of a 1300 MW(e) PWR
(G. Prillinger)

Figure 4. Energy Ranges of Response for Activation Monitor Reactions Having
Products with Various Half-lives, Superimposed on a Representative
Reactor Neutron Spectrum (Nuclear data supplied by ECN Petten,
Netherlands).

Figure 5. Diagram Showing the Geometry of the VVER440 PWR Mock-up
Experiment in the LR-0 Experimental Reactor at the Nuclear Research
Institute, Rez, Czech Republic (Ref. [47[).

Figure 6. Relative Neutron Spectrum for the Surveillance Position R2 in Fig. 5 as
Measured by Proton Recoil Spectrometry (Refs. [47] and [48].

Figure 7. Relative Neutron Spectrum for the Ex-Vessel (Cavity) Postion R6 in Fig. 5
as Measured by Proton Recoil Spectrometry Refs [47] and [48].

Rgure 8. Comparison of Calculated and Measured Mn-54 Specific Activities
Within the Vessel Wall of the Decommissioned KRB-A Reactor. Data
Taken from Trepans (G. Prillinger).
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