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FORWARD

The methods used by the International Reactor Physics Experiment Evaluation Project (IRPhEP) to treat
uncertainties encountered in experimental data and in the derivation of benchmark models have followed
guidance provided by the International Criticality Safety Benchmark Evaluation Project (ICSBEP) since it
was initiated as a pilot activity in 1999. Those methods have evolved significantly since the ICSBEP was
initiated in 1992 and formal initiation of the IRPhEP in 2003. While the methods developed by the
ICSBEP have been very helpful, the IRPhEP Technical Review Group has recognized the need for
specific guidance on the treatment of uncertainties associated with reactor physics methods since its
inception. An effort to develop such guidance was initiated by the OECD NEA in late 2016. Development
of the IRPhEP Guide to the Expression of Uncertainty is expected to be an evolutionary process as is the
ICSBEP Guide and may take several years to provide guidance for all types of reactor physics
measurements.

Due to the evolutionary background of both efforts and the fact that criticality sections of many IRPhEP
evaluations have been taken directly from the International Handbook of Evaluated Criticality Safety
Benchmark Experiments (ICSBEP Handbook) and included in the International Handbook of Evaluated
Reactor Physics Measurements (IRPhEP Handbook), the reader will often encounter similar
inconsistencies in both Handbooks, as noted in the /CSBEP Guide to the Expression of Uncertainties.

Theoretical bases and derivations of methods that are included in the

ICSBEP Guide to the Expression of Uncertainties are not repeated in this Guide. The information
provided in this IRPhEP Guide to the Expression of Uncertainty is patterned more closely to the
information provided in Appendix C of the ICSBEP Guide, but more specifically addresses uncertainties in
reactor physics measurements other than criticality.
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1.0 INTRODUCTION'

The technological uncertainties of a reactor are challenging both for reactor operation and analysis.
When some neutronic characteristics of a reactor (e.g. neutron flux, buckling, reaction rates) are
computed, the quantities specified as input data are usually nominal values of the reactor such as
nominal geometry and composition, design temperature, etc. There are differences in the models used
for the calculations and the real systems. In case of design calculations, this fact is taken into
account by suitably chosen safety margins that are usually conservative estimates of the effects of the
uncertainties on safety related reactor parameters (e.g. peaking factors, reactivity worths, etc.). For
this reason, a sound estimate of these effects could help decrease excessive safety margins. The
problem of estimating the effects of technological uncertainties is more complicated in the case of
code validation since not only calculated but also measured quantities intervene.

A longer-term benefit is improvement of the state of the art of reactor physics analysis. Appropriate
benchmarks can be used for this purpose only if their total uncertainties are well known. Realistic
uncertainties from a diverse set of experiments provide the data needed to uncover weaknesses in
neutron cross section data and calculational methods. Once these weaknesses have been
characterized, it should be possible to reduce or eliminate them. This process holds the promise of
more accurate reactor physics calculations in the future. This is important despite the fact that a
large safety margin is usually added’. Firm knowledge of the uncertainty provides a foundation for
setting appropriate safety margins. As the state of the art improves, smaller safety margins can be
Justified.

Best-estimate parameter values and uncertainties are needed to attain these goals. The evaluator
should resist any tendency to either overestimate or underestimate uncertainty. It is a misconception
that making large uncertainty estimates is always a conservative approach. If the total uncertainty is
unrealistically large, some existing biases may be hidden in the uncertainty margins when comparing
calculational results and benchmark (model) values. In that case the computer code/nuclear data
might be considered as validated in the domain of the benchmarks, while actually a bias may exist.
On the other hand, if the total uncertainty is unrealistically low, calculation results may appear
erratic or indicate a bias where none exists. This may lead, incorrectly, to modifications of cross
sections or lack of confidence in codes or experiments, when the real deficiency was neglected
uncertainty. Therefore the uncertainty reported in the benchmark evaluation must be as realistic and
accurate as possible. This requires the evaluator to be rigorous, complete, and objective.

In code validation, the calculated and experimental values are both burdened with random and
systematic uncertainties. The former are random due to the statistical uncertainties of the nuclear
data and the technological uncertainties of the input data while the latter are random due to the
statistical errors of the measurements and the technological uncertainties of the reactor. Systematic
uncertainties stemming from the nuclear data used in the calculations and from the measurement
methods also play an important role in this process. It follows that the technological uncertainties
affect both the calculated and the experimental values, but they do it in different ways and to different
degrees. This makes accounting for uncertainties in code validation rather delicate. It is therefore
essential to obtain the finest details of every experiment in order to determine which effects of the
technological uncertainties are included in the empirically estimated standard deviations and which
are not.

Examples of the technological uncertainties include:

' The Effects of Technological Uncertainties on the Neutron Flux, Zoltdn Szatmary, Technical University of
Budapest.

* Safety margins are added for many reasons, not only as a result of qualification.
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- Uncontrolled biases of some reactor parameters (such as temperature),

- Insufficient reproducibility of some reactor parameters (such as boron concentration),

- Irregularities of the reactor lattice,

- Inhomogeneity of the fuel characteristics (i.e. pellet diameter, clad diameter, UO, density, air gaps
between the pellets, heterogeneous MOX fuel, etc.),

- Deliberately introduced perturbations (such as detector (activation) foils or fission chambers).

Uncertainties addressed by the IRPhEP can be divided into 3 categories: 1) Uncertainties in
measurement methods; 2) Uncertainties in all physical and chemical parameters of the experiments;
and 3) uncertainties in biases introduced by the use of parameters derived from calculations or from
other experiments, desired simplification, or by modelling limitations. Guidance on how to address
those uncertainties is provided in the following sections. The uncertainties in measurements methods
and benchmark models are addressed and practical examples provided.

Provided herein are the means and examples to evaluate experimental data for which uncertainty
data are available. This information can also be utilized to estimate the uncertainty in reactor
physics measurements for which detailed experimental uncertainty data were not obtained and/or
recorded.

2.0 UNCERTAINTY GUIDE

Uncertainties addressed by the IRPhEP can be divided into 3 categories: 1) Uncertainties in
measurement methods, 2) Uncertainties in all physical and chemical parameters of the experiments
(facility parameters — typically derived in Section 2 of an IRPhEP Evaluation), and 3) uncertainties in
biases introduced by the use of parameters derived from calculations or from other experiments ( e.g.
delayed neutron fractions and corresponding decay constants, calculated factor such as gamma self-
absorption factors, self-shielding factors, Diven factors, etc.), desired simplification (typically derived
in Section 3 of an IRPhEP Evaluation), or by modelling limitations (typically derived in Section 4 of
an IRPhEP Evaluation).

Uncertainty due to measurement methods for critical, subcritical, and certain types of reactivity
measurements are often small compared to uncertainty in facility parameters. Uncertainty in most
other reactor physics measurements are dominated by uncertainty in the measurement methods. The
uncertainty in biases should always be minimized by the evaluator.

Uncertainty in nuclear data can sometimes impact the uncertainty in facility parameters and /or bias.
Care must be taken when performing difference calculations that utilize different nuclear data

components (with and without calculations).

Guidance on how to address each of the ten measurement types, X, included in the IRPhEP Handbook,
is divided into the following five main subheadings.

2.X Type of Measurement

2.X.1 Uncertainties in Measurement Methods

Includes a description of each measurement method and the uncertainties associated with each
method. Typical values as well as maximum and minimum values are included.
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2.X.2  Uncertainties in Experimental Configuration

Uncertainties in all physical and chemical parameters of the experiments (facility parameters —
typically derived in Section 2 of and IRPhEP Evaluation) are discussed and typical values as
well as maximum and minimum values that are considered bounding are provided.

2.X.3  Uncertainties in Biases and Benchmark Models

Uncertainties in biases introduced by using parameters derived from calculations or from other
experiments (e.g. delayed neutron fractions and corresponding decay constants, calculated
factors such as the gamma self-absorption factors, self-shielding factors, Diven factors, etc.),
desired simplification (typically derived in Section 3 of and IRPhEP Evaluation), or by
modelling limitations (typically derived in Section 4 of and IRPhEP Evaluation) are provided.
Typical uncertainty values as well as maximum and minimum values that are considered
bounding are provided.

Uncertainties in Benchmark Models are obtained assuming no correlation among parameters
and by quadratically combining the uncertainties in measurement methods, uncertainties in
facility parameters (experimental configuration), and uncertainty in bias (generally not
discussed in this Guide) to obtain the overall uncertainty in the benchmark model, O'gei

Be _ 2 2 2
Oop = \/GMM t 0gc + Opigs

where oy, is the uncertainty in the measurement method, o is the uncertainty due to
uncertainty in experimental configuration, op;4s is the uncertainty due to all biases (should be
minimized).

2.X.4 Practical Examples

At least one practical example is provided for each measurement type. In some cases, examples
are only briefly discussed and reference made to the actual example in the IRPhEP Handbook or
a publication in a technical journal.

2.X.5 References

References that support the theory or provides additional information are given for each
measurement type.

Experimental uncertainties of an integral parameter are usually given by the experimenters in the
form of components. However, correlations between integral parameters are seldom found in the
experiment reports; therefore, the NEA Nuclear Science Committee Working Party on
International Nuclear Data Evaluation Co-operation has developed a three-step method to
estimate them from the available experimental information. A description of the method and
examples have been extracted directly from their report’ and are provided in Appendix A.
Furthermore, a methodology or rigorous approach to the evaluation of the covariance of reactor

3 Methods and Issues for the Combined Use of Integral Experiments and Covariance Data, A report by the
Working Party on International Nuclear Data Evaluation Co-operation of the NEA Nuclear Science Committee,
NEA/NSC/WPEC/DOC(2013)445).
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physics integral experiments was presented in a special ANS Reactor Physics Division (RPD)
Session devoted to the Memory of Richard (Dick) McKnight and is publish in those transactions®.

2.1 Critical and / or Subcritical Measurements

Comprehensive treatment of uncertainty in Critical and / or Subcritical Measurements may be found
in the well-established /CSBEP Guide to the Expression of Uncertainties. Specific examples are
provided in Appendix C of that document.

2.2 Buckling and Extrapolation Length Measurements

Guidance for the determination of uncertainties for Buckling and Extrapolation Measurements has not
yet been formalized. However, a theoretical example for the determination of uncertainties in
Buckling Measurements is provided in an unpublished paper entitled,

The Effects of Technological Uncertainties on the Neutron Flux, Zoltdn Szatmary, Technical
University of Budapest.

2.3 Spectral Characteristics Measurements

Spectral indices allow characterisation of an energetic distribution of neutrons in a core
configuration. They are mainly measured in well characterised spectra such as regular lattices,
though they can also be measured in mock-ups or simple configurations such as Godiva or Jezebel.
Spectral characteristics often consist of spectral indices which are the ratios of two reaction rates;
other spectral characteristics can refer to the measurement of the energy distribution of the neutron
spectrum. Benchmark specifications of spectral characteristics in simplified geometry can have a
high sensitivity to specific nuclear reactions, and so enable qualification of nuclear data associated
with the calculation scheme in a given energetic range.

Standard measurements are carried out using:

Miniature fission chambers (with standard diameters of few mm, inserted into the core)
Activation foils,

Fuel rod scanning (by particular gamma peak spectrometry),

Proton Recoil.

Activation foil category also includes activations of wire and targets made with thin deposits of
fissile or activation materials. Particularly to the targets made of thin deposits of fissile or activation
material ZPR-TM-424 [2.3-1] provides a good description of calibration methods and their sources
of uncertainties.

Detailed descriptions of these standard measurement methods are described in Section 2.7.

* G. Palmiotti and M Salvatores, Role of Experiment Covariance in Cross Section Adjustments (Based on
Seminal Work Performed by R.D. McKnight, Transactions of the American Nuclear Society, Vol. 110, Reno,
Nevada, June 15-19, 2014.
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2.3.1 Uncertainties in Measurement Methods
2.3.1.1 Spectral Indices

The purpose of this section is to describe the measurement techniques of the spectral indices and their
associated uncertainty analyses. The source of the uncertainties in the spectral indices will be
described and discussed in a general sense. The maximum and minimum uncertainty bounds for the
measurements and for the benchmark values are also provided.

The most comprehensive information on spectral indices and their uncertainties available earlier was
presented in the CSEWG Handbook [2.3-2]. In the 1980s, much work has been done comparing the
measurement methods of the basic reaction rate ratios (C8/F9, F9/F5, F8/F9) in fast critical
assemblies at six laboratories of the world [2.3-3 and 2.3-4].

In the 2015 edition of the IRPhEP Handbook over 30 evaluations of the spectral indices performed at
13 different facilities are presented. The most widely-used method for measuring spectral indices is
the activation method using different gamma-ray detectors (Nal, GeLi). In addition to activation
methods, measurements are performed on fast critical mock-ups, (ZPPR-LMFR-EXP-001), with
different fission chambers — regular, multi-isotopic, and absolute (BFS1-FUND-EXP-001), as well as
with the solid-state track detectors (ZEBRA-LMFR-EXP-002).

Measurements of the neutron energy spectra are performed using two methods; proton-recoil
(FFTF-LMFR-RESR-001) and time-of-flight (ZEBRA-FUND-RESR-001).

Experimental Methods used at different facilities for the spectral indexes measurements (presented in
the 2015 Edition of the IRPhEP Handbook) are summarized in Table 2.3-1.

Table 2.3-1. Experimental methods used at different facilities for the spectral indices measurements
(Presented in the 2015 Edition of the IRPhEP Handbook)

..., 5 | Facility | Foils Activation Fission Solid-State Spectra
Facility Type Chambers Detectors
DCA HWR GeLi

DIMPLE | LWR Nal
IPEN LWR GeLi
SCCA SPACE | Nal
SSCR PWR Nal

ZR6 VVER GeLi
BFS-1 FUND GelLi, Nal MFC, TFC, AFC | SSD
BFS-2 LMFR GeLi, Nal MEFC,
FFTF LMFR GeLi PR
SNEAK | LMFR FC
ZEBRA | FUND Nal FC SSD PR, TOF
ZPPR LMFR GeLi
ZPR LMFR Nal
Geli, Nal - type of gamma-detector AFC - absolute fission chamber
MFC - miniature fission chamber PR — proton recoil
TFC - triple-segment fission chamber TOF - time-of-flight

Regarding thermal reactors, the most well-known spectral indices are the CSEWG benchmarks [2.3-
2]. Common spectral indices include:

> See IRPhEP Handbook for facility descriptions.
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o« p the epithermal to thermal neutron capture in iy,

e 25 the epithermal to thermal neutron fission in ***U,

e (C&/F the neutron capture in %0 to the total number of fissions,
o Z5the fission rate in ***U to fission rate in *°U.

2.3.1.1a Spectral Index Definition

Consider the reaction rates of a specific nuclear reaction, such as capture or fission, occurring in two
nuclides in a reactor environment. These reaction rates can also be of same nuclides and nuclear
reaction in a different neutron spectrum (bare and cadmium covered for example).

By definition, the spectral index (S1) is defined as:
Sl =—.Form-Fr, 2.3-1

where R; is the reaction rate per target nuclide of isotope i (i=1 or 2), F,o;-m 1S @ power normalization
factor for distinct reactor power operations or the ratio of the monitor counts in the case of miniature
fission chambers, and Fr is the temperature correction for different temperature operations.

The power normalization factor employed in the spectral index measurements is the ratio of the
detector signals (either counts or current) that monitor the power in the reactor under consideration.
The power normalization factor is given by:

Eiorm = = 232

where S, and S;are respectively the average detector signals for operation 2 and 1. Isotope 1 is
irradiated in operation 1 and isotope 2 is irradiated in operation 2.

Spectral indices for thermal reactors are sensitive to temperature. In the case of different temperatures
for each reaction rate measurement, a correction, [, must take place. F.is determined by employing

a sensitivity analysis of the spectral indices to the temperature and from these analyses the reaction
rates can be transformed to the same temperature basis.

The temperature normalization factor can be expressed mathematically as:

SE AT

FT=(1+ T,

), 2.3-3
where Configuration 1 was taken as reference, AT = T, — T; ; T; and T, are respectively the
temperature for Configurations 2 and 1 giving in Kelvin unity, S 17;1 is the sensitivity coefficient of
the reaction rate for Configuration 1 to the temperature and is given by:

T, ORy

T
== —|r= 2.3-4
SR1 R1 aT |T—T1’
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and R, and R, in Equation 2.3-1 are related to the reaction rate (RR ) (Section 2.7.1) given by

Equation 2.7-2 for foil activation techniques, Equations 2.7-32 and 2.7-34 for fuel rod scanning
techniques and Equation 2.7-39 for the case of the miniature fission chamber as:

— RR; -
R; = N 2.3-5
where i refers to nuclide 1 or 2, RRI. is the reaction rate for nuclide i, and N ; the total number of

atoms of nuclide i in the measurement device (either foil, fuel rod, or miniature fission chamber).
N, is given by:

_ miNgy
N, = Dillay

o, 2.3-6

where m;, M, and N , are respectively, the mass, and the atomic mass of nuclide 7, and
Avogadro’s Number.

The quantities measured in the spectral indices experiments employing foil activation or fuel rod
scanning techniques are the reaction rates following the procedure extensively discussed in Section
2.7.1. In the case of the miniature fission chambers, the quantity measured is detector counts, which
are proportional to the fission rates.

Some special kinds of spectral index such as 28 p and *°§ will require correction factors in order to
achieve to their final values. These correction factors will transform the perturbed configuration (with
foils, cadmium sleeves, etc.) into an unperturbed one (without the measurement devices). Example
E2.3-4 shows how the correction factors are defined for the special cases of 2% p and *°§ and utilized

to infer these spectral indices. Other spectral indices such as the ones employing miniature fission
chambers might require other types of correction factors (see Example 2.3-3)

2.3.1.1b Uncertainty Types and Bounding Values for the Spectral Index
Measurements

The uncertainties in the spectral indices can be classified into five categories:

Uncertainties in the measured reaction rates (described in Section 2.7.1),

Uncertainties in the power normalization (detector signals used to monitor power),
Uncertainties in temperature normalization,

Uncertainties in calculated correction factors (nuclear data, calculation model, transport

el el e

equation solver), as in the case of ** p and 235 (see Example E2.3-4 for details),

5. Uncertainty in the mass of the device employed to get the reaction rates (mass or calibration
of foil, fuel rod, or calibrated mass of miniature fission chamber).

In order to get the uncertainty in the spectral index consider the general equation for the propagation
of the associated uncertainties [2.3-5 and 2.3-6]. Let x; be an independent or correlated set of variables
and w(x;) a dependent function of this set of variables. Accordingly, the uncertainty of w(x;) is:

aw\ 2 ow ow
O"f, = ?:1 (—L) .O'i2 + 2271 ‘Ti.Ti.COU(Xi,X]'), 2.3-7

10
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where X; is a generic independent variable, o; is the uncertainty of x; and cov(xl,,x j) is the

covariance matrix of X; and X ;e

In most of the uncertainty analyses all independent variables are assumed uncorrelated. However, it is
left to the evaluator’s judgement to perform additional analyses if necessary.

2.3.1.1c The Uncertainty Analysis for the Spectral Indices

Applying Equation 2.3-7 to Equation 2.3-1 and assuming all quantities uncorrelated, one gets:

oo = 1 (222) o (222)" 4 (e (%)’ 238
Op and O are obtained applying Equation 2.3-7 to Equation 2.3-5:

ORR:\ 2 oN\2
or, = R J(Z250)" 4 (2, 239

where i is equal to 1 or 2, and O g, is the uncertainty in the reaction rate of nuclide i extensively

discussed in Section 2.7.1.

Oy, is obtained applying Equation 2.3-7 to Equation 2.3-6. The final result is:

on; = Ni. \/((:nm:)z

where O,, and O, are respectively the uncertainty in the mass (foil mass, 35U or ***U mass in the

¥ (2’ 2.3-10

M;

scanning technique, or the calibrated mass of the miniature fission chamber) and the uncertainty in the
atomic mass of nuclide i.

Equations 2.3-8 through 2.3-10 form a complete set of equations to calculate the uncertainty in the
spectral index ST .

2.3.1.1d Other Uncertainty Considerations

Uncertainty of Power Normalization Factor
The uncertainty in the power normalization factor is mainly statistical or the spread of the signals of
the detectors around the mean value. A possible systematic uncertainty would occur if this detector
loses its linearity between the two reactor operations; this source of uncertainty is left to the

evaluator’s judgment.

Applying Equation 2.3-7 to Equation 2.3-2 yields:

—\2 —\2
Frorm _ . 95, 75,
051" = Faorm \/ (—S—Z ) + (_51 : 23-11

where o5, and oy, are, respectively, the uncertainties of the detector signals for operation 1 and 2.

11
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Uncertainty of Temperature Normalization

The uncertainty in the temperature normalization factor can be obtained applying Equation 2.3-7 to
Equation 2.3-3:

T
F Sg,'(or,—or,)
o] = —2—2 - 2.3-12
SI Tl o

Fr. . . .. .
where Og IT is the uncertainty in the temperature normalization factor, O, and O , are respectively
the temperature uncertainties for operation 1 and 2.

Systematic Uncertainties

The sources of the systematic uncertainties arise mainly from the reaction rates measurements.
However the masses (the foil or fuel rod masses or the calibrated masses in the case of miniature
fission chambers), and nonlinearity of the detectors that monitor the power and determine the power
normalization both employed in the determination of the spectral indices can play an important role.
The experiment report should provide enough information so that the evaluator can judge the possible
sources of systematic uncertainties.

2.3.1.1e Final Spectral Index Measurement Uncertainty

The final spectral index uncertainty is obtained combining quadratically all uncertainty types and
assuming no correlation among them. Let this uncertainty be denoted by agy,,,,; i.€., the measured
method spectral index uncertainty for a generic reaction type and a generic measurement method.
The final benchmark uncertainty for the spectral index experiment is given by:

OSiym = \/0521 + (U:Inwm)z + (U;T)z + (USSIyS)Z: 2.3-13

where the subscript SI represents the spectral index uncertainty of any of the measurement techniques
described in this Guide or any other technique employed for the same purpose and GSst *is the
systematic uncertainty.

2.3.1.1f Sources of Uncertainty and Bounding Values for the Spectral Index
Measurements

Table 2.3-2a shows a summary of uncertainty sources and bounding values for spectral index
measurements for thermal reactors. The list is not exhaustive, but it addresses most of the
uncertainties employed in the uncertainty analysis described in subsequent subsections. The major
contributor to the overall uncertainties of the spectral index measurement is the reaction rate
measurements. Some of the main components of the reaction rate uncertainties are repeated in Table
2.3-2a in order to illustrate and make more understandable the sources of the uncertainties in the
spectral indices. The definitions and sources of uncertainties are given in detail in Section 2.7.

12
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Table 2.3-2a. Summary of uncertainties and bounding values for thermal reactors

. - . Type of
Source of Uncertainty Typical| Minimum | Maximum Uncertainty
Value Value Value (@)
(A or B)
Reaction Rate (RR) 3.0% 1.0 % 5.0% B
Global Detector Efficiency (ggp) 0.7 % 0.1 % 3% B
End of Irradiation Activity (4g) 1.5% 0.1 % 5% B
Detector Count; including 44 (€) 0.5 % 0.1 % 30 % B
Ramp Factor (Frqmp) 1.0 % 0.1 % 5% B
Gamma Self-Absorption Factor (Fgps) 2.0 % 0.1 % 5% B
Depression Flux Correction factor (F.orr)| 1.0 % 0.1 % 5% B
Fission Yield (Yzgp) 2.0 % 0.1 % 5 % B
Reactor Power 2.0% 1.0 % 5.0% B
Power detector signal 0.5 % 0.1 % 1.0 % B
Calibrated Mass (MFC) 2.5% 1.0 % 4.0 % A
Power Normalization (F,4,p,) 0.4 % 0.01 % 3.0% B
Temperature Normalization (Fr) 0.1 % 0.01 % 1% B
Calculated Factor (F,,,+) 2.5% 0.1 % 3.0% B
Device mass 0.05% [ 0.01% 3.0 % B
Spectral Index 3% 0.5 % 5.0% Variable

(a) The Uncertainty Type (A or B) has the same meaning as in ICSBEP Uncertainty Guide.

For the measurements of spectral indices (see Eq. 2.3-1) with fission chambers in fast spectra the
uncertainties in the power normalization factor (F,,.,) and temperature normalization factor (Fr)
are negligible. The major contributions to the uncertainties of the reaction rates RR come from the
detector count and calibrated mass (typical values are given in Table 2.7-2). The uncertainty for the
F8 (Fission Rates in ***U) counting rate is larger than those for F5 (Fission Rates in **U) and F9
(Fission Rates in **’Pu), rapidly increasing with increasing distance from the core center. Tables
2.3.2b and 2.3.2c show the summary for the uncertainty types and bounding values for the spectral
indices F9/F5 and F8/F5, respectively.

Table 2.3-2b. Summary of uncertainties and bounding values F9/F5 in the core

. - . Type of
Source of Uncertainty Typical| Minimum | Maximum Uncertainty
Value Value Value (@
(A or B)
Reaction Rate (RRI) 1.5 % 0.5% 2.5% B
Reaction Rate (RRZ) 1.5 % 0.5% 2.5% B
Spectral Index 2.0 % 1.0 % 3.0% Variable

(a) The Uncertainty Type (A or B) has the same meaning as in ICSBEP Uncertainty Guide.

13
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Table 2.3-2c. Summary of uncertainties and bounding values F8/F5 in the core

. - . Type of
Source of Uncertainty Typical| Minimum | Maximum Uncertainty
Value Value Value (@)
(A or B)
Reaction Rate ( RR,)) 2.0% 1.0 % 4.0 % B
Spectral Index 2.5% 1.0 % 4.0 % Variable

(a) The Uncertainty Type (A or B) has the same meaning as in ICSBEP Uncertainty Guide.
2.3.1.2 Neutron Spectra
Time-of-Flight Method
A relation between neutron energy, £, and time of flight, ¢, for path length, /, is as follows:
E=5.23x10° I/f 2.3-14
where energy is expressed in electron-volts, path length in meters, and time of flight in microseconds.
In the ideal case (infinitely small duration of the neutron pulse and registration time interval, no
background etc.) it is easy to obtain a relation between the pulse time distribution, N(z), and their
energy distribution, N(E):
N(E)~N@) /P 2.3-15
In case of a known detector efficiency, ¢(E), the desired neutron spectrum, ¢(E), can be determined as:
o(E) = N(E)/e(E).
The accuracy of a neutron energy measurement by the Time-of-Flight method is determined by the
accuracy of the time-of-flight measurement since the value of /, in most cases, can be obtained with
any necessary uncertainty. A dispersion of time of flight for most facilities is determined mainly by
two factors: 1) finite duration of the neutron pulse, A¢,, and 2) the spread of time intervals between
neutron entry into the detector and the appearance of an electrical pulse, Az, Other components of the
time-of-flight dispersion such as time analyzer channel width, resolution time of electronics, and

dispersion of start signal appearance time are usually much less.

When all components are independent, the overall uncertainty in the time measurement is:

1/2
Atz(ZAth 2.3-16

The Resolution Function will be a convolution of partial resolution functions corresponding to each
source of uncertainty. These partial resolution functions, as a rule, are approximately rectangular or
triangular in shape. However convoluting a large quantity of functions of arbitrary shape, according to
central limit theorem of probability theory, a function close to Gaussian with a dispersion equal to the
sum of partial dispersions is obtained.

From Equation (2.3-14) it is easy to obtain:

AE/E=2At/t = 2.78 <107 E “At/l. 2.3-17

14
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In order to transform the time distribution of measured pulses into neutron energy spectrum, it is
necessary to account for background and make corrections for inaccuracies of registration equipment,
and corrections connected with neutron pulse shape. The accuracy of the spectrum being recovered
depends strongly on the accuracy of the detector efficiency, &(E) [at best, the relative dependence,
g(E), is known with uncertainty of about 5%].

The main components of uncertainty are [2.3-7]:

Detector efficiency,

Background,

Neutron pulse duration,

Perturbation of the neutron spectrum by the beam hole,

Dependence of the neutron spectrum on the degree of sub-criticality.

Lk wbh =

Typical uncertainties in neutron spectrum measurements by the Time-of-Flight method are given in
Table 2.3-3.
Table 2.3-3. Summary of Uncertainties and Bounding Values

Source of Uncertainty | GRE | MU MO | Uncertainty
(%) (%) (%) (A or B)
Detector efficiency 6 3 15
Background 2 1 5
INeutron pulse duration 3 0 10
Flight path 3 2 4
Total Uncertainty of Measurements 10 5 20

2.3.2 Uncertainties in Experimental Configuration
The uncertainties in the spectral indices benchmark model are composed of three major parts:

1) Uncertainties in measurements,
2) Uncertainties from the facility and from the device parameters, and
3) Uncertainties from the experimental configuration.

The temperature uncertainty must also be propagated to the spectral index uncertainty through a
sensitivity calculation as described in Section 2.7.2. These three components shall be combined
quadratically in order to get the whole benchmark uncertainty.

Uncertainties in the experimental configuration are the uncertainties that arise from the fact that the
experiment setup is not in perfect agreement with its design, i.e., there is an uncertainty connected to
the position of the activation foils, detectors and auxiliary instrumentation, uncertainty of the
experiment equipment composition etc. The category also includes uncertainties in the environmental
conditions, namely the uncertainties in basic parameters of the experiment system which might not be
of direct interest, but nevertheless affect the measured. This includes uncertainties such as those in
the geometry, composition or integral physical parameters of the criticality system.

The Effect of Uncertainty in the Experimental Configuration
This kind of uncertainty follows closely the procedure of the /CSBEP Uncertainty Guide [2.3-6]. Here

uncertainties are divided primarily into two categories: a) uncertainty in geometry, and b) uncertainty
in physics, chemistry, and isotopic content of materials.
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As an illustration, Tables 2.3-4a and 2.3-4b show, respectively the uncertainties in the geometry and
materials. The empty columns should be filled by the evaluator as an aid to clarify the uncertainties.
This list is not exhaustive. Different parameters will be listed for other types of configurations.
Besides the uncertainties commonly derived from the /CSBEP Uncertainty Guide for the facility
parameters, the geometric and material uncertainties of the device (foil, fuel rod or miniature fission
chamber) employed to infer the spectral indices should be taken into consideration. The geometry and
material details of the device have to be known in order to assign their specific uncertainties. Example
uncertainties are shown in Tables 2.3-4a and 2.3-4b. A sensitivity analysis is performed in order to
propagate the geometric and material uncertainties of the facility and of the measurement and
auxiliary devices utilized to infer the spectral indices. The final total uncertainty arising from the
parameters of the experimental configuration is the square root of the sum of the squares of each

component. This type of uncertainty is denoted by ..

Table 2.3-4a. Uncertainties in geometry

Mean Reported Type of Number of
Parameter .. . Standard
Identification Measured |Uncertainty in Uncertal)nty Degrees of Uncertainty
Value Parameter (A or B® Freedom
Active Fuel Height
Fuel Pellet Diameter
Clad Outer Diameter
Clad Inner Diameter
Fuel Rod Pitch
Bottom Alumina Height
Measurement Device location
Absorber Position
Structural Material Geometry
Foil Position
Foil Geometry
Other Relevant Parameters
(a) The Uncertainty Type (A or B) has the same meaning as in ICSBEP Uncertainty Guide.
Table 2.3-4b. Uncertainties in Materials
Parameter Mean Repm:ted ' Type ?f Number of Standard
Identification Measured |Uncertainty in Uncertaugy Degrees of Uncertainty
Value Parameter (A or B) ) | Freedom

U Enrichment (%)

UO, Density (g/cm’)

(UO, stoichiometric factor (%)

U (wt.%)

U (wt.%)

Fuel impurities (ppm)

Cladding Density (g/cm’)

>>Mn in Cladding SS (wt.%)

Cladding composition

Device Impurities (ppm)

Moderator Poison (ppm)

Measured Device Mass

Other Relevant Parameters

(a) The Uncertainty Type (A or B) has the same meaning as in ICSBEP Uncertainty Guide.
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2.3.3 Uncertainties in Biases and Benchmark Models
Biases in Benchmark Models
Biases are introduced in Benchmark Models in three distinct ways:

1) By spectral index measurement methods whenever parameters derived from calculations or
from other experiments are employed to infer the measured spectral indices;

2) By desired simplifications (typically derived in Section 3 of and IRPhEP Evaluation);

3) By modelling limitations (typically derived in Section 4 of IRPhEP Evaluation).

Biases in the spectral indices measurement methods shown in this section arise from the calculated
factors; i.e., from the calculated correction factors. Examples 2.3-3 and 2.3-4 show how these
correction factors are applied. The determination of the biases arising from the spectral index
measurement methods is a very complicated problem and some of them may never be found. The bias
determination for the calculated quantities requires the availability of well-defined experiments for
these quantities to serve as benchmarks; here referred to as Reference Values. Examples of the
measurements of the correction factor for the determination of 28p and 25p may be found in Ref. [2.3-
8]. Examples of measurements of these spectral indices without correction factors are found in Ref.
[2.3-9].

The bias induced by these calculated factors can be understood calculating the ratio, C/R, where C is
the calculated correction factor and R is the reference value provided by the specific available
benchmarks. If the C/R ratio is greater than 1, the calculated factor overestimates the measured
spectral index. If the ratio is less than 1, the calculated factor underestimates the measured spectral
index.

The bias in the spectral index measurement for a particular correction factor is given as:

(R-0)

BCF = 'SIMM, 2.3-18

where B is the bias for the specific calculated factor and its uncertainty arises from a standard error
propagation. Slyu, is the measured spectral index given by Equation 2.3-1.

The benchmark model value for the spectral index experiment, after applying all possible biases and
correction factors is given by:

SIB@ = SIMM + BSL + @' SIMM’ 2.3-19

where Sip, is the benchmark model spectral index value, the subscript MM represents a generic
measurement method, and Bg; is the bias from the benchmark model simplification (typically derived
in Section 3 of and IRPhEP Evaluation), or by modelling limitations (typically derived in Section 4 of
IRPhEP Evaluation).

Equation 2.3-19 reduces to:

SIB@ = SIMM ) % + BSL’ 2.3-20

. R. . . . .
The ratio ois defined as the bias-factor. Equation 2.3-20 can be generalized for a specific number of
measurement bias as:
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Slge = Slym " Bum + Bsy, 2.3-21

Bum = H?’fl B; is the total measurement method bias-factors , N is the total number of bias-factors
applied to the measurement method, and B; is the specific measurement method bias-factors. Bias in
simplifications also includes the exclusion of the auxiliary devices to fix the device (foil, miniature
fission chamber, etc.) in the reactor system if not modelled in the benchmark model.

Uncertainties in Biases

Bias-factors in the measurement methods is always the inverse of the ratio of two quantities. The
numerator is the reference value while the denominator is the calculated quantity. Its uncertainty can
be found by applying Equation 2.3-7 to its definition and assuming no correlations. The final result is
given by:

gy =V (1/C) - 0r)% + (R/C?) - 0¢)?, 2.3-22

where o and g are respectively the uncertainties in the specific reference experiment and in the
calculated correction factor.

The total uncertainty in benchmark simplification and computational limitations is given by:

OBg, = 1’0-135 + Ulgy 2.3-23

where op, is the uncertainty in the bias from simplifications and op, is the uncertainty in the bias
from computational limitations.

As a starting point, the following paragraph was taken from the /CSBEP Uncertainty Guide [2.3-6]
and adapted for spectral index measurements:

The evaluator should strive for a reasonable balance between making the benchmark model
amenable to calculation and keeping the total spectral index uncertainty of the model as small as
practical. Obviously, simplifications that make the benchmark model easier to use tend to make it
more attractive to reactor physicist analysts. However, each simplification introduces an additional
benchmark-model bias and a correlated uncertainty contribution. The use of benchmark models to
validate a reactor physics analysis or to identify weaknesses in cross section data and calculational
methods is more effective and reliable if the uncertainties are small. The only stage in the evaluation
process where the evaluator legitimately can influence the magnitude of the total uncertainty is in
deciding what simplifications to make to create the benchmark model. The benchmark-model is the
best estimate of the value of spectral index that would be observed for an isolated experiment having
exactly the geometry and materials described in the benchmark model. Thus one should aim at
developing a benchmark model of the experiment which is simultaneously pragmatic for further
evaluator’s use, computationally not too demanding and free of major computational biases. This
means that constructing a model with a great level of detail, which has a negligible contribution to the
total benchmark-model uncertainty but significantly increases the complexity of the model and
associated computational time, is not advisable. Additionally the evaluator should construct a
benchmark-model including all parts of experiment that could potentially lead to the introduction of
major spectral index biases, if not modelled. In the opposite case a rigorous study of the effect of the
benchmark-model simplification on the computed spectral index should be performed.
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Uncertainties in Benchmark Models

The uncertainties in the spectral index reaction rate benchmark model values are composed of three
major parts:

a) Uncertainties in measurement method,
b) Uncertainties in biases,
c¢) Uncertainty from the facility and device parameters.

These three components are combined quadratically in order to get the whole benchmark uncertainty.
The final benchmark uncertainty for the spectral index measurement method is given by:

O'SBI;M = \/(O-SIMM . BMM)Z + (SIMM . O'BMM)Z + (O-BSL)Z + (O'PF)Z . 2.3-24

where a3},

/05 ot 0§L, 0p, 1s the uncertainty in the bias from simplifications, op, is the uncertainty in the bias

is the spectral index benchmark uncertainty for the measurement method MM, op,, =

from limitations and ogpf is the total uncertainty of the geometry and materials.

Table 2.3-5a shows a summary table listing the uncertainties, typical values, and minimum —
maximum range of values that are considered bounding.

Table 2.3-5a. Summary of uncertainties and bounding values for benchmark models of thermal

reactors
. Typical Value]| Minimum Value | Maximum Value
Source of Uncertainty (%) (%) (%)
Spectral Indices Measurement ( SI ) 3.0 0.5 5.0
Facility and Device Parameters 0.5 0.1 3.0
Benchmark model 4.0 1.2 7.0

Tables 2.3-5b and 2.3-5¢ show, respectively summary tables for F9/F5 and C8/F5 measured with the
activation method and the fission chambers in fast spectra. Here C8 stands for capture rates in **U.
Table 2.3-5¢ shows a summary table for C8/F9 measured with the activation method and the fission
chambers in fast spectra. Uncertainties of Spectral Indices Measurement ( S/ ) are taken from Tables
2.3-2b and 2.3-2c. The major contribution to the uncertainty of the Facility and Device Parameters
come from uncertainty in the placement of fission chamber in the assembly.

Table 2.3-5.b. Summary of uncertainties and bounding values for benchmark models of fast reactors

(FI9/F5)
. Typical Value | Minimum Value | Maximum Value
Sources of Uncertainty (%) (%) (%)
Spectral Indices Measurement ( S/ ) 2.0 1.0 3.0
Facility and Device Parameters 0.5 Negligible 1.5
Benchmark model 2.0 1.0 3.5
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(C8/F5)
. Typical Value | Minimum Value | Maximum Value
Source of Uncertainty (%) (%) (%)
Spectral Indices Measurement ( S/ ) 2.5 1.0 4.0
Facility and Device Parameters 2.0 Negligible 4.0
Benchmark model 3.0 1.0 5.0

For non-basic nuclides the uncertainties of the measurements with absolute fission chambers are
higher because of uncertainty in the mass of fissile deposits.

Uncertainties in Benchmark Model for Time-of-Flight
Table 2.3-6 shows summary table listing the uncertainties, typical values, and minimum — maximum
range of values that are considered bounding for the neutron spectrum employing the Time-of-Flight

(TOF) technique.

Table 2.3-6. Summary of uncertainties and bounding values for benchmark models for neutron

spectrum
Typical | Minimum | Maximum
Sources of Uncertainty Value Value Value
(%) (%) (%)

Perturbation of the neutron spectrum 5 5 10

by the beam hole

Dependence of the neutron spectrum on 5 ! 3

the degree of sub-criticality

Total Uncertainty of the Benchmark Model 10 7 20

2.3.4 Practical Examples

This section considers some examples of the determination of the spectral indices: miniature fission
chambers and the foil activation methods. Detailed examples of the determination of the spectral
indices employing fuel rod scanning can be found in References 2.3-7 and 2.3-9.

Example 2.3-1: Determination of Spectral Indices Using Miniature Fission Chambers

The equations and the notations in this example are those used by CEA and do not exactly
correspond to those of Section 2.3. CEA notations are kept to maintain consistency with the original
documentation.

Roughly one hundred fission chambers of various types (fissile or fertile, with a diameter of 1.5,
4, 8 or 10mm) are available at EOLE, which can be used to characterise the spectrum at an area in
the core. By taking *°U, **U, *°Pu, ***Pu, and *'Np as examples, the following spectral indices,

among others, can be deduced:
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238U(n,f)/235U(n,f)
239Pu(n,f)/235U(n,f)
237Np(n,f)/239Pu(n,f)
*2py(n,f)/~Pu(n,f)

and all the other possible variants.

Basic Principle

The general expression of a spectral index employing miniature fission chamber of an isotope 'a'
relative to an isotope 'r' is:

Conta/
Cont.
SI,‘} S i

G Ber — Bir (E2.3-1.1)

a/ Contr) c

where:
e S} is the spectral index,
€ g8 ¢ 5¢
b Bc,r = (&E + z:iata o J_L)’

Ng of N_a of
—y. Na
® Bl,r - Zl:ta Ng &
e Cont,/Cont, is the ratio of count rates of the chamber 'a' to that of chamber 'r',
e (Cont,/Cont,), is the same ratio in a reference spectrum (for example in a thermal column),

e N§/Naq represents the decay correction since the measurement in the reference spectrum
(particularly the change due to decay, **Pu and **'Pu),

e of/of is the relationship of cross-sections averaged in the reference spectrum,
Nf of . . ..

e Yi.q—-—trepresents the contributions of impurities in the reference spectrum,
Ng oy
N; 7 o . .. .

e Y,.q—— represents the contributions of impurities during measurement.

Ng Or

The associated uncertainties depend greatly on the type of chamber used. They vary from 2% to
nearly 10% for fertile fission chambers (**Pu or ***Pu lined).

Some examples

1. ?’Pu/*U Spectral Index

#%Pu/ °U becomes the simplest case with both chambers assumed to be isotopically pure. In this case,
the general expression reduces to:

239 _ Contg/Conts o§

Shyss = (Contg/Conts). of’ (E2.3-1.2)
where SIZ3 is the 2’Pu/ **U spectral index. Defining € = % and R; = %, the uncertainties in
9/ %5/¢c 5

this case are expressed as:

21



NEA/NSC/DOC(2017)

(o) = ()" 4 (222)’ 2313

2. ZNp Py

In the 237Np chamber, there can be no thermal column calibration, so the spectral index must be

derived from calibrations in a fast spectrum. In this case, the count-rate ratio in the spectrum of
interest is:

Ka(NaoatSizgNioy)

krNy oy

SIa,r =

(E2.3-1.4)

where £ is the efficiency of the chambers.

Replacing the kN products by the effective masses yields the following relationship for the general
spectral index

Sly, = Z—% (Cont,/Conty) — ziml’:—;% (E2.3-1.5)
For the % 7Np chamber, N; = 0, therefore:
Sly, = Zriatiita (E2.3-1.6)

mg Ay Cont,
where m,, m, are the effective masses and M,, M, are the atomic masses (239 and 237 respectively).

The uncertainty is simply calculated from the following:

Tsigr\> o 2 o 2 om N> (om N2 (oA (o4 \2
(Goee) = () o (22 o (3 + (2) + (20 + (%) @23
Slgr Contg, Cont, My Mg Ay Aq R

As a first example, consider the utilization of the calibrated miniature fission chambers to measure the
#9py/?’U and 237Np/mPu spectrum indices in the IPEN/MB-01 research reactor facility. These
experiments were carried out by IPEN and CEA teams in October 2007. The analyses of the results
are performed subsequently. The details of the miniature fission chambers employed in the
experiments to measure the spectral indices are shown in Table E2.3-1.1. The effective masses and
uncertainties are given for the 0.4R channel.

Table E2.3-1.1. Description of the experimental miniature fission chambers

35U n°888  [’Pu n°809 ’Pun°811 |*'Np n°812

CM® (ug) 140.965 161.73 152.981 367.73
o ey () 2.40 % 2.20 % 2.20 % 2.70 %
Atomic Mass 2350392 [239.05216 237.048167

(a) CM stands for Calibrated Mass

The monitor fission chambers employed in the experiments were >>U FC n°1104 and n°954. They are
usually utilized respectively for the doubling time measurement and power calibration. They were
positioned in an asymptotic position, at the core periphery.
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Figure E2.3-1.1 shows the reactor configuration employed in the experiment. The miniature fission
chambers were placed in the grid core positions B04 (Monitor FC) and G15 (Experimental FC). The
fuel rods at these positions were removed and in their place two aluminum tube, sealed at the bottom,
with the miniature fission chambers inside were positioned. The aluminum tubes were utilized to
avoid the contact between miniature chamber and the moderator water. The miniature fission
chambers were positioned at the central axial position of the active core.

*
NORTH

aaabABCDEFGHI JKLMNOPQRSTUVWXY Zzazb

L 00/0]0/00/00/00/000/00000000000000eee]
[00/0000/0000000000 000000000060 ee
[ 0/00/0/0/0/00000000.00000000000e00ee
< (0/000/000000000000000000000000eer:
4 OOO@OO®OOO®OOOOOOOOCOOOOOOOOO0 04
L 0/000000000000000000000000000eel:
08| QOO0 OOOOOOOOQOOOCOOOCOOOCOOO0) 06
([0]0/0]0/0/0/00/00/0/0/0/0/0/0/0/0/0/0/0/0.0/0.0/0/6/0.00]y
- [0]0/0]0/0/0/00/0/0/00/0/0/00/00/0¢ 000 000000l
- 0/0[0/0/0/0/0/00/0/0/000.00000.0.00000.000ee]:
1010000 OOO®OOOOOOOOCOOOOOOO0|10
UG00000000000000000000000000eewl
G00000000C00000000 o0 oeeeeelr
£ [C0/0000/000000000000000000000eee
140000000000000000000000O0000000 14
1500000000000 0000000000000000001s
L(00/0/0/000000/0/0000000000 000000 eeelr
1710000000000 |17
L [0000000.00000000 0000000000000l
15100000000 OO0COOOO®OOO®OOO®OOOO|19
HIO0000000000000000000000000000er:
2110000000000 21
| 00/00/0/0/0.0/0000/0/00/000/000000000006]:
2000000000000CO000O000O000OO0O0) 23
L 0/000/0/0/0/0000/000000000000e00eeeer:
25 QOO0 00COOOCOO0OOOOO®QOO®OOOOOO|25
0/0/0000/00000000000000000000000er:
270088OOOOOOOOOOOOOOOOOOOOOOOOOO27

28000000000000000000000OO0000000 (28
29 0]0/0/0/0]0/0/0/0/00/0/0)0/0/0)0/0/0]0/0/0)00/0]0/0]:]
aaabABCDEFGHI J KLMNOPQRSTUVWXYZzazb

O Fuel Rod @ WNonitor FC
© Control Rod @ Experimental FC
® Safety Rod

Figure E2.3-1.1. Experimental IPEN/MB-01 core configuration

The IPEN/MB-01 reactor operated at 10 W for the 39py/?3U fission spectrum index experiments and
at 30 W for the »*"Np /*°Pu case. Six distinct operations were performed since the monitors, the ***U,
and the **Pu fission chambers had to be changed. Table E2.3-1.2 synthesizes the results of all
operations. The integral spectrum given by the miniature fission chambers is at 0.4R threshold.

Table E2.3-1.2. Experimental results for all core configurations

10W 30W
25U n°888 *’Pu n°809 *’Pu n°811 *'Np n°812 **’Pu n°809 "*’Pu n°811
Acquisition Time (s) 600 600 600 1000 200 200
Integral (cps/s) 4441 9822 9301 367 29671 28772
Monitor >*5U n°1104 (cps/s) 1718 1713 1723 5175 5189 5180
Monitor *U n°954 (cps/s) 3487 3477 3487 10239 10272 10275
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The spectral index is given by Equations 2.3-1 through 2.3-3 (Section 2.3.1). These equations were
rewritten in a single equation for the case of the miniature fission chambers as:

239 _ M35 Mjpzg Contizg Momnyss

SIZ3 = E2.3-1.8

. . . ,
M3z39 Mz3s Contzzs Momngzg

where the subscripts 239 and 235 stand, respectively, for **’Pu and **U fission chambers, Cont; (i
stands for either 239 or 235) is the miniature fission chamber i counts, and Mon; stands for monitor i
counts. The monitors were always ***U. The notation Mon,3 means the counts of the ***U monitor in
the *’Pu fission chamber experiment.

In Equation E2.3-1.8, the normalization factor F,,,,,, was taken care by the ratio of the monitor
counts. Fy was essentially 1.0 due to the very good temperature homogenization control of the
IPEN/MB-01 reactor. The experiment temperature was set at 20.0 °C.

The uncertainty analysis can be carried out employing Equation 2.3-8 through 2.3-10 (Section 2.3.1).

These equations were also combined into a single equation. Employing the same notation as in
Equation E2.3-1.8, one has:

2 2 2 2 2 2
O 239 = S]239 (Umzss) + (Jm239) + (Jconfzm) + (UCont235) + (JM0n239) + (UM0”235)
SI33s 235* Mayss Ma309 Contyzg Contyss Monyzg Monyzs /

where the uncertainty in the atomic mass has been neglected and the uncertainty in the detector counts
was taken equal to their square root of their counts.

E2.3-1.9

239

U are shown in Table E2.3-1.3.
235U

The final results for the spectral indices

239

Table E2.3-1.3. Experimental results for the spectral index

2357
239p /235y
Monit
onttor Pu9 N°809 Pu9 N°811 Average
U5-1104 1.966 + 0.065 1.967 £ 0.065 1.967 £ 0.065
U-954 1.966 + 0.065 1.963 + 0.065 1.965 £ 0.065
Total 1.966 + 0.065
237
Similarly for the case of W , this spectral index can be written as:
u
SJ (2371\’29) _ Ma39 Mp37 Comiazz; Momzzg E2.3-1.10
239pu Ma37 Mazg Contazg Momgzzy’ o
and its uncertainty is given by:
o = §]237 \/(Um239)2 + (‘7771237)2 + (Uconf239)2 + (Jconf237)2 + (0M0n239)2 + (61‘/1071237)2 E2.3-1.11
si335 = 2l239- May39 mas3y Contysg Contysz; Monyzo Monyz; / ’ ’
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The final results for this spectral index are shown in Table E2.3-1.4.

237

N
Table E2.3-1.4. Experimental results for the # spectral index
u
BN/ Pu
Monitor
Pu9 N°809 Pu9 N°811 Average
US5-1104 5.41E-03 £ 0.18E-03 5.55E-03 + 0.18E-03 5.48E-03 £ 0.18E-03
US5-954 5.41E-03 £ 0.18E-03 5.58E-03 + 0.18E-03 5.50E-03 + 0.18E-03

Total

5.49E-03 £ 0.18E-03

The results shown in Tables E2.3-1.3 and E2.3-1.4 do not contain the uncertainty contributions of the
experimental configuration and, in this case, the benchmark value and its corresponding uncertainties
are given in the line labelled Total.

Example 2.3-2: Determination of Spectral Indices Using Foil Activation Techniques

Consider as a second example the determination of the spectral indices: *Sc(n,y)/' °In(n.n") and
*Mg(n,p)/' *In(n.n") employing the foil activation technique. These experiments were performed in
the IPEN/MB-01 research reactor facility. All foils were irradiated in its central core region at 100W.

The details of the foils employed in the experiments are shown in Table E2.3-2.1.

Table E2.3-2.1. Foil description for the determination of the spectral indices

Foil Mass Radius Thickness Nuclear Abundances
(g) (cm) (cm) Reaction (Target Nuclide)
In | 0.2134+0.0001 |0.4245+0.0001 [0.0516 + 0.0001 |'“In(n,n')'""™In| 0.9571 + 0.0005
Sc | 0.0173 +£0.0001 | 0.4245+0.001 |0.0127 +0.0001 | *Sc(n,y)**Sc 1.0
Mg | 0.0483 +0.0001 |0.4000 £ 0.0001 | 0.0553 + 0.0001 | **Mg(n,p)**Na | 0.7899 + 0.0004

The reaction rates were obtained similarly to the example of 'In(n,n')'"*"In shown in Section 2.7.3.
The results are shown in Table E2.3-2.2.
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Table E2.3-2.2. Experimental reaction rates

NO Power Nuclear
Foil Reaction Rate (RR) | (number of | Reaction Rate per Moni(ta;)r Reaction
(Reactions/second) Target atom (RR/N0) (cps™)
Nuclei)

115 n115m
In | 1.762E+05 £ 2.5E+03 |  1.070E+21 1.646E-16 + 2.3E-18 | 37687 In(n,n') ~"In

4 46
Sc | 3.579E+08 +4.2E+06 | 1.340E+22 | 2.672B-14+3.1E-16 | 37306 | = Se(min'Sc

24 24
Mg 1.150E+03 + 37 9.569E+20 1.202E-18 £3.9E-20 | 37335 Mg(n.p)"Na

(a) Counts per second

The power normalization factors as well as the benchmark spectral indices are given in Table E2.3-2.3.
The uncertainty in the power detector monitor counts was taken equal to their square root. F,. was

essentially 1.0 due to the very good temperature homogenization control of the IPEN/MB-01 reactor.
The experiment temperature was set at 20.0 °C.

Table E2.3-2.3. The experimental spectral indices

Power normalization
Spectral Indices
norm

“Sc(n,y)/ In(n,n') 1.01+001 1.64E+02 + 3.0

*Mg(n,p)/ ' “In(n,n') 1014001 7.37E-03 + 2.6E-04

The results shown in Table E2.3-2.3 do not contain the uncertainty contributions of the facility
parameters and in this case the benchmark value and its corresponding uncertainties are the
experimental spectral indices shown in this table.

Example 2.3-3: Correction Factors due to FC Structure and Connectors

MFCs are usually made of titanium parts and a connector allows plugging them on organic coaxial
cables. As they are not watertight, they can only be used in air channels. They come in two outer
diameters depending on the amount of fissile material required for the measurement: ¥4 mm (CF4)
for less than 200 pg of fissile coating or @8 mm (CF8R or CF8Rgr) for coatings up to a few mg.
Detectors active length are respectively 10 mm and 24 mm. CF8Rgr is a new detector design that
allows putting two fissile deposits, one on each electrode. The gap between electrodes is also reduced
in order to improve charge collection. Their cross section is given on Figure E2.3-3.1.[2.3-10]
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(a) @4 mm cylindrical FC Connector Cable

3;5—

Fissile deposit

e

connector cable

Figure E2.3-3.1. Drawings used for the MC modeling of the CF4 with connector and cable (a),
CF8Rgr (b), CF8R (c) and their connector and organic cable (d). Signal cables are shielded cables
with copper core, polyethylene insulator, copper shield and plastic jacket.

Although MFCs are small and made of materials that slightly interact with neutrons, it is known that
the transmission cable conveying the signal to the electronic module (detector, connector and signal
cable) has a local effect on the neutron flux as well as a global effect on the core reactivity. The
impact on the measured fission rate is negative (i.e. the observed fission rate is lower than the
unperturbed fission rate).

Our main objective is to quantify this effect on the observed fission rate in order to correct it as
efficiently as possible. A parameter study is required because the effect is expected to vary greatly
depending on several parameters: detector design (geometry, materials), neutrons energy spectrum
and fissile isotopes in the fissile coating.

In order to quantify and correct any effect on fission rates, it is possible to make use of Monte Carlo
calculations using a precise modeling of the detector and its close environment. Correction factors for
various fissile isotopes and neutron spectra can then be determined with high fidelity.

To assess the method, a simplified calculation route is compared to a whole core calculation in the
case of the MINERVE reactor in the MAESTRO configuration [2.3-11], representative of a light
water reactor (LWR) UO; spectrum.

A complete Monte Carlo modeling of MFCs is performed, associated to JEFF3.1 library to model the
detectors based on the schematics shown in Figure E2.3-3.1. 3D Models were constructed very
precisely and include as few approximations as possible in order to allow sensitivity studies. However,
some simplifications were introduced for complex parts such as threads and feed-through, but
materials masses were conserved. Actual materials were modeled but only by introducing the most
significant alloy grades (for instance only stainless steel grade is used for all stainless steel
components). It is to be noted that the fissile deposit is not included in the model because its mass and
thickness are very small (typically 1 mg and 1 um). It has been shown that there is no neutron self-
shielding inside the fissile deposit

Three neutron fission spectra are considered in the study (see Figure E2.3-3.2). The so-called thermal
spectrum corresponds to the spectrum obtained in the thermal cavity of the BR1 reactor. It is very
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close to a purely Boltzmann spectrum at 300 K (maximum at 26 meV). MARK3 spectrum is the
reference spectrum used for fission chambers calibration [2.3-12].

Finally, MAESTRO spectrum is obtained at the center of the MINERVE reactor in the MAESTRO
configuration. This mixed energy spectrum is very close to the one of a PWR at nominal power. The
proportion of thermal neutron flux (below 1 eV) is 15 %, epithermal neutron flux represent 39 % and
fast neutron fluxes (energy above 0.1 MeV) is 45 % of the total neutron flux.

1.E+1

——MAESTRO

1.E+0 |-

1E-1

1E-2

Normalized spectrum

1E3

1E-4 L=
1.E-10 1.E-8 1.E-6 1.E-4 1.E-2 1.E+0
Neutron energy (MeV)

Figure E2.3-3.2. Neutron flux spectra (normalized to 1) used in the case study: thermal (BR1 cavity,
green dashed line), mixed spectrum (MINERVE experimental zone, blue solid line) and reference
spectrum for MFCs calibration (MARK3, red dots)

Correction Factors

Correction factors are computed based on two calculation results. The first one, without the detector,
is basically a calculation of the infinite dilution integral fission rate. The second one is obtained with
the entire detector geometry. Let R be the fission rate, S the neutron spectrum, x the fissile isotope and
D refer to the detector geometry. A correction factor is expressed as:

_ RD(X,S) _ _
fC,S,D) =51 (E2.3-3.1)

The factor uncertainty is given by the calculation standard deviation. As the standard deviation CV
(in %) is the same for the two calculations, the final uncertainty is CV*\2.

Tables E2.3-3.1 to E2.3-3.3 give the corrections factors for thermal, MARK3 and MAESTRO fission
rates respectively. Among the fissile isotopes tested, two are widely used to measure thermal neutron
flux: 2*°U and **’Pu. The others are fertile isotopes sensitive to fast neutrons: 238U, 3 7Np, » 8Pu, 240py
and **’Pu. Although in practice, one has to take into account impurities in the fissile deposit, only pure
isotopes are considered here. In the following tables, standard deviation uncertainties are given at 1
standard deviation.

2
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Table E2.3-3.1. Correction factors (in percent) for fission rates and for various fissile isotopes in the
case of a thermal neutron spectrum

CF4 CF8R CF8Rgr
Isotope
Factor cv Factor cv Factor cv

U-235 3.7 % 0.2% -6.4 % 0.1% -8.3 % 0.1%
U-238 3.7 % 0.2% -6.4 % 0.1% -8.1 % 0.1%
Np-237 -3.8% 0.2% -6.3 % 0.1% -8.3 % 0.1%
Pu-238 -3.9% 0.2% -6.4 % 0.1% -8.5% 0.1%
Pu-239 -3.6 % 0.2% -6.6 % 0.1% -7.8 % 0.1%
Pu-240 -3.6 % 0.2% -6.0 % 0.1% -7.9 % 0.1%
Pu-242 3.7 % 0.2% -6.1 % 0.1% -8.1 % 0.1%

Table E2.3-3.2. Correction factors (in percent) for various fissile isotopes in the case of a fast
neutron spectrum (MARK3)

CF4 CF8R CF8Rgr
Isotope
Factor CcV Factor CcV Factor CcV

U-235 0.0 % 0.4% 0.2% 0.4% 0.1% 0.4%
U-238 -0.7 % 0.2% -1.1 % 0.2% -1.1 % 0.2%
Np-237 -0.3 % 0.1% -0.4 % 0.2% -0.4 % 0.1%
Pu-238 -0.2 % 0.2% -0.3 % 0.2% -0.2 % 0.2%
Pu-239 -0.1 % 0.7 % 0.1 % 0.7 % -0.1 % 0.7 %
Pu-240 -0.3 % 0.1% -0.4 % 0.2% -0.4 % 0.1%
Pu-242 -0.3 % 0.1% -0.3 % 0.2% -0.4 % 0.1%

Table E2.3-3.3. Correction factors for various fissile isotopes in the case of a mixed neutron
spectrum
(MAESTRO configuration in MINERVE reactor)

CF4 CF8R CF8Rgr
Isotope
Factor cv Factor cv Factor cv

U-235 25% 0.2% -3.9% 0.3% -6.1 % 0.3%
U-238 -0.5% 0.2% -0.9 % 0.3% -1.1 % 0.3%
Np-237 -0.2 % 0.1% -0.3 % 0.2% -0.4 % 0.2%
Pu-238 -1.4 % 0.2% 23 % 0.4% 3.4 % 0.4%
Pu-239 -1.9% 0.2% 3.1 % 0.4% -4.9 % 0.4%
Pu-240 -0.3 % 0.2% -0.4 % 0.3% -0.5% 0.3%
Pu-242 -0.2 % 0.1% -0.3 % 0.2% -0.4 % 0.2%

As expected, our results show huge differences depending on the isotope and the neutron spectrum.
First, correction factors are all negative, which indicates that the observed fission rate is smaller than
the real one without the detector perturbation.

As shown in the last three tables, corrections factors tend to be much larger when calculated in the
thermal spectrum case. For all MFC types, it is observed that the factors are constant whatever the
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fissile isotope. This is due to the fission cross sections that all exhibit a 1/v behavior in the thermal
energy range. Note that it is not possible to observe experimentally this effect in the case of fertile
isotopes because of the very low cross section in the thermal part. The decrease in fission rates comes
obviously from the absorption of neutrons by radiative capture in the detector itself and other parts of
the measurement line. The effect is worth -3.8 % for the CF4 geometry, -6.4 % for the CF8R
geometry and down to -8.3 % for the CF8Rgr geometry on an average.

Results are completely different in the case of a fast neutron spectrum (MARK3). Indeed, correction
factor are below 1% in most cases, and very often the effect is negligible (see Table E2.3-3.2.
Nonetheless the ***U fission rate should be corrected, as the estimated correction factor is the highest
(down to -1.1% in the CF8Rgr case). The effect in this case is related to the neutron scattering in the
detector parts and because **U has the highest energy cutoff, it is the most affected by scattering. This
is shown on Table E2.3-3.2. All fertile isotopes are affected to a lesser extent. It is to be noted that
these corrections factors have been taken into account in the calibration method to provide unbiased
results.

Results obtained in the case of a mixed neutron spectrum (MAESTRO configuration in MINERVE)
are given in Table E2.3-3.3. One can see that correction factors are very different from one isotope to
the other. On the one hand, fertile isotopes are not affected in the MAESTRO case. The sole
exception is again 38U, which correction factor ranges from -0.5 % to -1 %, i.e. similar to the
correction obtained for the MARK3. On the other hand, thermal isotopes behave like in the thermal
spectrum case. Differences in the correction factors (around -2.5 % for >*U CF4 detectors) are likely
to come from the fact that the thermal component in the MAESTRO spectrum is less thermal than the
Boltzmann spectrum due to neutron absorption by the water.

In order to better understand which part of the measurement line causes the effect on the fission rate,
several calculations were performed by adding step by step the detector, the connector and the signal
cable. Calculations were performed in the simplified geometry and with the MAESTRO neutron
spectrum.

Results are given in Table E2.3-3.4. Error! Reference source not found. One can observe that the
chamber itself is responsible for the whole neutron effect on the fission rate. Even though the
connector is very large in the case of CF8R and CF8Rgr geometries, it does not affect the fission rate
on the fissile deposit that is located a few cm below.

This is also true for the signal cable: no direct effect can be seen on the fission rate measurement. So,
one important conclusion is that the connector and cable can be removed from the experiment
modeling as it does not impact the fission rate calculations at the location of the fissile deposit.
Indirect neutron effect could still occur because of the local reactivity effect of the whole
measurement line. In particular, absorption in the cable could decrease the fission rate of close fuel
elements. This would lead to an indirect decrease of the measured fission rate.
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Table E2.3-3.4. Correction factors (in percent) in different measurement configurations
(Standard deviation is around 0.3%.)

Chamber + Chamber Connector Cable
Isotope Geometry All

Connector alone alone alone

CF4 -2.6 % 2.6 % -2.5% -0.1% 0.0%

U235 CF8R -4.1 % -4.2 % -4.1% -0.1% 0.0%
CF8Rgr -6.5 % -6.5 % -6.2% -0.1% 0.0%

CF4 -0.6 % -0.6 % -0.5% -0.1% -0.1%

U238 CF8R -0.9 % -0.9 % -0.9% -0.0% 0.0%
CF8Rgr -1.1 % -1.0 % -0.9% -0.1% 0.0%

CF4 -0.3 % -0.2 % -0.1% -0.1% 0.0%

Np237 CF8R -0.3 % -0.3 % -0.3% 0.0% 0.0%
CF8Rgr -0.4 % -0.3 % -0.3% 0.0% 0.0%

So, structure correction to particular spectral indices measured in thermalized spectra can lead to non-
negligible modification of the raw signal processing, even if impurity corrections have already been
taken into account.

Example 2.3-4: The Special Case of > p and 5

.- 28 . . .
The spectral indices ~ 0 and *°S constitute a special case. They are normally measured employing
the foil activation technique. These spectral indices are defined as:

20MeV
ol = Jos2s0v v Jam 0 (E)-0(r E,Q)AVAEAQ E23-4.1

0.625eV
fo Jy Jim o (B).0(rE2)avdEdD

. 28 L . 28
where SI represents either ~ 0 or 2°5, o(E) is either the **U capture cross section for the = 0
case or the °U fission cross section for the 2°§ case, d(r, £, Q) represents the neutron angular

flux at position, 7* energy E , and direction Q ,and V' is the foil volume. The volume integral is

performed in the foil space domain. In the definition of 2 P or >>5, the thermal energy cut-off is
0.625 eV.

28 . . ..
The measurements of =~ P or > are performed employing dismountable fuel rods containing

uranium foils in its interior. The uranium foils are sandwiched with aluminium foils in order to
prevent contamination of fission product or **’Np from the fuel pellet. Usually, two distinct
irradiations are performed; one without the cadmium sleeve and the other with the cadmium sleeve.
The fuel rod at the foil position is wrapped with a cadmium sleeve. After irradiation the dismountable
fuel rod is dismounted and the uranium foil is removed and taken to the HPGe detector to get the
gamma counts as a function of decay time. The determination of the 238U(n,y) or 235U(n,f) reaction
rates follow the procedure extensively discussed in Section 2.7.1. The measurements are performed in
the asymptotic region of the reactor. In the majority of cases highly enriched uranium foil is used for

the °S case and depleted uranium foil is used for 28/). Some works [2.3-8, 2.3-9, and 2.3-14]
considered the fuel rod scanning technique to get these special spectral indices.
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.. 28 .
The measured spectral indices ~ 0 or *°§ are given by:

SI = SI*. Fapyr, E2.3-4.2

where SI represents either % p or*>S, SI is the perturbed spectral index and is given by:

s 1 E23-4.3
Recg—1

238

R, is either the cadmium ratio for the **U captures or for the *°U fissions and it is given by:
Cd p g y

RR are
Reg = "0828 o E2.3-4.4

RR

bare 18 the 3y capture reaction rates or the 23U fission reaction rates for the bare condition, i.e.,

the irradiation without the cadmium sleeve, RRCd is the ***U capture or the **°U fission reaction rates

for the cadmium covered condition, i.e., the irradiation with the cadmium sleeve, F

[2.3-13] is the
correction factor that has a twofold function. First, it transforms the perturbed spectral index into an
unperturbed value. The perturbation in the reactor is due to the insertion of the uranium and aluminum
foils inside of the dismountable fuel rod and due to introduction of the cadmium sleeve. Second, it

transforms the cadmium cut-off energy to 0.625 eV.

The correction factor FCW is calculated by employing a simplified model of the reactor. Usually an

infinite array of fuel rods is considered [2.3-8 and 2.3-13].

The correction factor FCW is defined as the ratio of the unperturbed spectral index to the perturbed

value as:
_ RRep/RRen
Feorr = R RRyro—RRoD) E2.3-4.5
where:
20MeV
RR,, = fms  fupo®.00 EDavasda E2.3-4.6
is the epithermal reaction rate,
0.625eV
RR,, = f fV Jye 0 (E). ®(r, E, Q)dVdEdN E2.3-4.7
0
is the thermal reaction rate;
20MeV
RR,, = f fV J, 0(E).®*(r,E,0)dVdEdR | E2.3-4.8
0

is the reaction rate in the uranium foils considering the presence of the uranium and aluminum foils
and the cadmium sleeve,
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RR,,,, = f:wev [, [, o(E).®(r,E,Q)dVdEdQ, E2.3-4.9

is the reaction rate in the uranium foils considering the presence of uranium and aluminum foils only

and ®(r, £,Q) and 0} (I’, E, Q) are, respectively, the neutron angular fluxes for the bare and for the
cadmium covered cases.

. S 28 . . .
The measured quantities for the determination of = 0 or >>& are either the reaction rates in the

highly enriched uranium foil in the case of *>& or in the depleted uranium foil in the case of 2 p.
Uncertainty Analysis for the Special Case of 2 p and 5

The uncertainty analyses for 2 p and *°§ starts applying Equation 2.3-7 subsequently to Equations
2.3-4.2,2.3-4.3, and 2.3-4.4 assuming that all variables are uncorrelated:

oo = 51.\/(%)2 + (”FF—)2 E2.3-4.10
where

as; = J (<Rc:—1))2 o2, E2.3-4.11
and

o = Rea | (=) + () + (mn) + (7). B23.4.1

The uncertainty analyses described by Equations 2.3-4.10 through 2.3-4.12 apply to both 2 P and

25§ cases.

Example 2.3-5: Modified Conversion Factor

The modified conversion factor is a spectral index, but is particular in the sense that it does not use
fission chambers but relies on the particular peak spectrometry technique. The modified conversion
factor is defined as the ratio of ***U radiative captures to the total fission rate in the fuel rod. It is
mainly used in the MOX fuel rods.

Modified Conversion Factor = 238U Captures _ C8 E2.3-5.1

Total Fissions F

This definition is broader than that found in an all UO, core where the denominator is mainly the
33U fission rate. This measurement is a post-irradiation measurement directly on the fuel rods.

The measurement is based on the detection of gamma peaks of two fission products: '“*Ce at
293.27 keV and "**Ba at 537.31 keV, as well as *’Np at 277.60 keV which characterises the capture
rate of the 2**U through the reaction
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L~2.35min [~2.35days
(238U+n H239(] 239N 239Pu).

This measurement requires the detection of low energy gamma rays, which requires the use of a
high efficiency detector. The '*’La peak at 1,596 keV is used as power normalisation. It is shown in
Section 2.7.1b that the ***U capture rates and the total fission rates are given by the following
expressions:

(Ayo—Anp) Nnp

Ayg —Anpt —Anpt —Anptm)’
ng-rle-pr'm'(l_e NP e)'e NP C.(l—e NP m)

(8 = and E2.3-5.2

F= Ap-Crp
- —Apt, —Apt, —Aptm)’
YFP-IFP-UFP-fFP-(l—e P e)-e P C-(l—e P m)

E2.3-5.3

which gives the final relationship for the modified conversion rate:

€8 _ Aus—Anp Anp Cnp Irp NMFp fFp (1-e~*pte).e=Apte (1-e~Aptm) E2.3-5.4

F Ap Aye Cpp PP Inp ‘INp frp (1—e_ANP'te).e_ANP'tC.(l—e_ANp'tm) T
Cc8

SIMCF - F E23'55

The saturated count rates and the detection efficiencies are obtained from the procedures extensively
discussed in Section 2.7. Fission yields, radioactive periods and gamma-ray emission probabilities
can be extracted from the JEFF or ENDF/B nuclear data libraries. Finally, relative reaction rate
calculations must be performed to estimate average fission yields and gamma self-shielding
correction factor.

The Uncertainty Analysis for the Modified Conversion Factor

The uncertainty analyses for the Modified Conversion Ratio is obtained applying Equation 2.3-7 to
Equation 2.3-5.5, assuming that all variables are uncorrelated:

2 2
C8 o, o
Ocs = — (—Cs) + (—F ) E2.3-5.6
T F C8 F

where the uncertainties in C8 and F are given in Section 2.7.1.
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2.4 Reactivity Effects Measurements

241

Uncertainties in Measurements

Reactivity Considerations

Reactivity measurement in a nuclear reactor is by far the most common measurement performed in

the Reactor Physics. By definition reactivity is the deviation from criticality. Although there are many
mathematical definitions of reactivity (see for example the books of Henry [2.4-1] or Keepin [2.4-2]),
the most commonly employed definition is given in terms of the effective multiplication factor (ke ).
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Ak

. eff ) is defined in terms of this quantity by the following equation, although this
eff

is an approximation[2.4-3]:

The reactivity (p or

k -1
= 2.4-1
kerr

From this equation, it may be seen that p may be positive, zero, or negative. The reactivity describes
the deviation of an effective multiplication factor from unity.

Reactivity can further be classified as dynamic and static. The dynamic reactivity yields the correct
flux transient, while the static reactivity increments add up to the correct critical state. In this way,
these two reactivity concepts will affect their measurability and the analysis of measurements. The
dynamic reactivity contains pronounced dynamic effects caused by delayed neutrons and continuous
rod movements, for example. These two concepts of reactivity (static and dynamic) are required
because in general, they give different results for a given measurement. The exception is for an initial
stationary state, where static and dynamic reactivities are equal. Thus, neither one can be replaced by
the other concept since they serve different purposes. The static reactivity describes the off-criticality
of systems in steady, auxiliary states. Actual physical transitions between these auxiliary states are not
contemplated because their consideration is conceptually unnecessary. In contrast, the dynamic
reactivity is introduced to describe physical transitions between actual states of the reactor. The
description of these actual transitions requires consideration of additional physical phenomena such as
delayed neutrons and feedback effects, which are disregarded in static reactivity problems. More
complete details about dynamic and static reactivity can be found in References [2.4-4] and [2.4-5].

Reactivity is not a quantity that is measured directly. Instead it is inferred from the detector signals
together with a set of effective delayed neutron parameters and a kinetic model. Reactivity
measurements can be split into two major categories:

1) Reactivity measurements close to the critical state
a. IKM — Inverse Kinetic Method
b. DTM — Doubling Time Method or PM — Period Method
2) Subcritical Measurements
a. Static or Qasi-Static Methods such as SM — Source Multiplication Method and MSM
— Modified Source multiplication Method
. Dynamic Methods
c. Neutron Noise Methods

The 2015 Edition of the IRPhEP handbook contains over 500 evaluated experiments on reactivity
measurements performed at 15 facilities. The most important characteristic from the point of view of
the reactor safety is the control rod worth (CRW). The CRW measurements represent approximately
half of the total number of reactivity measurements presented in the Handbook.

The important characteristic of the sodium-cooled fast reactors is Sodium Void Reactivity Effect
(SVRE). There are approximately 50 such measurements at three facilities presented in the Handbook.
Experimental methods used at different facilities for the CRW and SVRE measurements are given in
Table 2.4.1-1.
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Table 2.4.1-1. Experimental methods used at different facilities for the CRW and SVRE

measurements
Facility IKM DTM or PM SM, MSM
IPEN CRW IKM
PROTEUS CRW CRW
NRAD CRW CRW
HTTR CRW
BFS-2 SVRE
FFTF CRW CRW
JOYO CRW
ZEBRA SVRE
ZPPR SVRE CRW, SVRE
ZPR CRW

Reactivity Uncertainty Analysis
The uncertainties in the reactivity can be classified into three categories:

1) Uncertainties in the measured parameters,

2) Uncertainties in the calculated correction factors,

3) Uncertainties in the effective delayed neutron parameters. The prompt neutron
generation time is included in this category.

The uncertainties in the measured parameters arise from the uncertainties in detector currents (or
count rates), temperature, time, or doubling time (DT). The uncertainties in the effective delayed
neutron parameters arise from their measurements. However, this is not the common case. These
parameters are rarely measured and most of the time the reactivity is inferred employing calculated
effective delayed neutron parameters. The uncertainties of the detector currents, temperature, and
time/doubling-time are a property of the data acquisition system of the facility under consideration (as
well as the fitting process used for DT determination).

In order to get the uncertainty in the reactivity consider the general equation for the propagation of the
associated uncertainties [2.4-6 and 2.4-7]. Let x; be an independent or correlated set of variables and
w(x;) a dependent function of this set of variables. Accordingly, the uncertainty of w(x;) is:

w2 ow ow
2 _\yn 2 n
Ow = i1 (—6 L_) .of + Z-Zi>j—a % j-Cov(xi,x]-), 2.4-2

where X; is a generic independent variable, o; is the uncertainty of x;, and cov(xl.,x j) is the

covariance matrix of X; and X ;-

Given the effective delayed neutron parameters (either measured or calculated) and their
corresponding uncertainties Equation 2.4-2 can be applied directly in any reactivity measurement type
in order to get its uncertainty in the reactivity. However, correlations may be found for the effective

delayed neutron fractions ( ,Beﬂ;_ ) and their corresponding decay constant (4; ); both for family i and

also for the detector currents or counts, doubling times, and temperature. In the following subsections
these independent variables will all be considered uncorrelated.
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2.4.1.1 Reactivity Measurements Close to the Critical State

Regarding category (a), to date there are two major techniques for the measurement of reactivity:
inverse kinetics and the doubling time methods. Sample Oscillation Method is also a very important
category of reactivity measurement technique but is not available in most facilities. Short descriptions
of these experimental techniques are provided in the coming paragraphs.

2.4.1.1a Inverse Kinetic Method

In the inverse kinetic method, the reactivity is inferred assuming the validity of a point kinetic model.
It can be shown from the point kinetic equations that the reactivity is given by [2.4-8]:

A diI(t) A Np

— N =i L =i t N, A ! !
p(t) = o T Berr — ,(—t)Zijl A; C;(0)e~Mt — 1(t)2i=1 AiBerrie ™t [ I(teMt dt 2.4-3

where:
p(t) Represents the reactivity as a function of time,

1(¢) Represents the neutron flux or the detector signal,

S o, Represents the effective delayed neutron fraction for family i,

,3 oy Represents the total effective delayed neutron fraction,

A Represents the decay constants for the delayed neutron of family 1,

1

C.(0) represents the concentration of the i" delayed neutron precursor at the initial time,

N , represents the total number of delayed neutron families,

and A represents the prompt neutron generation time.

Assuming that the reactor is critical at ¢ = 0, it can be shown, for each family, i, that:
¢,(0) = 211ty o) 2.4-4
t AiA .

Equation 2.4-4 is the starting point to solve Equation 2.4-3. The reactivity measurement employing
the inverse kinetic model is usually performed on line and the software that executes this function is
called a reactimeter. The quantities measured in this model are the neutron detector signals, which
generally operate in current mode and time. The detector signals must be linearly dependent on the
neutron population. Temperature of the system has to be measured as well, in order to make
corrections due to temperature reactivity feedback. The detector currents are then fed into
electrometers where there is a conversion from current to voltage. The output of the electrometers are
the quantity of interest, /(z), for the reactimeter’s algorithm. The effective delayed neutron parameters
and the prompt neutron generation time are calculated or arise from specific experiments.

A very significant correction is the change in the efficiency of the detector with a change in reactivity.
The method of accounting of this effect was first proposed by Carpenter [2.4-9], and a comparison of
the results of its implementation was carried out at the MASURCA facility by the laboratories of the
three countries - the USA, the Former USSR, and France [2.4-10].

Uncertainty Analysis of the Inverse Kinetic Method

The uncertainty analysis for the Inverse Kinetic Method can be accomplished applying Equation 2.4-2
to Equation 2.4-3. The final result is:
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2.4-9
and all independent variables were assumed uncorrelated.

2.41.1b Doubling Time Method

The reactivity inferred from the doubling time method is given by the Inhour equation [2.4-1] as:

A ND ﬁefﬂ/ T

p = ; + izl—(l/T)_I-li’ 2.4-10

where T is the asymptotic period and ND represents the number of delayed neutron families. The
symbols p, Berr, A, and A;, have the same meaning as before. The doubling time (7,) is equal to 71n(2).
In most of the times (77,) is the quantity measured but some experiments measure the first root (M)
of the Inhour equation and from that the period 7 is inferred as T=1/ my,.

Uncertainty Analysis of the Doubling Time Method

Uncertainty analysis of the Doubling Time Method can be performed by taking into consideration the
uncertainties in the delayed neutron parameters and in the period as:

o= [ ot @ o 3 2 ()

where all independent variables were assumed uncorrelated,

T 2.4-12
A T

Z_;)"____Z‘ 1%’ 2.4-13
a;;ﬁ - m »and 2.4-14
:_Z N _(;;fo; 2.4-15

Correlations can be taken into account in a straightforward fashion if the covariance matrix of the
independent parameters is available.
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2.4.1.2 Subcritical Methods

Subcritical measurement techniques in deeply subcritical systems (negative reactivities less than
10,000 pem) constitute one of the last frontiers in Reactor Physics. Many techniques have been
proposed, but none of them has been successfully considered acceptable to fulfil the requirements of
benchmarks. The subcritical reactivity is closely related to the kinetic model applicable to the
system. Several models [2.4-11, 2.4-12] were proposed to characterize the kinetics of subcritical
reactors especially in regard to the reactivity of the system. Theoretical models suggest the unfolding
of the system reactivity into two components: first, the reactivity of a system as normally obtained
through the generalized perturbation theory [2.4-13] and second, the reactivity due to the source
present in the system. This last component is extremely complex to obtain experimentally since the
detector’s efficiency is altered when the subcriticality level of the system changes. An experimental
procedure based on these recent subcritical kinetic models proved successful up to -5,000 pcm was
developed by dos Santos et. al. [2.4-14].

Regarding fast systems, the BERP ball experiments were recently approved for inclusion in the
ICSBEP Handbook.

Methods used to determine subcritical reactivity are classified in three categories:

1) Static or quasi-static methods,
2) Dynamic methods,
3) Neutron noise methods.

2.4.1.2a Static or Quasi-Static Methods

The static or quasi-static methods rely mostly on the detector signals placed strategically around or
inside of the reactor core. The reactor system is considered at steady state and the detector responses
mainly counts, are collected for further analyses. The main assumption is that detector count rates are
linked to sub-critical levels, and, consequently, count rate variations are linked to reactivity variation
between two configurations. This is the main hypotheses for the development of the Source
Multiplication Method [2.4-15]. This is simplest method to measure subcriticality from the three
categories mentioned above.

As an illustration of this technique, consider the Modified Source Multiplication (MSM) method [2.4-
16]. The Amplified Source Multiplication (ASM) method and its improved Modified Source
Multiplication (MSM) method are based on the assumption that, in any fissioning system, detector
count rates are linked to sub-critical levels, and, consequently, count rate variations are linked to
reactivity variation between two configurations. They have been successfully applied to absorber
(single or clusters) worth measurements in both thermal and fast spectra, or for void reactivity
worths. These techniques give relative reactivity variations since they are based on the use of a
calibration reactivity sample such as a pilot rod worth measured by the rod drop technique.

The ASM methodology, which is the basic technique to estimate a reactivity worth, uses relatively
simple relationships between count rates of efficient fission chambers located in slightly subcritical
reference and perturbed configurations. While this method works quite well for small reactivity
variations, its raw results need to be corrected to take into account the flux perturbation in the fission
chamber. This is performed by applying to the measurement a correction called the MSM factor. The
MSM factor takes into account the local space and energy variation of the spectrum at the fission
chamber location, through standard perturbation theory applied to neutron transport calculations in
the perturbed configuration. This factor, applied to the fission chamber count rates obtained by ASM,
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enables the direct interpretation of high reactivity perturbations through the response function of the
fission chamber.

The MSM method can be applied to the following class of problems:

1. Knowing the reactivity of a reference « 0 » state (obtained by another method), one can deduce
the reactivity of a perturbed state « 1 », or the reactivity variation between « 0 » and « 1 ».

2. Knowing the reactivity variation between two states « 0 » and « 1 », obtained by another
method, one can deduce reactivity of state « 0 » or « 1 ».

The main interest of sub-critical measurements is to obtain the reactivity effect or reactivity
coefficient, without using the exact characterization of two different states. In other words, the
measured reactivity effect is directly the result we are looking for, with no need for another
parameter.

The derivation of the equations for the MSM method is shown in Reference 2.4-25 (see Example
E2.4-3). The final expression to infer the subcritical reactivity from this method is:

Pma(®) _ o\ Rmo(@

Pmo(®) fusu (). Ry 1 () 2.4-16
where

fusu (@) = £aa Bea() 2.4-17

Pc,0 ) Rc,O(F) ’

_ _Seffi
Pei =yt Fo> 2.4-18

Seff,i =< (p:,S >, 2.4-19

S is the intrinsic source or the external source,
*

@; and () ; are the adjoint and the real neutron fluxes, respectively,
R(7) is the detector reaction rate,

Subscript, i, represents state « 0 » or « 1 »,
Subscripts, ¢ and m, represent, respectively, calculated and measured quantities, and
the notation <,> represents integral over the space phase of the problem

The MSM correction factor ( f MSM (7 )) is a correlation coefficient between the detector position and
the inferred value of reactivity, knowing the standard of reactivity in the reference state.

The MSM technique usually employs several detectors, located in various core positions. When the

MSM factor is equal to unity, the determination of reactivity is independent of the detector position.

The flux form factor remains constant between the two configurations (with a small perturbation, the
asymptotic flux is rapidly attained), as does the effective source, so the point-kinetics model applies.

The MSM requires a calculated correction factor ( f MSM (77 )) and measured quantities quo (l7 ) and

Rm,l (;:)
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241.2b Dynamic Methods

The dynamic method is based on the analysis of the time response of detectors placed in the reactor
after a source neutron pulse. The evolution of the detector count rates strongly reflects that of the
neutron population over time. The technique assumes that the neutron point kinetics can represent the
neutron population evolution over time after a pulse (considered as a Dirac peak). The Area method
(also referred as the Sjostrand method) [2.4-17] allows one to determine in a straightforward way the
reactivity (in units of dollar) of a subcritical nuclear reactor with no input from theoretical
calculations, as long as the assumptions of the neutron point kinetics hold in the reactor. Examples of
utilization of this technique may be found in Ref. [2.4-18].

The Sjostrand method is an experimental technique for subcritical reactivity measurement by means

of Pulsed Neutron Source (PNS). Assuming point kinetics as representative of neutron population
after the Dirac pulse, and assuming one averaged delayed neutron group, one has:

- AN 7
N(t)= N, exc{p Pey t] + ‘fﬂﬂ"'f, expl ——2£ 1] 2.4-20
Ae[f (p_ﬁs[f) p_ﬂtﬁ )

where 1 is the average delayed neutron decay constant. The inclusion of six or more delayed neutron
groups is straightforward.

From Eq. 2.4-20 one can see a fast component due to prompt neutrons and a slow component due to
delayed neutrons. The integration of the prompt component gives the prompt area:

A
_ eff
A » = Ny—————
—pTt ﬂq[f
2.4-21
whereas the integration of the delayed component gives the delayed area:
ﬂe ‘Ae i
Ad = NO L
PP = Pey)
: 2.4-22

Then, the ratio of these two areas gives directly the value of the subcritical reactivity in units of
dollar:
A4, ol

’ Ad ﬂe_{f

2.4-23

Experimentally, for a set of pulses repeated with a fixed frequency, a single Pulse Neutron Source
histogram is constructed by summing the detector responses as a function of the time elapsed after
the neutron pulse. The analysis consists in obtaining the prompt area, Ap, and the delayed area, Ad,
from this histogram and the reactivity is calculated from Eq. 2.4-23. Figure 2.4-1 shows the expected
response of a neutron detector for a single pulse of the source.
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Figure 2.4-1. Detector response expected for a single pulse indicating the prompt and delayed areas

Although the area method is an old and well known technique, giving good results for subcritical
reactivities measurements, spatial effects concerning detector and source positions should be taken
into account in some cases, mainly for detectors in the reflector regions. Depending on the subcritical
level, the point kinetics is not valid anymore, and Eq. 2.4-23 should be corrected for this. Finally the
higher harmonics can also play an important role in this sort of experiments and they should be taken
into consideration. A good example of such situation is given by W. Uytennhove et. al. [2.4-19].

2.4.1.2c Neutron Noise Methods

The neutron noise method is based on the macroscopic and microscopic noise acquisitions in the
reactor system. The macroscopic noise relies on the measurements of the CPSD (Cross Power
Spectral Density) while the microscopic noise relies on the measurements of Feynman-Ycurve. The
validity of the point kinetic model is the basic principle to infer the subcritical reactivity. Examples of
the applications of this method can be found in References [2.4-20] and [2.4-21]. The following
paragraphs describe the Feynman-Y curve method as an illustration

The Feynman-a method relies on the inverse ratio of measured counts and their variances (variance to
mean ratio) in several time intervals (gate length). When the time scales of prompt and delayed
neutrons are very different, as is the case for light water reactors, the variance to mean ratio (V/m) can
be written as

% m(l—ﬂ)z( 1—e“'>
—=1+¢ 1-
m= G- py xt

2.4-24
where ¢ is the detector efficiency, v is the multiplicity of fission event, t is the counting time interval
and a is the prompt decay constant given by a = (B-p)/A.

The experimental procedure is as follow:

Being Z; the counts for a given set of equal time intervals, the variance to mean ratio is given by:

2
_ %lezxz - (%Z?:IZ")
%Z;\J:IZI'

vV
m

2.4-25
The process is repeated for different gate lengths in order to get a curve like that in Fig. 2.4-2. The

fitting of the experimental data of Figure 2.4-2 to Equation 2.4-25 gives the reactivity if B and A are
known.
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Figure 2.4-2. Variance to mean ratio minus one distribution for several time gates

For the case when the time scales of prompt and delayed neutrons are not very different, it is
necessary to include in Equation 2.4-25 the contribution of the delayed neutron groups. See Ref. 2.4-
17 for details.

241.2d Other Uncertainty Considerations
Uncertainty in Dates

Uncertainties of dates must be considered in the case of experiments carried out with decaying
isotopes. **'Pu is a good example of this category of uncertainty. This fissile plutonium isotope
contributes to the effective delayed neutron parameter determination. All important dates should be
reported in order to better determine the isotopes’ concentrations when the experiment was
performed.This uncertainty has to be propagated to the reactivity uncertainty through a sensitivity
calculation and can be expressed as:

ap =S - ap, 2.4-26

where 0‘? is the uncertainty of the reactivity due to the uncertainty in date, S },3 is the reactivity

sensitivity coefficient to the date, and o, is the date uncertainty. The subscript p represents a generic
reactivity from a generic measurement method.

Uncertainty of Temperature

The temperature uncertainty has to be propagated to the reactivity uncertainty through a sensitivity
calculation. This uncertainty can be expressed as:

o =S5, 2.4-27

where apT is the uncertainty of the reactivity due to the uncertainty in the temperature, S, é) is the
reactivity sensitivity coefficient to the temperature, and g is the temperature uncertainty.
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Systematic Uncertainties

The systematic uncertainties from the experimental factors shall be evaluated. The experiment report
should provide enough information so that the evaluator can judge the possible sources of systematic
uncertainties.

Systematic uncertainties can arise from the nonlinearity of the detector employed for the reactivity
measurements, instrumentation of detectors, neutron source characteristics as in PNS method, and
several others. The kinetic model employed in the determination of this quantity can also play an
important role. The great majority of the reactivity measurement methods rely on the validity of point
kinetic model. The failure of this model can give rise to a systematic uncertainty in the determination
of the reactivity.

2.41.2e Final Reactivity Effects Measurement Uncertainty

The final uncertainty in reactivity effects measurements is obtained combining all uncertainty types
quadratically and assuming no correlation among them. Let this uncertainty be denoted by oyy; i.e.,
the measured method reactivity uncertainty for a generic measurement method. The final reactivity
for the measurement method MM is given by:

Opu = {98 + (92)" + (o) +(2°)’. 2428

Where g, . is the reactivity experimental uncertainty for the measurement method MM, the

subscript p represents the reactivity uncertainty of any of the measurement techniques described in
. . . SYyS. .

this Guide or any other technique employed for the same purpose and g,”"is the systematic

uncertainty.

2.4.1.2f Sources of Uncertainty and Bounding Values for Reactivity Effects
Measurements

Tables 2.4-1a and 2.4-1b shows a summary for the uncertainties and bounding values for the
reactivity measurements for thermal reactors. The reactivity bounding values are given in three
intervals due to the difficulty in measuring small values of this quantity. Assigned uncertainty bounds
reflect this difficulty. Also, the bounding values are given in units of pcm (Table 2.4-1a) or $ (1$ =1
Besr) (Table 2.4-1b).

Table 2.4-1a. Summary of uncertainties and bounding values for thermal reactors for
the reactivity given in pcm units

. . . Type of
Sources of Uncertainty Typical Minimum| Maximum Unc?;tainty
Value Value Value @
(A or B)
Detector Signal 0.5 % 0.1 % 3% A
Doubling time 0.5 % 0.1 % 2 % B
Delayed Neutron Parameters 3.0 % 1.0 % 10.0 % B
Measured Reactivity (p <100 pcm) 3.0 % 0.5 % 10.0 % B
Measured Reactivity (100<p<500 pcm) | 2.0 % 0.5 % 8 % B
Measured Reactivity (p>500 pcm) 2.0% 0.5 % 6% B

(a) The Uncertainty Type (A or B) has the same meaning as in ICSBEP Uncertainty Guide.
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reactivity given in dollar ($) units

. .. . Type of
Sources of Uncertainty Typical| Minimum| Maximum Uncertainty
Value | Value Value (A or B)®
Detector Signal 0.5 % 0.1 % 3% A
Doubling time 0.5 % 0.1 % 2 % B
Delayed Neutron Relative Abundances 2.0 % 0.5 % 6.0 % B
Measured Reactivity (p <0.15%) 2.0 % 0.5 % 6.0 % B
Measured Reactivity (0.158<p<0.78) 2.0% 0.5 % 4.0 % B
Measured Reactivity (p>0.7 §) 2.0 % 0.5 % 3.0% B

(a) The Uncertainty Type (A or B) has the same meaning as in ICSBEP Uncertainty Guide.

Table 2.4-1c shows a summary for the uncertainties and bounding values for the reactivity

measurements for fast reactors.

Table 2.4-1c. Summary of uncertainties and bounding values for fast reactors
(in units of Pesr)

. .. . Type of
Sources of Uncertainty Typical| Minimum| Maximum Uncertainty
Value | Value Value @
(A or B)
Detector Signal 0.5 % 0.1 % 3% A
Doubling time 0.5% 0.1 % 2% B
Delayed Neutron Parameters 2.0 % 1.0 % 10.0 % B
Measured Reactivity 2.0% 1.0% [10.0 % - oo® B

(a) The Uncertainty Type (A or B) has the same meaning as in ICSBEP Uncertainty Guide.
(b) If the measured reactivity tends to zero.

2.4.2 Uncertainties in Experimental Configuration

Uncertainties in the experimental configuration are the uncertainties that arise from the fact that the
experiment setup is not in perfect agreement with its design, i.e. there is an uncertainty connected to
the position of the detectors and auxiliary instrumentation, uncertainty of the experiment equipment
composition etc., which is discussed in Section 2.7.2 and in a practical examples in Section 2.7.4
(Example 2.7-1). The category also includes uncertainties in the environmental conditions, namely the
uncertainties in basic parameters of the experiment system which might not be of direct interest, but
nevertheless affect the measured. This includes uncertainties such as those in the geometry,
composition or integral physical parameters of the criticality system. An example of the evaluation of
an experiment configuration uncertainty is given in Section 2.7.4 (Example 2.7-1).

The Effect of the Parameter Uncertainty of the Facility

This kind of uncertainty follows closely the procedure of the /ICSBEP Uncertainty Guide [2.3-6]. Here
the uncertainties are divided primarily into two categories: a) uncertainty in geometry, and b)
uncertainty in physics, chemistry, and isotopic content of materials.

As an illustration, Tables 2.4-2 and 2.4-3 show, respectively the uncertainties on geometry and the
uncertainties on materials. The empty columns may be filled as an aid to clarify the uncertainties. This
list is not exhaustive. Different parameters will be listed for other types of configurations. A
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sensitivity analysis is performed in order to propagate the geometric and material uncertainties of the
facility and of the measurement device utilized to infer the reactivity. The final total uncertainty
arising from the parameters of the facility is the square root of the sum of the squares of each
component. Let this type of uncertainty be represented by ...

Table 2.4-2. Uncertainties on geometry

Mean Reported Type of Number of
Parameter .. . Standard
Identification Measured |Uncertainty in Uncertan:ty Degrees of Uncertainty
Value Parameter (A or B) ) Freedom
Active Fuel Height
Fuel Pellet Diameter
Clad Outer Diameter
Clad Inner Diameter
Fuel Rod Pitch
Bottom Alumina Height
Control Rod Position
||C0ntr01 Rod Diameter
||Other Relevant Parameters
(a) The Uncertainty Type (A or B) has the same meaning as in ICSBEP Uncertainty Guide.
Table 2.4-3. Uncertainties on materials
Parameter Mean Repm:ted ' Type ?f Number of Standard
Identification Measured |Uncertainty in| Uncertainty | Degrees of Uncertaint
Value Parameter (A or B) @ | Freedom y
U Enrichment (%)
U (wt.%)
UO, Density (g/cm’)

[UQO, stoichiometric factor (%)

Cladding Density (g/cm”)

>>Mn in Cladding SS (wt.%)

Cladding composition

||C0ntr01 rod composition

||Other Relevant Parameters

(a) The Uncertainty Type (A or B) has the same meaning as in ICSBEP Uncertainty Guide.

243

Uncertainties in Biases and Benchmark Models

Biases in Benchmark Model

Biases are introduced in the Benchmark Model in three distinct forms. By reactivity measurement
methods employing parameters derived from calculations; by the desired simplification (typically
derived in Section 3 of the IRPhEP Evaluation), or by modelling limitations (typically derived in
Section 4 of the IRPhEP Evaluation). Biases in the reactivity measurement methods shown in this
section arise from the calculated factors e.g., the effective delayed neutron parameters including the
prompt neutron generation time and from the factor fj;5p of MSM method. Section 2.4.1 shows how

these factors were applied.
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The determination of the biases arising from the reactivity measurement methods is a very
complicated problem and some of them may never be found. The bias determination for the calculated
quantities requires the availability of well-defined experiments for these quantities to serve as
benchmarks; here referred to as Reference Values. The bias induced by these calculated factors can be
understood by calculating the ratio C/R, where C is the calculated quantity and R is the reference
value provided by the specific available benchmarks. If C/R is higher than 1, the calculated factor
overestimates the measured reactivity. On the other way around, the calculated factor underestimates
the measured reactivity.

The bias in the reactivity measurements for a particular correction factor is given as:
R—C
Bep =52 - 2 Shyu 2.4-29

where B is the bias for the specific calculated factor and its uncertainty arises from a standard error
propagation.

The benchmark model for the reactivity experiment after applying all possible biases and
correction factors is given by:

SIB@ = SIMM + BSL + @ ) SIMM’ 2.4-30

where Slg. is the benchmark reactivity model, the subscript MM represents a generic measurement
method, STy is the measured reactivity, and Bg is the bias from the benchmark model simplification
(typically derived in Section 3 of and IRPhEP Evaluation), or by modelling limitations (typically
derived in Section 4 of IRPhEP Evaluation).

Equation 2.4-30 reduces to:
Slge = Slum '§+ Bsy., 2.4-31

The ratio % is defined as the bias-factor. Equation 2.4-31 can be generalized for a specific number of

measurement bias as:
Slge = Slym " Bum + Bsy, 2.4-32

where By = Hlivfl B; is the total measurement method bias-factors , Ny is the total number of bias-
factors applied to the measurement method, and B; is the specific measurement method bias-factor.
Bias in simplifications also includes the exclusion of the auxiliary devices to fix the detectors in the
reactor system if not modelled in the benchmark model.

The bias in the reactivity measurements originates whenever calculated parameters are employed in
their inference. These are cases of the calculated effective delayed neutron parameters and the factor
fusu employed in the MSM method.

The bias induced by the calculated effective delayed neutron parameters can be estimated following
the approach proposed here. This approach is applicable to thermal reactor of uranium slightly
enriched, but it may be applied to other cases if measurements of the effective delayed neutron
parameters are available. Specific experiments performed at the IPEN/MB-01 research reactor facility
were successfully performed and they were able to measure the relative abundances, the
corresponding decay constants of delayed neutron parameters in a six group families and the prompt
neutron generation time as well. The experiment was approved to be an international benchmark for
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the IRPhEP [2.4-22]. The final benchmark values are shown in Table 2.4-4. The uncertainties in Table
2.4-4 were obtained from the experimental least-square fitting procedure and are 1-c values.

Table 2.4-4. Totally experimental delayed neutron parameters of the IPEN/MB-01 reactor

:Bef, X (s

(2.679 £ 0.023)E-4 0.012456 £ 0.000031
(1.463 £ 0.069)E-3 0.0319 £ 0.0032
(1.34 £0.13)E-3 0.1085 £ 0.0054
(3.10 £ 0.10)E-3 0.3054 £ 0.0055
(8.31 £0.62)E-4 1.085 £ 0.044

(4.99 £0.27)E-4 3.14£0.11
Bey=(7.50 £ 0.19)E-3, A=(31.96 £ 1.06) pus

The proposal here is to calculate two sets of reactivities employing the Inhour equation as given by
Equation 2.4-10. The first set is called experimental and the delayed neutron parameters to be used in
Equation 2.4-10 are given in Table 2.4.-4. The second set is called calculated and the effective
delayed neutron parameters to be used in Equation 2.4-10 arise from the user specific library weighted
in the IPEN/MB-01 benchmark geometric and material specifications as given in Section 3.6.5 of
IPEN(MBO1)-LWR-RESR-001 [2.4-22]. The periods to be used in Equation 2.4-10 can be chosen so
that the inferred reactivities cover the interval of interest of the user application. The bias-factor
induced by the calculated effective delayed neutron parameters can be determined calculating the ratio
R/C, where C is the calculated and R is the reference value, in the reactivity interval specified by the
user. In most cases, the value of R/C is nearly constant and is independent of the reactivity interval.
The user can infer the quality of the effective delayed neutron data performing these analyses and
from that infer a possible bias in his measurements.

One example of the inference of the reactivity bias due to the calculated effective delayed neutron
parameters will be shown in the Practical Examples, Section 2.4.4.

The final value for the measured reactivity is given by:

R
P = Pcal- » 2.4-33
where 0 is the final value of the measured reactivity and O, is the reactivity calculated employing

the calculated effective delayed neutron parameters. R/C is the bias-factor as described in the
previous paragraph.

Uncertainties in Biases

Bias in measurement methods is always the inverse of the ratio of two quantities. The numerator is the
calculated quantity while the denominator is the reference value. Its uncertainty can be found
applying a standard propagation of the associated uncertainties assuming no correlations. The final
result is given by:

Oper = ((1/C) - 0p)?2 + ((R/C?) - 0¢)?, 2.4-34

where R and C represents the reference and the calculated values, respectively, and oz and o are
respectively the uncertainties in the specific experiment and in the calculations.
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The total uncertainty in the benchmark simplification and in the benchmark limitation is given by:

Opg, = /ags + Uigu 2.4-35

where op, is the uncertainty in the bias from simplifications and op, is the uncertainty in the bias
from limitations.

As a starting point, the following paragraph was taken from the /CSBEP Uncertainty Guide [2.4-6]
and adapted for reactivity measurements.

The evaluator should strive for a reasonable balance between making the benchmark model
amenable to calculation and keeping the total reactivity uncertainty of the model as small as
practical. Obviously, simplifications that make the benchmark model easier to use tend to make it
more attractive to reactor physicist analysts. However, each simplification introduces an additional
benchmark-model bias and a correlated uncertainty contribution. The use of benchmark models to
validate a reactor physics analysis or to identify weaknesses in cross section data and calculational
methods is more effective and reliable if the uncertainties are small. The only stage in the evaluation
process where the evaluator legitimately can influence the magnitude of the total uncertainty is in
deciding what simplifications to make to create the benchmark model. The benchmark-model is the
best estimate of the value of reactivity that would be observed for an isolated experiment having
exactly the geometry and materials described in the benchmark model. Thus one should aim at
developing a benchmark model of the experiment which is simultaneously pragmatic for further
evaluator’s use, computationally not too demanding and free of major computational biases. This
means that constructing a model with a great level of detail, which has a negligible contribution to the
total benchmark-model uncertainty but significantly increases the complexity of the model and
associated computational time, is not advisable. Additionally the evaluator should construct a
benchmark-model including all parts of experiment that could potentially lead to the introduction of
major reactivity biases, if not modelled. In the opposite case a rigorous study of the effect of the
benchmark-model simplification on the computed reactivity should be performed.

Uncertainties in Benchmark Model
The uncertainties in the reactivity benchmark model are composed of three major parts:
1) Uncertainties in measurement method,
2) Uncertainties in biases,

3) Uncertainty from the facility and device parameters.

These three components shall be combined quadratically in order to get the whole benchmark
uncertainty. The final benchmark uncertainty for the reactivity measurement method is given by:

ngvem = \/(UPMM : BMM)Z + (pMM ' UBMM)Z + (UBSL)Z + opr?, 2.4-36

Be
where Tprm

/05 ot 0§L, 0p 1s the uncertainty in the bias from simplifications and o, is the uncertainty in the

is the reactivity benchmark uncertainty for the measurement method MM, op,, =

bias from limitations.

Tables 2.4-5a and 2.4-5b show summary tables listing the uncertainties, typical values, and minimum
— maximum range of values that are considered bounding for thermal reactors. Also, the reactivity
values are given in units of pcm (Table 2.4-5a) or $ (1$ =1 Besr) (Table 2.4-5b).
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Table 2.4-5a. Summary of uncertainties and bounding values for the benchmark model for thermal

reactors
. Typical Value |Minimum Value| Maximum Value

Source of Uncertainty (%) (%) (%)
Measured Reactivity (p <100 pcm) 3.0 0.5 10.0
Measured Reactivity (100<p<500 pcm) 2.0 0.5 8
Measured Reactivity (p>500 pcm) 2.0 0.5 6
Facility and Device Parameters 0.5 0.1 2.0
Benchmark model (p<100 pcm) 4.0 1.0 12.0
Benchmark model (100<p<500 pcm) 3.0 1.0 9.0
Benchmark model (p>500 pcm) 3.0 1.0 7.0

Table 2.4-5b. Summary of uncertainties and bounding values for the benchmark model for thermal

reactors
Source of Uncertainty Typlc(?/lo;falue Mlnlnl(l(l)/onl) Value Maxnn(lg/:)l; Value
Measured Reactivity (p <0.15%) 2.0 0.5 6.0
Measured Reactivity (0.15$<p<0.7%) 2.0 0.5 4.0
Measured Reactivity (p>0.7 $) 2.0 0.5 3.0
Facility and Device Parameters 0.5 0.1 2.0
Measured Reactivity (p <0.15%) 4.0 1.0 8.0
Measured Reactivity (0.15$<p<0.7%) 3.0 1.0 5.0
Measured Reactivity (p>0.7 §) 3.0 1.0 4.0

Table 2.4-5c shows a_summary table listing the uncertainties, typical values, and minimum —
maximum range of values that are considered bounding for fast reactors.

Table 2.4-5c. Summary of uncertainties and bounding values for the benchmark model for fast

reactors
Source of Uncertainty Typlc(?/lo;falue Mlnlnl(l(l)/onl) Value Maxnn(lg/:)l; Value
Measured Reactivity 2.0 1.0 10.0 -
Facility and Device Parameters 1.0 0.1 2.0
Benchmark model (in units Beg) 2.0 1.0 10.0 - o0
Uncertainty of Begr 5.0 3.0 6.0
Benchmark model (in units Ak/k) 5.0 3.0 6.0
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2.4.4 Practical Examples
Example 2.4-1: Determination of Reactivity in the IPEN/MB-01 Reactor

The following example is part of the experiments performed in the IPEN/MB-01 reactor aiming to
measure the relative abundance of the delayed neutrons [2.4-23] based on the Spriggs method [2.4-24].
The experiment considers the reactivity measurement of a small sample of Ag-In-Cd (80 wt. % Ag,
15 wt. % In, and 5 wt. % Cd) placed at the IPEN/MB-01 core center. The standard configuration of
the IPEN/MB-01 reactor core (28%26 fuel rod positions) was employed for this goal. The sample was
placed inside of an empty tube of SS-304 of the same diameter and thickness of the fuel rods but its
height was much longer than the fuel rods in the core. A stopper was placed inside of this tube to
accommodate the small sample. The stopper was designed such that it could have its height adjusted
in order to change the sample reactivity. The sample was placed very close to the central radial
position of the active core in order to optimize its reactivity. The sample was rapidly removed from
the active core and as a consequence a transient was produced. The IPEN/MB-01 removal system
consists of a high speed electric motor coupled with a beam catcher. The measured removal time is of
the order of 6 ms (10~ seconds). The intention here was to simulate a step of reactivity as closely as
possible.

The experiment has several features that must be addressed by the acquisition system. Initially, when
the sample is removed from the core there is a very fast change in the relative power due to the rapid
decay of the largest (negative) root of the Inhour equation. After that the relative power changes due
to the decay of the other negative roots. This change is less pronounced but still very important for the
dynamic of the transient. The experimental acquisition system has to be fast enough to describe all the
physics details of the transient. The experimental set up for the data collection of this experiment is
composed of two compensated ionization chambers working in a current mode strategically located in
the reactor core. Strategically means that the positioning of the detector is set up so that any spatial
effect could be detected and taking into consideration in the measurements. [IPEN/MB-01 core is
described very well by the point kinetic model and no spatial effect in the reactivity measurement has
been detected to date.

The signals from these chambers are fed into electrometers where there is a conversion from current
to voltage (0-2 V). After that, the data are input into a Daq Card 16XE-50 set to 1kHz that guarantees
a very high acquisition rate. At every 1 ms one experimental datum is collected. This last aspect is
very important to describe the initial points of the transient mainly for the determination of the
starting point (t=0) of the transient. The initial point is a kind of artificial because the transient is not
truly a step. Of importance for this example is the measurement of the positive root of the Inhour
equation. The sample reactivity can be inferred employing this root and the Inhour equation. Also,
here the experiment performed at the IPEN/MB-01 reactor addressed this aspect adequately by
collecting the data over a long run time to allow the terms of all negative roots to decay to nearly zero.

The experiment basically can be described as follows. Initially the reactor is brought to a critical state
at 1 W with the sample inside of the core. The automatic control system is turned off and the reactor is
run in the manual mode. The IPEN/MB-01 reactor possesses a very accurate mechanism for the
relative control rod positioning [2.4-25]. Hence, an experienced operator positions the control rod
such that the reactivity is a few cents from the true critical condition. This aspect is very important for
the experiment and will guarantee that in the initial condition the reactor is really close to the
criticality. The whole system is stabilized. The data collection system is activated and the detector
currents which are proportional to the reactor power are written in a computer file for the subsequent
power normalization. These data are collected for at least 5 minutes before the removal of the sample
from the core. This aspect will guarantee a proper power normalization before the transient starts. The
sample is then removed from the reactor core and the transient starts. The data are acquired during a
time large enough that all events necessary for the analyses are captured. Later on, the experimental
data are normalized taking into consideration the power before the transient and the final result is kept
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in a computer file. Figure E2.4-1.1 shows the experimental data collected when the sample was
removed from the core. Figure E2.4-1.1 shows clearly the fast change of the relative power density at
the beginning of the transient as well as the region where the behaviour becomes asymptotic, thus
allowing the determination of the first root of the Inhour equation (®).

3 i
€ ] asymptotic region for fitting a straight line f "\

Relative Power

J T ] T J T J T J T
0 50 100 150 200 250 300
Time (s)

Figure E2.4-1.1. The relative power as a function of time

The first root of the Inhour Equation was measured fitting the region shown in Figure E2.4-1.1 in a
straight line considering error bars of 1 % (statistical mainly) in the relative power. The ®, parameter
as well as its uncertainty obtained from the least square fit was:

@ = 0.00912294 £ 0.00000048 ™'

From this root the period could be determined as:

T =—=109.62s. (The uncertainty on T is negligible.)

Wq

The reactivity of the sample was subsequently determined employing Equation 2.4-10 and it was
equal to: 64.1 pcm. The effective delayed neutron parameters employed here are given in Table 2.4-4.

The uncertainty analysis was performed taking into consideration the uncertainties in the delayed
neutron parameters and in the period as:

_ [(2e)\?* 2, (9p)* 2 6 (20 2 6 (30\* 2

o, = J(M) ot +(2) o + 35, (2) o, + 25, (2) 2. E2.4-1.1
where:

dp _ 1 i}
= E2.4-12
op_ A _ Biki )
or = T T =i @y E2.4-13

9 _ _1

38— aram) and E2.4-14
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9 _ __BT _ -
on = AT E2.4-1.5
The parameters 3, A; and A as well their uncertainties are given in Table 2.4-4. The uncertainty in the
period (T) is negligible, since the uncertainty in ®,, is very small (only 0.005 %). The final result was
3.2 pcm. Consequently, the final value of the reactivity was 64.1 £ 3.2 pcm.

The experiment temperature was set at 20.0 °C due to the very good temperature homogenization and
control of the IPEN/MB-01 reactor. The final result does not contain the uncertainty contributions of
the facility parameters and in this case the benchmark value and its corresponding uncertainties are
the experimental reactivity.

Example 2.4-2: Determination of the Bias-Factor due to the Calculated Effective
Delayed Neutron Parameters

The second example considers the determination of the bias-factor due to the calculated effective
delayed neutron parameters in the reactivity. This is applicable when the facility does not have the
measured value of the effective delayed neutron parameters. The procedure here is applicable to
thermal reactors fuelled with slightly enriched uranium, but it can be applied to any other situation as
long as the measured effective delayed neutron parameters are available.

As a first step, the user of the Uncertainty Guide should access Section 3.6 of
IPEN(MBO01)-LWR-RESR-001 available in the IRPhEP Handbook. The benchmark model giving in
this section has all the necessary data to model the IPEN/MB-01 reactor and from that to calculate the
effective delayed neutron parameters. Having done this step, the user should select a set of periods (T)
that give rise to the reactivity range that is object of the analysis. After that, the reactivity inferred
from Equation 2.4-10 should be calculated employing both the calculated effective delayed neutron
parameters and the benchmark ones given in Table 2.4-4. The bias induced by the calculated delayed
neutron parameters can be inferred calculating the ratio C/E as described before.

A practical example of the proposed approach is described. Suppose that the user has an application
that has a reactivity range from 100 through 200 pcm and the computer code MCNP®6 [2.4-26], and
the nuclear data libraries ENDF/B-VIL.0 [2.4-27] and JENDL-4.0 [2.4-28] are available for his
analysis. The IPEN/MB-01 effective delayed neutron parameters calculated by MCNP6 are the same
as those employed in Reference [2.4-29] and are given in Table E2.4-2.1.

Table E2.4-2.1. ENDF/B-VIIL.0 and JENDL-4.0 effective delayed neutron parameters of the
IPEN/MB-01 reactor

ENDF/B-VII.0 JENDL-4.0
B; 2i () B; i (s7)
2.20E-04 £ 1.0E-05 0.01249 £ 0.0 2.10E-04 £ 1.0E-05 0.01248 £ 0.0
1.21E-03 £ 3.0E-05 0.03172+£0.0 1.55E-03 £ 3.0E-05 0.03063 £ 0.0
1.20E-03 £ 3.0E-05 0.10985 £ 0.0 1.50E-03 £ 3.0E-05 0.11366 = 3.0E-05

3.44E-03 + 5.0E-05

0.31916 + 2.0E-05

2.96E-03 + 5.0E-05

0.30673 + 5.0E-05

1.06E-03 + 3.0E-05

1.34874 + 8.0E-05

9.30E-04 + 3.0E-05

1.18406 + 5.1E-04

3.70E-04 + 2.0E-05

8.79099 + 4.3E-04

3.10E-04 + 1.0E-05

3.16983 + 3.0E-03

PBey=7.50E-3 £ 7.0E-05, A=(30.72 £ 0.03) ps

Bey=7.46E-3 + 7.0E-05, A=(30.82 £ 0.03) ps
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The calculated and experimental reactivities in the range 100 through 200 pcm are shown in Tables
E2.4.-2.2 and E2.4-2.3. The reactivities were calculated employing Equation 2.4-10 with the
calculated effective delayed neutron parameters from Table E2.4-2.1 and with the experimental values
from Table 2.4-4. The uncertainty in C/E was calculated employing Equation 2.4-34.

Table E2.4-2.2. Calculated and benchmark model reactivities

p (pcm)
T (s) EN][;I(TI/);I-I;;II.O Benchmark C/E
Model
50 100.8 + 1.4 114.7+5.0 0.88 + 0.04
40 1173 £ 1.6 133.1+5.5 0.88 + 0.04
30 1413+ 1.9 159.4 + 6.2 0.89 + 0.04
25 157.9 +2.1 177.5+6.6 0.89 + 0.04
15 210.8+2.6 234.1 +8.0 0.90 + 0.03

Table E2.4-2.3. Calculated and benchmark model reactivities

p (pem)
T (s) Jlgléll;an-IJO Benchmark C/E
Model
50 116.5+1.4 114.7+35.0 1.02 £ 0.04
40 1353£1.6 133.1£5.5 1.02 £0.04
30 162.1£1.9 159.4+£6.2 1.02 £ 0.04
25 180.5+£2.1 177.5£6.6 1.02 £0.04
15 238.0+2.6 234.1+8.0 1.02 £0.04

Table E2.4-2.2 shows that the calculated reactivities are underestimated by around 12 % + 4 %. This
discrepancy should be considered as a bias-factor in the user application. The effect of the utilization
of the effective delayed neutron parameters from ENDF/B-VII.0 reduces the reactivity by nearly 12 %

+ 4 % in the reactivity range under consideration.

Table E2.4-2.3 shows that the calculated reactivities are overestimated by around 2 % + 4 %. This
discrepancy should be considered as a bias-factor in the user application. The effect of the utilization
of the effective delayed neutron parameters from JENDL-4.0 increases the reactivity by nearly 2 % =+
4 % in the reactivity range under consideration. The bias-factor induced by JENDL-4.0 is smaller than
‘5131821‘[ of ENDF/B-VIL.0. JENDL-4.0 has better evaluations for the delayed neutron data for 50U and

U.

Example 2.4-3: Amplified Source Multiplication (ASM) Method

The Amplified Source Multiplication (ASM) method and its improved Modified Source
Multiplication (MSM) method have been widely used in the CEA’s EOLE and MASURCA critical
facilities over the past decades for the determination of reactivity worths by using fission chambers in
subcritical configurations. The ASM methodology uses relatively simple relationships between count
rates of efficient miniature fission chambers located in slightly subcritical reference and perturbed
configurations. While this method works quite well for small reactivity variations, the raw results
need to be corrected to take into account the flux perturbation at the fission chamber location. This is
performed by applying to the measurement a correction factor called MSM. Reference 2.4-30
provides detailed descriptions of both methodologies, with their associated uncertainties.
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Applications on absorber cluster worth in the MISTRAL-4 full MOX mock-up core and the last core
loaded in MASURCA show the importance of the MSM correction on raw ASM data.

Example 2.4-4: Determination of Control Rod Worths in HTR-PROTEUS

The PROTEUS zero-power research reactor from the Paul Scherrer Institute (PSI) was configured as
a pebble-bed reactor (PBR) critical facility from 1992 to 1996 and designated as HTR-PROTEUS.
These High Temperature Reactor (HTR) experiments were assembled and conducted to investigate
measurements of criticality, differential and integral control rod and safety rod worths, kinetics,
reaction rates, water ingress effects, and small sample reactivity effects. This program was
specifically conducted to develop benchmark calculations for the validation of reactor physics
computer codes [2.4-31]. Of the four IRPhEP benchmark evaluations devoted to the evaluation of
HTR-PROTEUS benchmark data only the latter three currently contain evaluated control rod worth
measurement data; control rod worth experiments, however, were performed for all HTR-PROTEUS
core loadings:

e PROTEUS-GCR-EXP-001
o Coresl, 1A, 2,and 3
o Hexagonal Close Packing
o 1:2 Moderator-to-Fuel Pebble Ratio
e PROTEUS-GCR-EXP-002
o Core4
o Random Packing
o 1:1 Moderator-to-Fuel Pebble Ratio
e PROTEUS-GCR-EXP-003
o Cores5,6,7,and 8
o Columnar Hexagonal Point-On-Point Packing
o 1:2 Moderator-to-Fuel Pebble Ratio
e PROTEUS-GCR-EXP-004
o Cores9and 10
o Columnar Hexagonal Point-On-Point Packing
o 1:1 Moderator-to-Fuel Pebble Ratio

An important aspect of the HTR-PROTEUS experimental program was to maintain accuracy when
measuring absorber rod reactivity worth across the various core configurations and moderation
properties. Requirements included utilization of a methodology that was compatible with small
highly reflected thermal systems; applicable to highly subcritical core loadings; have a limited
dependence upon calculations; be complimentary to other techniques with characterizable
uncertainties; and be economically feasible. Ultimately pulsed neutron source (PNS) and inverse
kinetics (IK) techniques were selected. For small positive reactivities, such as differential control rod
calibration, the stable period (SP) technique was utilized exclusively.

Perturbation analyses in geometric and material properties of HTR-PROTEUS were not performed to
evaluate the uncertainty in these reactivity effects measurements as the experimental measurement
uncertainties were typically greater in magnitude. For example, the slight vertical movement of a
control rod position was worth < 1 ¢ for one of the withdrawable control rods. Limited measured data
were available regarding typical measurement uncertainties in the HTR-PROTEUS facility; however,
as indicated previously, the desire was to implement techniques and methodologies complimentary
with other methods and systems.

Typical uncertainties in rod drop method measurements have been reported on the order of 5 % to 6 %
for TRIGA [2.4-32] and MASURCA [2.4-33] reactors with the dominant systematic uncertainty in the
kinetic constants and neutron flux perturbations and the statistical component of the uncertainty
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usually <1 %. Reported uncertainties for the SP method in a TRIGA reactor are < 10 % and account

for control rod positions, rod shadowing effects, and statistical uncertainties [2.4-34]. Reported PNS
measurement uncertainties applicable to rod worth measurements in HTR-PROTEUS are between 3 %
and 4 % [2.4-31].

Common uncertainties include delayed neutron data that is systematic and common across all
measurement methods, and flux redistribution within a subcritical core. Changes in the flux are
dominated by long-lived delayed neutron precursors, whose distribution closely resembles that of the
critical reactor shortly after core perturbation. Rod shadowing, or anti-shadowing, effects can also
significantly impact the measured worth of a given control rod. Without detailed information
regarding detectors and their positions during the HTR-PROTEUS measurements, calculations of flux
form factors to account for flux redistribution and shadowing effects could not be performed [2.4-35].
Measurement values for rod bank worth measurements compared against the summation of individual
rod worth measurements yielded differences between 1 % and 4 % for the withdrawable control rods
and 11 % to 13 % for the safety/shutdown rods. These differences were utilized to assess a bounding
uncertainty to apply as the uncertainty due to rod shadowing effects.

A total uncertainty of 6 % was selected to adequately represent the uncertainty in the IK and SP
techniques implemented in HTR-PROTEUS rod worth measurements for the withdrawable controls
rods and autorod. A total uncertainty of 8 % was selected for the IK and PNS techniques utilized for
safety/shutdown rod worth measurements. The uncertainty in the measured worth of the
safety/shutdown rods is greater than that of the control rods due to the greater impact of rod
shadowing.

The impact of random pebble arrangements in Core 4 (PROTEUS-GCR-EXP-002) added an
additional element of uncertainty assessment not found within the other hand-stacked pebble loadings.
The uncertainty in pebble placement for the randomly packed core was experimentally investigated
via three independent loadings of Core 4; a maximum uncertainty of up to 6 % in an individual
control worth and ~ 1 % in the control rod bank worth was obtained [2.4-30]. Simulations of the
computational models with varied pebble arrangements were found to agree with the measured data.
The total uncertainty in the control rod bank worth for Core 4 remains 6 %; however, the total
uncertainty in individual control rod worth measurements was increased to 9 %.

Benchmark values for absorber rod worths in Cores 4, 9, and 10 are summarized in Table E2.4-4.1.
Calculated worths were obtained using MCNP5 and ENDF/B-VIIL.0. All calculations are within 3¢ of
the benchmark experiment values; the statistical uncertainty in the calculations was limited to a
minimum value of ~ 1 ¢. More comprehensive details regarding the experimental data, methods,
uncertainty evaluation, and benchmark model development can be found in the individual benchmark
evaluation reports and a summary paper [2.4-36].

It should be noted that historic values for reactivity worths in HTR-PROTEUS were reported in
dollars or cents using Pes values between 720 and 730 pcm calculated using TWODANT [2.4-37].
More recent calculations were performed using the adjoint-weighted point kinetics capabilities of
MCNP 5 [2.4-38 and 2.4-39] with ENDF/B-VII.0 nuclear data to determine B¢ values between 685
and 715 pem for the various core configurations of HTR-PROTEUS; an uncertainty of 5 % is applied
to account for the uncertainty in B due to nuclear data parameters.
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Table E2.4-4.1. Calculations of HTR-PROTEUS rod worth
measurements with MCNP5 and ENDF/B-VIL0®

Benchmark Calculated _
C(;re g/[easured Method®™ Worth Worth Pc—Pr (%)
arameter on n 1o be n 1o PB
4 Control Rod 1 SP -040 = 0.04 -035 += 0.02 -13
Control Rod 2 SP -0.38 + 0.03 -0.34 £ 0.02 -11
Control Rod 3 SP -037 + 0.03 -035 += 0.02 -5
Control Rod 4 SP -039 £+ 0.04 -0.37 = 0.02 -5
Control Rod Bank SP -1.54  + 0.09 -1.44  += 0.07 -6
9 Control Rod 1 IK -041 + 0.02 -0.38 = 0.02 -7
Control Rod 2 IK -041 + 0.02 -0.37 = 0.02 -10
Control Rod 3 IK -041 = 0.02 -0.38 = 0.02 -7
Control Rod 4 1K -0.41 +  0.02 -0.38 = 0.02 -7
Control Rod Bank SP -1.58 = 0.09 -1.55 = 0.08 -2
Partial Bank Insertion SP -0.73 £+ 0.04 -0.70 £ 0.04 -4
Autorod IK -0.10 = 0.01 -0.12 £ 0.02 20
Safety/Shutdown Rod 5 IK -3.74 = 0.17 378  += 0.19 1
Safety/Shutdown Rod 6 IK & PNS -3.82 = 0.10 -3.82 = 0.19 <1
Safety/Shutdown Rod 7 IK -3.70  +  0.30 -3.82 = 0.19 3
Safety/Shutdown Rod 8 IK -3.60  + 029 370 = 0.19 3
Safety/Shutdown Rods 5+6 IK & PNS -8.02 = 0.20 -8.03 = 040 <1
Safety/Shutdown Rods 5+7 IK -7.44  +  0.60 =776 £ 0.39 4
Safety/Shutdown Rods 5+8 IK -7.40 +  0.59 -7.69 + 0.38 4
Safety/Shutdown Rods
51647 IK & PNS -12.11 £ 028 | -1230 = 0.61 2
Safety/Shutdown Rods
5164748 IK & PNS -16.52 £+ 042 | -1698 + 0.85 3
10 Control Rod 1 IK -0.30 = 0.02 -0.29  += 0.02 -3
Control Rod 2 IK -029 = 0.02 -0.28 = 0.02 -3
Control Rod 3 IK -029 £ 0.02 -025 £ 0.02 -14
Control Rod 4 1K -0.30 = 0.02 -0.28 += 0.02 -7
Control Rod Bank SP -1.15 = 0.07 -1.11 + 0.06 -3
Partial Bank Insertion SP -0.39 = 0.02 -0.37 = 0.02 -5
Autorod IK -0.073 £ 0.004 | -0.08 + 0.01 10
Safety/Shutdown Rod 5 IK -2.82 = 0.11 273 = 0.14 -3
Safety/Shutdown Rod 6 IK & PNS -2.82 = 0.09 275 = 0.14 -2
Safety/Shutdown Rod 7 IK 280 = 0.16 273 = 0.14 -2
Safety/Shutdown Rod 8 IK 272+ 0.15 266 £ 0.13 -2
Safety/Shutdown Rods 5+6 IK & PNS 595+ 0.17 570 £ 0.29 -4
Safety/Shutdown Rods 5+7 IK 573+ 0.32 -554 £ 0.28 -3
Safety/Shutdown Rods 5+8 IK -575  + 033 -549 £ 027 -5
Safety/Shutdown Rods
51647 IK & PNS 929 + 021 865 £ 043 -7
Safety/Shutdown Rods
5164748 IK & PNS -12.67 =+ 031 | -11.81 <+ 0.59 -7

(a) For Cores 4, 9, and 10, the calculated B values are 694, 693, and 685 pcm, respectively.
(b) Worth measurements in the HTR-PROTEUS were performed using inverse kinetics (IK),
stable period (SP), and/or pulsed neutron source (PNS) methods.
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2.5 Reactivity Coefficient Measurements

Guidance for the determination of uncertainties for Reactivity Coefficient Measurements has not yet
been formalized; however, such guidance is expected to be essentially the same as that for Reactivity
Effects Measurements.

2.6 Kinetics Measurements

There are many types of Kinetic Measurements. Only guidance for the determination of uncertainties
for f.; Measurements are provided in this edition of the Guide. Guidance for the determination of
uncertainties for other types of Kinetics Measurements has not yet been formalized.

2.6.1 Uncertainties in Measurement Methods
2.6.1.1 Uncertainties in Measurements of B

The effective delayed neutron fraction (f,5) plays an important role in the safety analyses of nuclear
reactors because it is equal to the reactivity increment between delayed and prompt critical. Besides
that, B, is important in the conversion of detector signals into reactivity through the inverse kinetics
method or in the conversion of the reactor period into reactivity as in the doubling time method. Both
of these methods are routinely employed in several routines during the operation of nuclear reactors.
Finally, Besis also important to compare reactivity between the calculation values and the
experimental values, by changing the unit of Ak obtained with transport calculation to the unit of
dollars obtained from kinetics experiment.

There are several measurement techniques for the experimental determination of the delayed neutron
fraction. The most common are: Cf source[2.6-1], Spectral Density (CPSD)[2.6-2], Rossi-a[2.6-3],
Nelson Number[2.6-4], Feynman-a [2.6-5], and Modified Bennet[2.6-6]. However, these
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measurement techniques do not directly give the S, Instead S,y is inferred from several other
parameters. The most common parameters employed to infer the effective delayed neutron fraction
are: adjoint fluxes, spatial-correction factors, fission rates, reactivity, neutron source strength and
detector efficiency. Among those parameters, the fission rate is measured, while semi-experimental
values are obtained for most of the other parameters by combination of measured results and
calculated corrections. Uncertainties of these parameters and biases from several calculated factors are
crucial and represent the main sources of uncertainty in these techniques.

A very brief description of each technique for .y measurements follows.

2.6.1.1a The Cf Source Method

According to the Cf source method [2.6-1], the parameter [ is obtained by:

;
Scr Py
— 2.6-1
ﬁeff pcfV FerFr ( ‘D}
where:

Sce = intensity of the Cf source (s™)

pcr = reactivity introduced by the Cf source at the core center ($)
F.. = fission rate at the center of the core per volume unit (s'1 cm™ )
v = mean number of neutrons per fission at the core center

@' = adjoint flux of source neutrons at the core center

@7¢= adjoint flux of fission neutrons at the core center

F; = normalization factor, defined by:

E. = Ireactor(fX(DTdE)(fVZdedE)
T (f x ®t dE)q (fvzfrde)o

2.6-2

where the sub-index 0 in the denominator means that the integration should be performed in the core
center. ®' and ® are the adjoint and direct neutron fluxes, respectively.

The measured parameters are: Scr, pcr, and F.,. The normalization integral can be obtained by reactor

power measurement or by calculations employing a calibrated miniature fission chamber at the center.
1

o]
The parameters v and <¢_ch> are calculated.
f

2.6.1.1b  Spectral Densities

In the spectral density method, Befr is obtained employing measurements of CPSD (Cross
Power Spectral Density) and it is given by the following expression [2.6-3]:

1 2D [(ViV, -
Besr = 1- pg | Fer Fy (CPSD) 2.6-3

where V; and V, are quantities proportional to the signals of Detectors 1 and 2 (currents or counts,
depending on the type of detectors employed), CPSD is the mean value of the cross power spectral
density in the plateau region and pg the reactivity in units of $. The other symbols have the same
meaning as before. Parameters D (called Diven factor) and F; are obtained semi-empirically; i.e., part
comes from experiments and part comes from calculations. V;, V,, CPSD and psare obtained directly
from measurements. It can be demonstrated that P = (y F., F;), where P is the power of the facility.
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This is important because most of the applications of the spectral density method employ the reactor
power in the denominator of Equation 2.6-3.

2.6.1.1c Rossi-a Method

In the Rossi-o method [2.6-3].the parameter S5 is obtained through the ratio of correlated to
uncorrelated (background) components of the Rossi-a distribution as:

1
= 2.6-4
ﬁeff 1+(1_p$)J2FC£ Fr (CC"”)(“ZC)M

Crand

where:

Ccorr = total counts in the correlated portion of the Rossi-a curve

Crang = average number of counts per channel in the uncorrelated background
At = channels width

C = count rate of the detector

o = prompt neutron decay constant.

All other symbols have the same meaning as before.

Again, D and F, are obtained in a semi-empirical way. The other parameters come from experiments,
being Ceorr, Crand, At, C and o obtained directly from the Rossi-a experiment.

2.6.1.1d The Nelson Number Method

In the Nelson Number Method [2.6-4], the fundamental data are obtained from the Rossi-a
distributions. In this method, an external neutron source of intensity S is inserted in the multiplicative
medium in order to start the fission chains. The area under the Rossi-a curve gives the parameter Begr
as:

-pg

= — 5 2.6-5
Berr N(1-pg)?- ps
where N is the Nelson number defined by:
N = (zg*s) (£) 2.66
gvpD acC

where:

gand g = spatial correction factors

v, = mean number of prompt neutrons per fission

A = value of the Rossi-a distribution at T = 0 (the point where the curve intercepts the ordinate)
C = count rate of the detector

o = decay constant of prompt neutrons

The parameters A, C, o are obtained through the analysis of the Rossi-a curves. All the other
parameters are obtained either by calculations or by a semi empirical way.

2.6.11e Feynman-a Method or Covariance-to-mean Method

In this method the B,y parameter is obtained as [2.6-5]:
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1
Beff = PN 2.6-7
1+(1-ps) |op

where a,, is the amplitude of the Feynman-a. distribution and € is the detector efficiency defined as the
ratio of detector count rate to the total fission rate integrated in the reactor. The other parameters have
the same meaning as before. The measured parameters are a, and pg.

2.6.1.1f Bennet Method

In the Bennet method, also called covariance method, the quantity measured is the covariance of the
counts for two distinct detectors [2.6-6]. The B parameter is given by:

D
= |— 2.6-8
Ber \’FAO (1+pg)°

where F = (F, F,) is the total fission rate of the reactor and A, is obtained through the fitting of the
covariance curve versus the channel width.

2.6.1.1g Void Reactivity Measurements (VRM)

The Void Reactivity Measurement (VRM) method determines B¢ by measuring and calculating the
worth of a void in a homogenous system and deriving B¢ as the ratio of the two measurements. This
method is similar to methods used by Gordon Hansen to determine Ps at Los Alamos National
Laboratory (Reference 2.6-7). The measurement of the worth of the void is performed using stable
reactor period measurements. A modified version of the In-Hour equation, shown in Equation 2.6-9,
is used to derive the worth of the central void from the stable reactor period independent of B.r.

(v o
p* = fo’ (Z - +a/1{Tp> 2.6-9

where: p System Reactivity, $
ffl Fission Fraction of the j* isotope
T, Stable Reactor Period, s
a; Relative Yield of i group for the j* isotope
A Decay constant for i group for the j/* isotope

The ratio of the calculated worth and the measured worth of the void will then yield the B for the
system, as shown in Equation 2.6-10.

Berr = p(Bk)/p($) 2.6-10

It is important to note that this method is limited to use in systems with a uniform composition where
worth measurements can be very accurately measured and calculated.

The uncertainty in the B is driven by the uncertainty in the stable reactor period measurement, the
uncertainty in the delayed neutron parameters used in Equation 2.6-9, and the calculation of the void
worth.

An example of the VRM method of determining B.s for the Oak Ridge ORALLOY Sphere
(ORSphere) is given in Example 2.6-2.
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2.6.1.1h Common Functions/Parameters in Several Methods

Table 2.6-1 shows the functions/parameters that are peculiar for each method and the common
parameters utilized in these methods. This table was extracted from the work of T. Sakurai et.
al.[ 2.6-8].

Table 2.6-1. Main parameters used in different methods for S, determination

Peculiar
Parameters
for each method

252 APSD

cf CPSD Rossi-a Feynman-a Nelson Bennet

Variance/Mean /

Local Covariance /

Spectral Densities /

Amplitude Rossi-a /

AN

Cf Source Intensity

cf Source
Reactivity

Detector Efficiency

Average number of
Neutrons/Fission

Common Parameters to the Methods
Fission Rate at the
Center of the Core / /
Reactivity in $ / /
Normalization
Factor / /

(Power)

ANEANEEANAN
AN

v
v

Diven Factor

SININN
SININIS

The introduction of quantities that are external to the experiments, mainly the calculated values,
hinders extremely the error propagation of the final parameter that is the object of the measurement.
The case under consideration is Beg. Table 2.6-1 shows several examples of these sorts of parameters.
In addition to that, the Diven factor is common to all techniques excepting the Cf-source method and
it introduces an uncertainty in measured .5 values of about 1.3% [2.6-9].

In the context of the methods to determine B, this parameter can be illustratively written as a product
of two parts:

ﬁeff =P By,

where P, refers to the calculated part and P, to the measured part. Typical uncertainties in the
calculated part, P, , varies from 1.20 % to 3.09 %, and in the measured part, P,,, from 2.30 % to 4.30
% [2.6-10]. It is apparent from the description given so far that the number of experimental methods
to infer . are numerous and there are too many parameters to be considered. Consequently its
uncertainty analysis has to be cast in a generic way.

There are other methods developed at the research reactor facility IPEN/MB-01 with which B.s can be
obtained directly by employing an absolute experimental determination. The developed methods
employ macroscopic [2.6-11] and microscopic noise [2.6-12 and 2.6-13] and were approved as an
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IRPhEP benchmark [2.6-14]. Besides the measurements of the curves APSD, CPSD and Rossi-a there
are no other parameters needed in the process. The proposed method does not utilize Diven Factor,
Power normalization, or any parameter from calculations or from another experiment. The
experimental procedure relies solely on the measured quantities and models based on point kinetics
and on the reflected-core kinetics. The process is extensively complex to be described in simple
expressions as in the previous methods and they will be referred to as s absolute measurements.

2.6.1.1i Effective Delayed Neutron Fraction Measurement Uncertainty Analysis
The uncertainties in the effective delayed neutron fraction can be classified into six categories:

Uncertainties in the measured parameters,
Uncertainties in the power normalization,

Uncertainty in the calculated factors,

Uncertainty in calibration,

Uncertainties in the parameters from other experiments,
Uncertainties from the least square approach.

A

The uncertainties in the measured parameters arise from the uncertainties of the CPSD/APSD, Rossi-a,
and Feynman-a curves and reactivities. The uncertainty in the power normalization arises from the
specific procedure to get this quantity. The uncertainty in the calculated factors arises from several
sources: a) from the uncertainties in the nuclear data, b) from the calculation model, and c) from the
mathematical method employed to solve the neutron transport equation. The uncertainty in calibration
arises from the calibration of the *>Cf source for instance. There are other sources of this type of
uncertainty that may arise from the equipment employed in the experiment. The calibration of the
equipment that compounds the measurement chain of a CPSD or APSD measurement should be taken
into account, but in most cases this is not an easy task. The calibration of electronic equipment (such
as electrometers and Dynamic Signal Analyzers) requires some certified standard equipment, but
those standard equipment are not always available in reactor physics laboratories. Uncertainties from
other experiments shall be considered whenever such data are employed in the determination of the
Befs- Example of this uncertainty category is the utilization of the Diven factor. Uncertainties from
the least-square approach are those considered for the determination of some specific parameter. The
uncertainty in the decay constant of prompt neutrons obtained from the Rossi-a curve is a good
example of this category.

In order to get the uncertainty in the effective delayed neutron fraction for a generic method consider
the general equation for the propagation of the associated uncertainties [2.6-15 and 2.6-16]. Let x; be
an independent or correlated set of variables and w(x;) a dependent function of this set of variables.
Accordingly, the uncertainty of w(x;) is:

aw\? ow ow
2 —yn (22 2 n - == o -
oy =Xt (6xi) of + 2.2 6xi.axj.cov(xl,x]), 2.6-11
where X; is a generic independent variable, o; is the uncertainty of x;, and cov(xl.,x j ), is the
covariance matrix of X; and X;.

In most of the uncertainty analyses of this section all independent variables are assumed uncorrelated.
However, it is left to the evaluator judgement to perform additional analyses if necessary.

Practical examples will be illustrated in Section 2.6.4 in order to apply Equation, 2.6-11 in a real
situation.
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2.6.1.1j Other Uncertainty Considerations
Uncertainty in Dates

Uncertainties of dates must be considered in the case of experiments carried out with decaying
isotopes. All important dates should be reported in order to better determine the isotopes’
concentrations when the experiment was performed.

This uncertainty has to be propagated to the Bes uncertainty through a sensitivity calculation and can
be expressed as:

D _¢b % -
OBers = SBers "D 2.6-12
where Ol?e r is the uncertainty of the B.r due to the uncertainty in date, S,?R is the Pes sensitivity

coefficient to the date, and op is the date uncertainty. The subscript Pesr represents a generic
measurement method.

Uncertainty of Temperature

The temperature uncertainty has to be propagated to the B,rr uncertainty through a sensitivity
calculation.

This uncertainty has to be propagated to the B,rs uncertainty through a sensitivity calculation and can
be expressed as:

T _ T .Or
Tborr = SBess T 2.6-13
where age . is the uncertainty of the B¢ due to the uncertainty in the temperature, Sge r is the Besr

sensitivity coefficient to the temperature, and o7 is the temperature uncertainty.
Systematic Uncertainties

The evaluation of systematic uncertainties can be presented in several ways: a) in the calibration of
the equipment employed in the CPSD/APSD or Rossi-a curves, b) in the power normalization as
extensively discussed in Section 2.7, ¢) in the Diven factors, and several other parameters. The
experiment report should provide enough information so that the evaluator can judge the possible
sources of systematic uncertainties.

2.6.1.1k Final B¢+ Measurement Uncertainty

The final B,y measurement uncertainty is obtained combining quadratically all uncertainty types and
assuming no correlation among them. Let this uncertainty be denoted by OBorp > i.e., the measured
MM

method B sruncertainty for a generic measurement method. The final benchmark uncertainty for the
Befy measurement is given by:

TBeffam — \/O-ﬁ%eff + (O-ﬁl’)eff)z + (GﬁTeff)z + (O-E?f)zv 2.6-14
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where the subscript .5 represents the ¢ uncertainty of any of the several measurement
techniques described in this Guide or any other technique employed for the same purpose and agj’f Sfis

the systematic uncertainty.
2.6.1.11 Sources of Uncertainty and Bounding Values for (3.fMeasurements

Since there are too many methods to be considered in the uncertainty analyses and also different types
(measured, calculated, semi empirical, etc.) of parameters the approach here will be to make a
summary of the uncertainties by category. This is shown in Table 2.6-2a for thermal reactors and in
Table 2.6-2b for fast reactors. This table shows a summary for the uncertainties and bounding values
for the effective delayed neutron fraction measurements. The list is not exhaustive, but it addresses
most of the uncertainties employed in the methods described previously.

Table 2.6-2a. Summary of uncertainties and bounding values for thermal reactors

Type of

Sources of Uncertainty| Typical Minimum | Maximum | Uncertainty

1 Val Val

Value alue alue (A or B)®
Measured Parameters 3.0% 0.5 % 4.5% Variable
Power normalization 2.0% 1.5 % 5.0% Variable
Calculated Factors 2.0 % 1.0 % 3.5% Variable
Calibration 2.0 % 0.5 % 5.0 % Variable
Least Square approach 2.0 % 1.0 % 4.0 % Variable
Measured Beff 35% 0.5 % 4.5% Variable

() The Uncertainty Type (A or B) has the same meaning as in ICSBEP Uncertainty Guide.

Table 2.6-2b. Summary of Uncertainties and Bounding Values for Fast Reactors

Type of
Sources of Uncertainty| Typical | Minimum | Maximum | Uncertainty
Value Value Value (AorB)®
Measured Parameters 3.0 % 0.5 % 4.5% Variable
Power normalization 2.0 % 1.5% 5.0 % Variable
Calculated Factors 2.0 % 1.0 % 3.5% Variable
Calibration 2.0 % 0.5 % 5.0 % Variable
Least Square approach 2.0 % 1.0 % 4.0 % Variable
Measured Beff 4.0 % 1.5% 8.0 % Variable

(2) The Uncertainty Type (A or B) has the same meaning as in ICSBEP Uncertainty Guide.

2.6.2 Uncertainties in Experimental Configuration

This kind of uncertainty follows closely the procedure of the /CSBEP Uncertainty Guide [2.6-16].
Here the uncertainties are divided primarily into three categories: a) uncertainty in geometry, b)
uncertainty in physics, chemistry, and isotopics of materials and c¢) uncertainty in the experimental
configuration.

Uncertainties in the experimental configuration are the uncertainties that arise from the fact that the
experiment setup is not in perfect agreement with its design, i.e. there is an uncertainty connected to
the position of the detectors and auxiliary instrumentation, uncertainty of the experiment equipment
composition etc., which is presented in a practical example in Section 2.7 (Example 2.7-2). The
category also includes uncertainties in the environmental conditions, namely the uncertainties in basic
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parameters of the experiment system which might not be of direct interest, but nevertheless affect the
measured. This includes uncertainties such as those in the geometry, composition or integral physical
parameters of the criticality system. An example of the evaluation of an experiment configuration
uncertainty is given in Section 2.7 (Example 2.7-2).

The Effect of the Parameter Uncertainty of the Facility

This kind of uncertainty follows closely the procedure of the /CSBEP Uncertainty Guide [2.6-16].
Here the uncertainties are divided primarily into two categories: a) uncertainty in geometry, and b)
uncertainty in physics, chemistry, and isotopic content of materials.

As an illustration, Tables 2.6-3 and 2.6-4 show, respectively the uncertainties in geometry and the
uncertainties in materials. The empty columns may be filled as an aid to clarify the uncertainties. This
list is not exhaustive. Different parameters will be listed for other types of configurations. Besides of
the uncertainties commonly derived from the /CSBEP Uncertainty Guide for the facility parameters,
the geometric and material uncertainties of the device (foil, fuel rod or miniature fission chamber)
employed to infer the spectral indices shall be taken into consideration. The geometry and material
details of the device has to be known in order to assign their specific uncertainties. Some details are
shown in Tables 2.6-3 and 2.6-4. A sensitivity analysis is performed in order to propagate the
geometric and material uncertainties of the facility and of the measurement device utilized to infer the
Ber - The final total uncertainty arising from the parameters of the facility is the square root of the
sum of the squares of each component. Let this type of uncertainty be represented by & ,,. -

Table 2.6-3. Uncertainties in geometry

Mean Reported Type of Number of
Parameter . . . Standard
Identification Measured [Uncertainty in| Uncertainty Degrees of Uncertaint
¢ catio Value Parameter (A or B) @ Freedom y
Active Fuel Height
Fuel Pellet Diameter
Clad Outer Diameter
Clad Inner Diameter
Fuel Rod Pitch
Bottom Alumina Height
Other Relevant Parameters
() The Uncertainty Type (A or B) has the same meaning as in ICSBEP Uncertainty Guide.
Table 2.6-4. Uncertainties in materials
Parameter Mean Repm:ted . Type ?f Number of Standard
Identification Measured |Uncertainty in| Uncertainty | Degrees of Uncertaint
¢ catio Value Parameter (A or B) @ | Freedom y

“>U Enrichment (%)

UO, Density (g/cm’)

Cladding Density (g/cm’)

°>Mn in Cladding SS (wt.%)

Cladding composition

U (Wt.%)

UO, stoichiometric factor (%)

Other Relevant Parameters

() The Uncertainty Type (A or B) has the same meaning as in ICSBEP Uncertainty Guide.
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2.6.3 Uncertainties in Biases and Benchmark Models

Biases in Benchmark Models

The determination of the biases arising from the S,y measurement methods is a very complicated
problem and some of them may never be found. The bias determination for the calculated quantities
requires the availability of well-defined experiments for these quantities to serve as benchmarks; here
referred to as Reference Values. The bias induced by these calculated factors can be understood
calculating the ratio C/R, where C is the calculated quantity and R is the reference value provided by
the specific available benchmarks. If C/R is higher than 1, the calculated factor overestimates the

measured [, On the other way around, the calculated factor underestimates the measured [z

The bias in the B,y measurements for a particular correction factor is given as:
BCF =(RC;C)'SIMM, 2.6-15

where B is the bias for the specific calculated factor and its uncertainty arises from a standard error
propagation.

The benchmark model value for the [, experiment after applying all possible biases and
correction factors is given by:

SIB@ = SIMM + BSL + @' SIMM’ 2.6-16

where Slp, is the benchmark [, model, the subscript MM represents a generic measurement method,
SIyy 1s the measured reactivity, and B, is the bias from the benchmark model simplification
(typically derived in Section 3 of and IRPhEP Evaluation), or by modelling limitations (typically
derived in Section 4 of IRPhEP Evaluation).

Equation 2.6-16 reduces to:

SIB@ = SIMM '§+ BSL’ 2.6-17

. R. . . . .
The ratio ois defined as the bias-factor. Equation 2.6-17 can be generalized for a specific number of
measurement bias as:

SIB@ = SIMM ) BMM + BSL’ 2.6-18

where By = Hlivfl B; is the total measurement method bias-factors , Ny is the total number of bias-
factors applied to the measurement method, and B; is the specific measurement method bias-factor.
Bias in simplifications also includes the exclusion of the auxiliary devices to fix the detectors in the
reactor system if not modelled in the benchmark model.

Uncertainties in Biases

Bias in measurement methods is always the inverse of the ratio of two quantities. The numerator is the
calculated quantity while the denominator is the reference value. Its uncertainty can be found
applying a standard propagation of the associated uncertainties assuming no correlations. The final
result is given by:
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05cp = (1/C) - 0)% + (R/C?) - 00)?, 2.6-19

where R and C represents the reference and the calculated values, respectively, and oz and o are
respectively the uncertainties in the specific experiment and in the calculations.

The total uncertainty in the benchmark simplification and in the benchmark limitation is given by:

Opg, = /ags + Uigu 2.6-20

where op, is the uncertainty in the bias from simplifications and op, is the uncertainty in the bias
from limitations.

As a starting point, the following paragraph was taken from the /CSBEP Uncertainty Guide [2.6-16]
and adapted for sy measurements.

The evaluator should strive for a reasonable balance between making the benchmark model
amenable to calculation and keeping the total B, uncertainty of the model as small as practical.
Obviously, simplifications that make the benchmark model easier to use tend to make it more
attractive to reactor physicist analysts. However, each simplification introduces an additional
benchmark-model bias and a correlated uncertainty contribution. The use of benchmark models to
validate a reactor physics analysis or to identify weaknesses in cross section data and calculational
methods is more effective and reliable if the uncertainties are small. The only stage in the evaluation
process where the evaluator legitimately can influence the magnitude of the total uncertainty is in
deciding what simplifications to make to create the benchmark model. The benchmark-model is the
best estimate of the value of B¢ that would be observed for an isolated experiment having exactly
the geometry and materials described in the benchmark model. Thus one should aim at developing a
benchmark model of the experiment which is simultaneously pragmatic for further evaluator’s use,
computationally not too demanding and free of major computational biases. This means that
constructing a model with a great level of detail, which has a negligible contribution to the total
benchmark-model uncertainty but significantly increases the complexity of the model and associated
computational time, is not advisable. Additionally the evaluator should construct a benchmark-model
including all parts of experiment that could potentially lead to the introduction of major s biases, if
not modelled. In the opposite case a rigorous study of the effect of the benchmark-model
simplification on the computed B, should be performed.

Uncertainties in Benchmark Model

The uncertainties in the B, benchmark model are composed of three major parts: a) uncertainties in
measurement method, b) uncertainties in biases, and c¢) uncertainty from the experimental
configuration. These three components shall be combined quadratically in order to get the whole
benchmark uncertainty.

The final benchmark uncertainty for the 8. rr measurement method is given by:

2 2 2
J/?;fMM = \/(UﬁeffMM : BMM) + (ﬁeffMM : UBMM) + (085,)" + opr?, 2.6-21
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Be . . .
where g o is the B, s benchmark uncertainty for the measurement method MM, op, o 1S the

measured fry uncertainty from Equation 2.6-14, o, = /ag ot agL, 0, s the uncertainty in the

bias from simplifications and op, is the uncertainty in the bias from limitations.

Tables 2.6-5a and 2.6-5b show_summary tables listing the uncertainties, typical values, and minimum
— maximum range of values that are considered bounding for thermal and fast reactors, respectively.

Table 2.6-5a. Summary of uncertainties and bounding values for the benchmark model for thermal

reactors
Typical Minimum Maximum
Sources of Uncertainty Value | Value Value
(%) (%) (%)
By Measurement 3.5 0.5 4.5
Facility and Device Parameters 0.5 0.2 1.0
Bias 1.0 0.1 3.0
Benchmark model S 4.0 1.2 5.0

Table 2.6-5b. Summary of uncertainties and bounding values for the benchmark model for fast

reactors
Typical | Minimum| Maximum
Sources of Uncertainty Value | Value Value
(%) (%) (%)
By Measurement 4.0 1.5 8.0
Facility and Device Parameters 2.0 2.0 4.0
Bias 1.0 0.1 3.0
Benchmark model S 5.0 3.0 8.0

2.6.4 Practical Examples
Example 2.6-1: Determination of B in the IPEN/MB-01 Reactor

Presented in this section is an example of the experimental determination of B.;in the IPEN/MB-01
reactor [2.6-17]. In this experiment the reactor was made critical at 4.0 W and 100 W as indicated by
the control room instrumentation and the control rods were kept in the automatic control mode since
their movements do not interfere in the frequency region of interest. Later, these power levels were
corrected by the results of the fuel rod scanning technique. The reactor was in its standard core
configuration of 28 x 26 fuel rods.

The experimental procedure for the .y measurements considered here consists of obtaining the CPSD

from the signals of two compensated ionization chambers (operating in current mode) in the
frequency range A,<<f << B,/A, where 4, is the decay constant of the i"™ group of delayed neutrons
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and A is the prompt neutron generation time. This frequency range is known as the plateau of the
CPSD.

The most common form to get the CPSD is employing two detectors operating in current mode,
transforming the current of the detectors into voltage signals, cutting off the DC component and
sending the fluctuating component to a dynamic signal analyzer (DSA) to perform the mathematical
operations to obtaining the CPSD. A typical measurement chain can be seen in Fig. E2.6-1.1. The
detector currents are read by the picoameters (or electrometers), which also change the currents into
voltage signals.

Filter
Detector 1 Picoameter 1 Amplifier 1
>
BN
reactor Dynamic
Signal
Analyzer
j
>
Detector 2 Picoameter 2 Filter
Amplifier 2

Figure E2.6-1.1. Measurement chain for obtaining the CPSD

For other types of measurement chains, the procedure for uncertainty analysis follows the one that
will be presented here.

Following the Cohn’s approach [2.6-18], the CPSD for the measurement chain of Fig. E2.6-1.1,
assuming six groups of delayed neutrons and the point reactor model, is given by,

2
2D

am| () (hly) (HeyHpy) (Hea Hy) E26-1.1

=1(jw+i;)

where,

A = prompt neutron generation time,

[B; = delayed neutron abundance for group i,

A = decay constant of delayed neutron precursor for group i,
D = Diven factor,

y = energy released per fission,

P = reactor power,

I; (I,) = current of detector 1 (2) as read by the picoameters,
H.; (He,) = transfer function of picoameter 1 (2),

Hp (Hp) = transfer function of filter-amplifier 1 (2),

o = angular frequency = 27 f, being fthe frequency in Hz,
and j is the imaginary unit.

The transfer function of the picoameter (or electrometer) is simply the conversion factor from current
to voltage, given in (Volt/Ampere) units. For instance, the conversion factor of the Keithley 614
electrometer is (2.0 Volts)/(Current Scale), so that a reading corresponding to a full scale will result in
a voltage signal of 2.0 volts. The transfer function of the filter-amplifier is given only by the gain of
the amplifier. The low cut off frequency of the filter, responsible for removing the DC component of
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the detector’s currents, does not need to be taken into account because the frequency range of interest
is very away from this cut off value (1x10~ Hz).

In the frequency range of interest for §,ydetermination, i.e. ,<<f << f,4//A, Eq. (2.6-1.1) can be
written as,

_ 2(He1Hp1)l(HezHp)I2(yD)

d,, = E2.6-1.2
12 (Beff)zp

where now @, refers to the mean value of the CPSD in the plateau region. Note that the Equation
E2.6-1.2 is identical to Equation 2.6-3 in Section 2.6.1:

1 2D ViV,
Besr = 1- pg | Fer Fy (CPSD)
when pg =0, since P = (y F.; F;), Vi = (Ix Hex) and Hg = 1.

The mean value of @, can be obtained by averaging all points in this region and taking the standard
deviation of the mean as the respective uncertainty. However, since the CPSD has intrinsic
uncertainties (etrror bars in each frequency point) due to the measurement procedure, it seems better to
obtain the mean value by a weighted least-squares fit of a constant. In this way the mean value will
have an uncertainty given only by the fitting procedure. For each frequency bin, the error bar is given
by[2.6-19]:

1
V12N

e(®y,) = (%) E2.6-13

where y;> is the measured coherence function and N is the number of RMS averages to get the final
CPSD.

The two compensated ionization chambers (CC-80 from Merlin Gerin) were placed symmetrically in

the west and east face of the core, approximately 11 cm away from the most external fuel rods. In this
way the detectors are located in the reflector region and about 8.0 cm away from the reflected thermal
neutron peak as shown in Fig. E2.6-1.2.

For these two experiments the settings of the DSA were as follow:

Input range in automatic detection
Overload rejection enabled
Anti-aliasing filter enabled
Hanning windowing enabled

DC coupling in float mode
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Figure E2.6-1.2. Side view of the active region and the detectors positioning

For the 4.0 W experiment, the scale of the electrometers was 2000x 10° A, so that the conversion
factor from current to voltage was H.; = He, = 2/2000% 10° = 1x10° V/A.

For the 100W experiment, the electrometers scales were 20x 10° A, so that H,; = He, = 2/20x% 10° =
1x10° V/A. The gain of the filter-amplifiers was 30 for both experiments, thus Hy = Hp, = 30. The
energy released per fission and the Diven factor employed in this work were y=3.2x10"" J and D =
0.795 [2.6-20].

It should be stressed here that for fast reactors the Diven factor must be evaluated accordingly. The
work of Shigeaki OKAJIMA, Yoshihiro YAMANE, Yoshinari TAKEMOTO and Takeshi SAKURAI
[2.6-21] is a good reference for that. Regarding the Diven factor, or the neutron dispersion factor, ref.
[2.6-22] gives a very complete analysis of this parameter as well as some original references about it.

One of the key parameters in Eq. (2.6-12) is the reactor power, and the details for obtaining this
parameter can be found in Ref. 2.6-23. The procedure for obtaining the uncertainty in the reactor
power follows closely Section 2.7 of this document.

The uncertainty of @, is obtained employing a least-squares approach by fitting the CPSD in the
plateau region through a constant function. Here, the uncertainty sources of the Dynamic Signal
Analyzer were taken into account only by the error bars of the CPSD, Eq. 2.6-3, through the
coherence function. The error introduced by the windowing of the input signal of the DSA and other
systematic errors, if any, were not considered explicitly in this analysis.

The uncertainties of reading the detector currents arise in two forms. Firstly the picoameters or
electrometers have systematic uncertainties of around + 1% of the reading according to the equipment
data sheet. Secondly, the detectors currents present random fluctuations even for steady-state
irradiation of the detector, (this is equivalent to the square root of counts when pulse mode detectors
are employed). This statistical uncertainty can be estimated according to Knoll’s book [2.6-24]. The
contribution of the control banks motion (up and down) to the uncertainty in the absolute value of the
currents reading, when in the automatic reactor control, can be neglected, since the mean value of the
uncertainty generated in this way is zero (the upward motion is equally likely the downward motion).
The uncertainties of all other parameters come from equipment data sheet, measurement or literature.

For the uncertainty estimate in the S, measurements, the following uncertainties were assumed (at
lo):

¢ 1.0 % for the ionization chambers currents readings (from Keithley 614 electrometer data sheet).

¢ 1.0 % for the gain of the amplifiers (as measured in this work).
¢ 1.0 % for the current to voltage factor (from Keithley 614 electrometer data sheet).
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¢ 2.0 % for the Diven factor [2.6-20 and 2.6-25].
¢ 1.0 % for the energy released per fission (estimated).
® 2.5 % for the reactor power (as measured in this work).

The expression for the uncertainty in the measured S, is obtained employing Eq. (2.6-9) to Eq. (2.6-
12) of Section 2.6.1 and assuming no correlation among all variables, i.e. cov(x;x;) =0. The expression
is:

of = iaz + i02 +i02 + i02 + i02 + i02 i
g 21271 T 212 77 T 22 M T ouz e T on2 T T 2H2 M2 [ Poy,
+
A 52 452 A g2z 4 A G2) X2 _
+<2P2 op + s O0p12 +2y2 oy +2D2 O'D) oo E2.6-1.4

where A = (Helel)Il(HeszZ)IZ'

Table E2.6-1.1 shows the results for B.and its uncertainty as well as other parameters of interest and
their uncertainties. In Table E2.6-1.1 the values of the reactor power are the ones corrected by the
gamma scanning method. The mean value ®;, was obtained through a fitting procedure of a constant
in the plateau region of the CPSD (2 to 9 Hz approximately) and its uncertainty is only due to the
least-squares approach. For both cases, 4.0 W and 100 W, the CPSD’s were obtained with about 500
averages. An example of an experimental CPSD is shown in Fig. E2.6-1.3.

Table E2.6-1.1. B+ and reactor noise data for the experiments

P (W) I (A) L (A) @, (V'/Hz) Besr (pem)
4.35£0.11 | (456.0+4.5)E-9 | (458.0+4.6)E-9 (4.01£0.02)E-5 741116
108.7+£2.7 | (11.20£0.11)E-6 | (11.30£0.11)E-6 (9.74+0.09)E-6 740116
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Figure E2.6-1.3. Experimental CPSD for the reactor in 4 watts. Scan rate of 100 Hz, 800 lines of
resolution and 500 averages
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Example 2.6-2: Determination of B.i in the ORSphere using VRM

The ORSPHERE (Oak Ridge ORALLOY Sphere) measurements were performed at Oak Ridge
National Laboratory in the early 1970s by Dr. John T. Mihalczo (team leader), J.J. Lynn, and J.R.
Taylor. The critical and reactor physics measurements have been evaluated and found to be acceptable
benchmark experiments and are evaluations HEU-MET-FAST-100 and ORSPHERE FUND-EXP-001
in the ICSBEP and IRPhEP Handbooks, respectively. The VRM Method was used to determine Beg of
the system.

The central void reactivity was measured and results were reported in Reference 2.6-26 and 2.6-27.
The reactivity of the central void was measured by determining system reactivity for the 3.4420-inch-
average-radius sphere with and without a 0.460-inch diameter uranium metal sphere present at the
center of the sphere. By comparison of the sphere reactivity with and without the sphere present at the
center of the ORSphere the worth of the central void was determined. The benchmark central void
reactivity was 9.65 = 0.123 ¢. The measurement process and uncertainty associated with the measured
central void reactivity measurement are described below. The calculated void worth was 6.02 x10™ +
0.023 x10™ Ak.gr. The calculation and uncertainty associated with the measured central void reactivity
measurement are described below. The ratio of the measured worth in dollars and the calculated worth
in Ak, with uncertainty appropriately propagated, yields the effective delayed neutron fraction, Brr =
p(Ak)/p($). The benchmark S, ¢ value measured using the Void Reactivity Method was 0.00657 +
0.00009

Measurement of the Central Void Worth

The central void worth was measured by comparing the system reactivity with and without a small
sphere of uranium present at the center of the ORSPHERE. The system reactivity was determined
from the measured stable reactor period using Equation 2.6-9. The measurement process to obtain the
stable reactor period is described in Reference 2.6-26 as follows:

The system was assembled with the small central sphere in place to slightly above
delayed criticality by use of a small removable reflector. When the power or fission rate
reached the appropriate level, the small reflector was removed in ~0.2 s. The positive stable
reactor period was obtained from the reaction rate as a function of time in seven external
detectors containing BF; that were either neutron counters or neutron sensitive ionization
chambers. For the four neutron counters, the count rate was measured as a function of time;
for the three ionization chambers, the output current was recorded on strip-chart recorders as a
function of time. All detectors were external to the sphere at distances from 6 to 15 feet and
were surrounded by at least 2 inches of paraffin moderator. The stable reactor periods were
obtained graphically. The shorter reactor periods were measured over at least two decades of
purely exponential change. The longer stable reactor periods were measured for at least a
time period of 30 minutes of purely exponential change. The sphere was then disassembled
by either raising the upper polar cap or lowering the lower section. The small, central
uranium sphere was removed manually, and the system was reassembled with the small
reflector in place to a power level from which the reactor period could again be measured
after the small additional reflector was removed.

Multiple runs, 43, with a variable number of mass adjustment buttons on the surface of the sphere
were performed on ten separate days between May 19 and August 10, 1972. Once the stable reactor
periods were obtained, the Inhour equation was used to determine the system reactivity in dollars.
This required the use of delayed neutron parameters. The relative yield and decay constants from
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Keepin et al. for *°U and ***U were used.’ The fraction of fission for **U and **°U were split 50/50
between **°U and ***U. The fraction of fissions, obtained from neutron transport calculations by the
experimenter, and Keepin data was provided in Reference 2.6-26. The system reactivity of the
ORSphere with the small central sphere present, versus the reactivity with the small central sphere
removed, yielded the worth of the small central sphere, or inversely, the worth of the central void
region. Sample calculations of the central void region worth are given in Appendix B of
ORSPHERE FUND-EXP-001. The average central void region worth given by the experimenter was
9.165 £ 0.023 ¢. According to the experimenter, J.T. Mihalczo, this value is the variance weighted
average of the daily averages and standard deviations.” The given error is the standard deviation of
the mean of all measurements with all detectors.

When evaluating the central void worth measurements additional parameters had to be taken into
account. The effect of material and geometry properties were considered. These were evaluated by
perturbing the model by the uncertainty in each parameter; for ORSPHERE this included isotopic
composition, mass, and diameter of the central sphere. Additionally, uncertainty introduced when
converting the stable reactor period to reactivity were considered. This included the effect of the
delayed neutron parameters and the fission fraction. The uncertainty given in the Keepin delayed
neutron parameters was assumed to be a random uncertainty. It was evaluated by propagation through
Equation 2.6-9 along with a 5% uncertainty in the stable reactor period. The systematic uncertainty in
the delayed neutron parameter data was evaluated by switching the Keepin data for delayed neutron
parameters provided in the ABBN cross section library® that were derived from the delayed neutron
parameters recommended by Spriggs, Campbell and Piksaikin.” The change in the worth using ABBN
delayed neutron parameters versus the Keepin delayed neutron parameters is judged to be a bounding,
systematic uncertainty effect due to uncertainty in the delayed neutron parameters. The effect due to
uncertainty in the fission fraction was evaluated by switching fission fraction between those
calculated using ENDF/B-VI and ENDF/B-VII. Finally, there is also an uncertainty in the treatment
of the 2*U and U isotopes. Because Keepin data for the delayed neutron parameters is only given
for #*°U and **U, “half the ***U fissions and half the **°U were [added to] ***U and the other half were
in 2*U” (Reference 2.6-26). The uncertainty effect of this assumption is evaluated by attributing 100%
of the 2*U and **°U fissions to first **°U and then to >*°U. The effect of all of these additional
uncertainties increased the central void worth uncertainty from +0.023 ¢ to £0.123 ¢ with the largest
contributor being the systematic uncertainty in the delayed neutron parameters.

Calculation of the Central Void Worth

The void worth was calculated by the experimenter in units of Ak using S, transport theory,
extrapolated to infinite order S,, with a precision of at least 107 Ak. ONEDANT and XSDRNPM
codes with Hansen-Roach and ENDF/B-VI cross section libraries were used. The average reactivity
of the central void was 6.02 + 0.01 x10™* Ak. According to Reference 2.6-26 this uncertainty
“essentially includes all the variation in these calculated values (this choice is somewhat arbitrary but
conservative)”. Using deterministic methods the worth was re-calculated by the evaluator using
ENDF/B-V.0, ENDF/B-VI.0 and ENDF .B-VIL0. The average re-calculated worth is 6.06x10™* Ak
which is 0.4 pcm above the given calculated worth of 6.02 + 0.01x10™. The 0.4 pcm difference is
used as the bounding uncertainty in the calculated central void reactivity (0.23 pcm 1o uncertainty).

% The Keepin et al. delayed neutron parameters were obtained from: G.R. Keepin, T.F. Wimmett, and R K.
Zeigler, Phys. Rev., 107, 1044 (1975).

7 Personal communication with J.T. Mihalczo, November 25, 2013.
¥ Values provided by Yevgeniy Rozhikhin, December 6, 2013.

® G.D. Spriggs, .M. Campbell, and V.M. Piksaikin, “An 8-Group Delayed Neutron Model Based on a
Consistent Set of Half Lives,” Progress in Nuclear Energy, 41, No. 1-4, 223-251 (2002).
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According to expert judgment'® the uncertainties in nuclear data could contribute approximately 0.5%
to the relative reactivity uncertainty for fast high enriched non-reflected uranium systems. And it was
judged that by re-calculating using the three ENDF/B libraries the spread in the calculated reactivity
due to discrepancies in nuclear data is accounted for and 0.23 pcm uncertainty in the calculated
central void reactivity accounts for nuclear data sensitivities.

Derivation of B.zf

Using Equation 2.6-10, the measured and calculated central void worth and the evaluated
uncertainties in each a B¢ 0f 0.00657 + 0.00009 is derived for ORSPHERE. This method is

applicable for ORSPHERE because the system is uniform and the void reactivity can be accurately
calculated.
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2.7 Reaction-Rate Distribution Measurements

Reaction rate measurements from neutron interactions cover a wide range of nuclear reactions.
Reaction-rate measurements are flux maps, fission chamber scans, and wire-activation fine-structure
and macro-structure measurements. They provide validation of the ability of the codes and nuclear
data to predict the spatial distribution of neutron flux. Different materials can be employed, especially
when seeking sensitivity to specific neutron spectra. Measurements can either be absolute, or relative,
either to a normalizing position or average.

2.71 Uncertainties in Measurement Methods

To date, three major experimental techniques are employed to measure the reaction rates from neutron
interactions:

1) Foil activation,
2) Fuel rod scanning and
3) Miniature fission chambers.

A fourth technique would be radiochemistry which is generally not common. ANL-5800 [2.7-1].
provides a good comparison with other methods (see Table 7-34 of this reference).

Techniques (1) and (2) are classified as indirect approach while Technique (3) is considered a direct
approach. These three methods are employed widely in Reactor Physics. The uncertainties associated
with reaction rate measurements are strongly dependent on the experimental techniques.

The goal of indirect approaches is to produce, as a product of the nuclear reaction, a radioactive
isotope which emits beta or gamma rays. The reaction rate is inferred from the detector counts of the
emitted radiations. Each one of those experimental techniques will be briefly described in the
following subsections.

Reaction Rate Measurement Uncertainty Analysis

The uncertainties in the reaction rate measurements, i.e. experimental uncertainty, can be classified
into five categories:
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Uncertainties in the physical properties of nuclides,
Uncertainties in the measured quantities,
Uncertainties in calibration,

Uncertainties in the correction factor, and
Uncertainties arising from the least-square process.

Lk wbh =

Uncertainties in the physical quantities of nuclides are the ones arising from basic nuclear properties
such as decay constants, gamma emission probabilities, gamma emission energies, isotope
abundances, etc.. They are in general known from the nuclear structure and decay data available in
several sites (for example http://www.nndc.bnl.gov/nudat2). They are intrinsic properties of the
isotope under consideration and can be considered uncorrelated.

Uncertainties in the measured quantities are those arising from the detector counts, time, and
temperature. The uncertainty in the detector counts is of statistical nature.

Uncertainties in calibration are those arising from the calibration of some specific quantities. The
reactor power and the miniature fission chamber calibrated mass are good examples of this kind of
uncertainty.

The uncertainty in the correction factor is that obtained when a calculation approach is employed for
the determination of correction factors such as the gamma self-absorption in the foil or perturbation of
the miniature fission chambers. The uncertainties arise from both: the basic nuclear data used in the
process and from either the transport code or from the approximations with which the gamma or
neutron flux is calculated.

Uncertainties from the least-square approach are those considered for the determination of some
specific parameter or a calibration curve. The global detector efficiency (GDE) and the radioactive
reaction product activity at the end of the irradiation, A,, are classical examples that employ this
approach. In the specific case of GDE, the covariance matrix of the fitted parameters has to be taken
into consideration in the uncertainty analysis.

The categorization of uncertainties presented above offers broad guidelines for the evaluation of the
experimental uncertainty of reaction rate measurements and the identification of different uncertainty
sources. The categorized reaction rate uncertainties are in general considered uncorrelated. However,
it is left to the evaluator judgement to perform additional analyses if necessary.

In order to get the uncertainty in the reaction rate consider the general equation for the propagation of
the associated uncertainties [2.7-2 and 2.7-3]. Let x; be an independent or correlated set of variables
and w(x;) a dependent function of this set of variables. In linear approximation, the uncertainty of w(x;)
is:

aw\2 6w 6
2 n 2 n
Ow = i=1 (_axl-) . 0; + 2. z i>j 6 6 cov(xl, ) 2.7-1

where x; is a generic independent variable, , 0; is the uncertainty of x;, and cov(x;, x;) is the
covariance matrix of x; and x;.

2.71a Foil Activation Technique

In order to describe the uncertainty analysis of the reaction rate measurements consider initially the
foil activation method, which is the simplest of the three techniques. The technique described here for
foil utilization can be extended without any difficulties for wires and targets containing thin deposits
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of fissile or activation materials (see ZPR-TM-424) which are also extensively employed for the
reaction rate measurements in a reactor environment. Suppose that a foil containing some specific
nuclide is exposed to a neutron flux and the nuclear reaction induced by the neutrons in the foil is
represented as:

X+n - RRP +EP,

where X is the foil nuclide, n is the incident neutron, RRP is the radioactive reaction product
produced in the foil, and E'P is the emitted particle. In this nuclear reaction the goal is to produce a
radioactive nuclide, RRP , which decays either by gamma or beta emission. The emitted particle (EP)
can be either gamma radiation, a proton or an alpha particle, etc. and the reaction rate is classified
accordingly. Figure 2.7-1 shows schematically the behaviour of the activity of the radioactive reaction
product produced (RRP) for a particular reaction type as a function of time and for a constant power
history irradiation. Ay, A% , t;, tg, and t. shown in Figure 2.7-1 represent respectively, the activity of
the RRP at the end of the irradition, the RRP saturation activity, the irradiation time, the decay time,
and the detector count time.

A
8

vity
=

Act

Figure 2.7-1. Radioactive reaction product activity as a function of time

Figure 2.7-1 shows clearly that the activity of the radioactive reaction product reaches a saturation
value as the irradiation time goes to infinity. This saturation activity is the reaction rate that is being
sought. However, the foil activation experiments are always performed in a finite irradiation time.
Setting up the governing differential equation for production and destruction of the radioactive
reaction product and making the following assumptions: a) the reaction rates in the target nuclide are
small enough so that the atom density can be considered constant during the irradiation, b) the reactor
power is constant during the irradiation period, c) the sample is inserted prior to the reactor start-up,
and d) homogeneous initial condition, it can be shown that the reaction rate for the foil activation
method (RRp4y) is given by:

Ao FrampFabs'Fss
RRFAM = P 2.7-2

[1—exp (—Arrp-tD)]
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with

A = ARRP-CRRP 27.3
0 ™ exp(-Agrgrp-ta)-£rrP-9rRRP-NRRP-[1-€XP(~ARRP.tC)] ’

where RRp 4, 1s the reaction rate for the foil activation method, all quantities with subscript (RRP)
refers to the radioactive reaction product, Appp is its decay constant, Crgp is its net photopeak area
(counts in the detector) for the characteristic transition at the end of the irradiation, eggp is either the
fission product yield of the radioactive reaction product (Yzgp) or equal to 1.0 for other types of
reactions, gggp 18 its gamma emission intensity, 77,,, is its global gamma detector efficiency, F-qmp

is the ramp factor; i.e., a factor that transforms the real power history (from start-up and shutdown)
into a constant power history for the time period when the reactor is critical, F,,s is the gamma self-
absorption correction factor in the irradiated foil, Fsg is the self-shielding factor, i.e., a factor that
transforms the perturbed reaction rate in the foil (due to the neutron flux depression inside of the foil)
into an unperturbed reaction rate, and ¢;, t; and ¢, are respectively the irradiation, the decay time and
the count times. If the benchmark model models the foil explicitly there is no need to take into
account Fgg and in this case this correction factor is equal to one.

The development above assumes that the samples are inserted prior to the reactor start-up. However,
reactors often are equipped with pneumatic systems for sample irradiation, manual irradiations may
be possible as well. In these cases methods shall be developed to take into account the time period
when the sample is being inserted into the irradiated position and time period when sample is
removed from that. The insertion and removal times are finite quantities and the sample is
continuously being irradiated until it is completely inserted into the irradiated position or removed
from it. Another assumption made that covers most of the cases employed in the reaction rate
measurements is a linear transmutation chain with just one coupling between production and
destruction of the radioactive reaction product. More complex transmutation chains shall require more
complex development than that considered in this Guide. These complex cases should be considered
case by case and specific analyses must be justified.

The determination of the reaction rates requires the knowledge of several parameters and correction
factors. Each one of them will be considered separately in the coming subsections.

The Determination of the Global Detector Efficiency

The detection system is an integral part of the experimental setup. The measurements of the foil
activity are performed in this device. This system has in the majority of cases a cylindrical form. As
an illustrative example, its axial layout is schematically shown in Figure 2.7-2. The detection system
is surrounded by shield materials (usually Pb) to avoid external radiation to contaminate the foil
counts. The detector is usually an HPGe (High Pure Germanium Detector), but some other detectors
such as Nal (Sodium Iodide) can be employed for this task. Figure 2.7-2 shows that below the
detector there are sets of drawers that make it possible to change the distance to foil-detector. The foil
is usually positioned in the center of the acrylic holder as shown in Figure 2.7-2. The detector is
placed above the foil also as shown in Figure 2.7-2. The associated electronics are not shown in
Figure 2.7-2, but they are also part of the detection system. Also, the unfolding software employed to
resolve the gamma peaks is important part of the whole process of the gamma counts in a specific
gamma energy photopeak.

The global detector efficiency (GDE) for gammas of energy E), is defined as:

Number o ammaof ener E,) detected
GDE(E,) = L9 S energy (y) 274

Number of gamma of energy (E,) emitted by the source
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The GDE depends on the product of two quantities: the detector efficiency and the geometric
efficiency of the whole detection system. The detector intrinsic efficiency is related to the capacity of
the detector to detect gamma rays. It is a property of the detector itself. The geometric efficiency
depends on the geometric characteristics of the whole environment between source and detector.
Quantities such as distance from source to detector, source and detector dimensions, presence of
shielding and/or collimators, etc., are fundamental for the determination of the geometric efficiency.

Lead castle

Detector

Drawer

| ——————+— sample

G
UEHDUU

L

Lucite holder

Figure 2.7-2. Foil detection system

The global detector efficiency is typically not calculated; instead it is determined by an experimental
approach. This is accomplished by employing a set of calibrated standard radioactive sources that
emit gammas at well-defined energies and emission intensities. Example E2.7-1 shows an example
how the GDE is determined.

Ay; Foil Activity at the End of Irradiation
The determination of the foil activity at the end of irradiation A(£g) is accomplished by performing

measurements of detector counts as a function of the decay time (t;). For each one of these
measurements, the corresponding activity can be determined as:

A(ty) = ARRp CRRP 275

eRRP-9RRPMRRP-[1—€xp(=Arrp-tc)]

The corresponding A(t;) uncertainty is determined by employing standard error propagation and
assuming that all independent variables are uncorrelated. The final result is:

ey = At (S22 (Cnze) . (“anae)?  (Zase)” 276
Alta) a’: CRRP 9RRP 1RRP ERRP ’ ’
where
oA 2 A t..e *RRPtc 2 ARrRrp.0t .. “ARRP-tc 2
Bzz(ﬂ) (1_m-c-—) 4 (2RRP-Otce “REP € 277
Argp : 1—e~ARRPtc 1—e~ARRPtc : :

The corresponding set of data is least-square fitted in an exponential function as:

A(t) = Aoexp (_ARRPt) 2.7-8
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where the only parameter to be fitted is 4,. The decay constant of the radioactive reaction product
(Agzp ) given by the nuclear structure and decay library is kept constant. The A(ty) uncertainty is
given as a result of the least-square fitting process.

The Ramp Factor

Frqmp 18 a factor that transforms the real power history (from start-up and shutdown) into a constant
power history for the time period that the reactor is critical. Figure 2.7-3 shows graphically the power
history from a real irradiation experiment. This figure shows the sharp power rise until the desired
power for the irradiation experiment and the time period when the power is maintained constant.
During the sharp rise the reactor is slightly supercritical and during the constant power period the
reactor is critical. When the reactor is being shut down the power drops sharply to zero.

This is the complex power history to be proposed for the benchmark model. F.qp,), transform the real
power history into a more appropriate one depicted by the area Ay in Figure 2.7-3. The quantities, A,
and A4, in Figure 2.7-3 represent respectively, the area under the ramp and the area under the constant
power region. During the ramp the reactor is slightly supercritical and in the region of constant power
the reactor is critical. Figure 2.7-3 shows the signal (typically counts per second) of the detector that
monitors the reactor power as a function of time. The reactor power shows a sharp ramp before
reaching its stabilization. When saturation occurs at constant power, the saturation activity (A) is
independent of the power history during the ramp. If saturation is not reached during the irradiation
period, the production of the radioactive reaction product during the ramp has to be subtracted from
the total activity at the end of irradiation.

Strictly speaking, this effect has to be taken into consideration when the radioactive reaction product
has a lifetime that is much longer than the irradiation period. Usually ten lifetimes is a good reference
to assume that the radioactive reaction product reach equilibrium in the irradiation period. In the great
majority of the reaction rate measurements this equilibrium never occurs and Fy4.,;, has to be taken
into consideration.

1
=

p

Power detector signal
(cps or current)

! ' T T T T T T T T T T T T T
Time

Figure 2.7-3. Power detector signal as a function of time in a typical reaction rate experiment

This transformation can be performed in the following way. Consider the transmutation equation for
the radioactive reaction product, assuming homogeneous initial conditions. In the following
development. It can be shown that the activity for the radioactive reaction product at time ¢ higher
than ¢¢, is given by:
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A(t) = e *rrP'L. f(ff RR(t") - e RRPt L ¢! , 2.7-9

where the irradiation starts at time t=0, t; and ¢ are, respectively, the time for the beginning and the
end of constant power period (the reactor is critical), A(t) is the radioactive reaction product activity
at time t , and RR(t") is the reaction rate at time t'. Since RR(t") is proportional to P(t"); the power
at time t’, and noting that the activity A(t) is proportional to the integral involving RR(t") in
Equation 2.7-9, F.qmp can be determined as:

t !
7 pe!yermrrtae
— i
ramp —

A
L — o~ L 2.7-10
I} pey-errrPt atr ArtArp

The ramp effect can be determined by performing the integrals in Equation 2.7-10 and it will
transform the real power history into a constant power history for the time period when the reactor is
critical.

One last point is the average power to be utilized in the theoretical analysis. This can be done by
preserving the total number of radioactive reaction products produced between t¢ and t;. Consider
P(t") the power at time t" and note that RR(t") is proportional to P(t"). Consequently:

f:fp(t’)e/”'/ldt’
=t 2.7-11

e;ttf_eltl‘

el

where P represents the average power between tr and t;.
The Gamma Self-absorption Correction Factor

The gamma self-absorption correction factor (Fy;s) corrects the reaction rate measurements due to the
gamma intensity attenuation in the irradiated foil. Although the irradiation foil is in general very thin,
this effect is important and has to be taken into consideration. F,p¢ can be calculated employing a
Monte Carlo code such as MCNPS5 [2.7-4]. However, a simple expression [2.7-5] has been found to
give satisfactory results for this correction factor:

u
F.,. = ( /P)'m
abs S[1-e(#/P)/M/9)] >

2.7-12

where u is the linear attenuation factor, and S, m, p, and u/p are, respectively, the surface area,
the mass, the density, and the mass attenuation factor of the foil.

The Self-shielding Factor

The depression of the neutron flux inside of the irradiated foil is taken into consideration by
Fsg. This feature is depicted in Figure 2.7-4.
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Figure 2.7-4. Neutron flux depression in the foil

Figure 2.7-4 shows that the neutron flux is attenuated inside of the foil due to the occurrence of
neutron reactions. Also, there are other effects such as self-shielding in the resonances of the nuclides

that takes part of the foil composition. Fgg is defined by:

_ Jo Gact(E) duny (E)AE
f(;o Uact(E)'d)pert(E)dE’

Fg 2.7-13

where 0, is the activation cross section to produce the radioactive reaction product, @, (E) is the
unperturbed neutron flux or the neutron flux without the foil, and @, (E) is the perturbed neutron

flux or the neutron flux in the presence of the foil. Fgg is a calculated quantity and can be determined
employing a Monte Carlo code such as MCNPS5 or similar, such as MATSSF [2.7-6].

The results of the reaction rate experiments are then the reaction rates without the presence of the
activation foil. If the benchmark model explicitly models the activation foil, there is no need to
determine Fgg and in this case this correction factor is equal to 1.

The Reaction Rate Measurement Uncertainty Analysis of Foil Activation Method

Applying Equation 2.7-1 to the reaction rate expression (Equation 2.7-2) and treating all independent
variables as uncorrelated, the final result for the reaction rate uncertainty is:

ORRpay = RRFam

2

2

2 2 2 2 tr-e—ARRP't .o+.-e—ARRP't

(aAO) 4+ (Framp)” L (apabs) N (Ung) 4 (2rrptre "RRETIN | (ARREOy e TRRPTE 27.14
_Ag —Framp Fabs Fss 1—e—ARRP'tI 1—e~ARRP't] .

The determination of ogp depends on the knowledge of the uncertainties o(4), OFamp *OFaps » OFss »

0, , and gy;. Each one of these uncertainties will be described succinctly in the coming paragraphs.

The uncertainty in the foil activity at the end of irradiation (g(4,)) is obtained employing a least
square approach. As described in the section entitled, Foil Activation Technique, the measurements of
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detector counts are performed for several decay times (t;). For each one of those measurements, the
corresponding activity can be determined as:

Alty) = ARRP CRRP 2.7-15

ERRP-9GRRPNMRRP-[1—€Xp (—ARrRrp-tc)]

The corresponding A(t;) uncertainty is determined by the standard error propagation as given by
Equation 2.7-1. Assuming that all independent data are uncorrelated, the final result is:

) = A(ty) \/(GCRJ)Z + (M)Z + (GWRRP)2 + (G‘ERRP)2 + B2 2716
A(ta) s CrrP 9RRP TRRP ERRP ’ )
where:
2 —ARRp-tey 2 —ARRp-te\ 2
2 _ (%2rrp __ ARRp.tc.e”“RRP C) ARRp-.Ot " "RRP*C
B* = (ARRP ) ' (1 1—e~ARRP-tc + ( 1—e-ARRPtc ) 2.7-17

Ocprpls the uncertainty in the net detector counts. This uncertainty is given by the software
(MAESTRO [2.7-7] for example) that comes with the multichannel analyser. The software considers
only the net counts. Background counts are eliminated. The uncertainty in the net counts is the
standard deviation of the gamma photopeak area counts. g, ., is the uncertainty in the fission yield
for fissile or fissionable nuclides otherwise is zero. This uncertainty is available for example in the
ENDF/B files (Section 8 under the reaction number (MT) 456). o, and g, ., can be found in the
structural and decay libraries available at the IAEA website (www-nds.iaea.org). oy, is the uncertainty
in the time scale. This uncertainty is property of the multichannel analyser employed to get the pulses
from the detector to the unfolding software analysis.

The uncertainty of nggp(E,) is determined employing the calibration curve of the detector system
(GDE). This curve is built from the calibrated source data.

The global detector efficiency (GDE) is calculated for each gamma energy from Equation 2.7-4. The
GDE uncertainty can be determined employing the standard error propagation given by equation
2.7.1-1 as:

0, 2 OAc 2 g 2 tce—ﬂ.tc 2 Ao Ce—ltc 2 2
OepE = GDE\/(?C) + (Ai;) + (7) + o} (tsz + (1_6_MC) ) + (—1;-1% ) + (Ao,,)",  2.7-18
where all independent data were assumed uncorrelated.

Here ogpg is the uncertainty in the global detector efficiency, g, is the uncertainty in the net detector
counts provided by the unfolding software, o, _ is the uncertainty in the activity of the calibrated
source. This uncertainty is provided by the source manufacturer. o; is the uncertainty of the gamma
emission intensity. This set of data is then least-square fitted in an adequate function and the global
detector efficiency can be determined for any specific gamma energy, E,, , including that of the
gamma emitted by the radioactive reaction product considered in the analysis under consideration. Let
the fitting function be denoted by nggp (E, ). However, the uncertainty in nggp (E,) for any generic
gamma energy E,, now arises from the application of the standard error propagation equation given
by Equation 2.7.1 with the covariance matrix from the least-square approach. For example, for the

case of In(ggp(Ey)) = A+ B - In(E,) , o, (E,)is given by:
_ angrp\? . 2 angrp ) ) . OnNRrRrP  OMRRP .
O-TIRRP(EV) = \/(T) "oy + (T) o5 +2 YRR cov(4,B) , 2.7-19
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where:
a
776RARP = Nrrp (Ey)’ 2.7-20
9ree _ g0 (E,) - In (E,) 2.7-21
o 'IrRRP(Ly v)s .

04 ,0p, cov (A,B) are given by the least square approach and cov (A,B) is the covariance of the
variables A and B.

The final set of data (A(ty) and o, ) is, then, least-square fitted in an exponential function as:
A(t) = Ao. eXp(—/lRRp. t) y 2.7-22

where the only fitted parameter is Ay. The decay constant of the radioactive reaction product (Agrp) is
given by the nuclear structure and decay library and kept constant during the fitting process. The 4
uncertainty is given by the least-square fitting process.

OF, amp is the uncertainty in the ramp factor and can be addressed in the following way. Consider
Equation 2.7-10.

t
ft_fP(t').e’lRRP_t’dt’
—_ L

= 2.7-23
ramp f;fp(t’).eflRRP—f'dt’
The integrals in the numerator and denominator of Fy.4y, is performed numerically as:
S Pl e*RRP AL
Framp = i:Limt ) 2.7-24
Y. T p(t)).e*RRPti At

i=lo
where At; is the time interval between successive acquisitions of the detector that monitors the power,
Iinit and irare the index of the initial and final times for constant power regime, respectively and i is
the index of the initial operation time.

Now, noting that there is a linear relationship between power P (t;) and the count C(t;) of the detector
that monitors the power at time count t; , and for At; constant, Equation 2.7-24 can be written as:

i=i
lelf . C(ti)-eARRP'ti
init

2.7-25

K ramp = T =i

Zl_lf C(ti)_eﬂ.RRP.fi
=l

This is the starting point for the determination of OFamp- Applying a standard error propagation as

given by Equation 2.7-1 in Equation 2.7.25, OF, qmp AN be written as:

¥ (22), 2.7-26

2
_ 94,
s = o {2

where:
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i=i

A =Y. c(t). etrrrti 2.7-27
=l
i=i

A, = Zizi](; C(t;). e rRrP-i, 2.7-28

— — > — >
04, =\/Zl ' (0p.eMrrPti)2 4 37 (02 p- ti- €7RRPEY) +Y Ot, Aggp. €*RRPE)", 2.7-29

1=linit 1=linit 1=linit

and

i=i i=i 2 i=i 2
o4, = \/Zio I (o,. eArrpti)2 4+ Zio f(alRRP.ti.elRRPti) + Zio f(ati./lRRp.e’lRRPti) . 2.7-30

o, in Equations 2.7-29 and 2.7-30 represents the uncertainty of C (¢;).

The uncertainties in F,j,s and Fgg are more difficult to obtain because they are calculated quantities
and some subjective judgements should be considered. Fgs is the ratio of the unperturbed to the
perturbed reaction rates. In this case, it would be advisable to assign the uncertainty in each of these
calculated reaction rates the error found in the literature for the comparison between theory and
experiments for these reaction rates. In this case, o, would be given as:

2 2

ORR t ORRpert

Opgs = Fss * (—“’“’") + (—”) , 2.7-31
RRunpert RRpert

where the subscripts, unpert and pert, refer respectively to the unperturbed and perturbed cases.

In the case of F,ps, Nakajima made some measurements for this correction factor [2.7-8] and
concludes that the uncertainties ranges from 2 % to 3 %. This will be the range of the values adopted
in this Uncertainty Guide.

The uncertainty in the irradiation time (oy,) is usually given by the internal clock of the reactor data
acquisition system. Time and power detector signal are acquired simultaneously. Generally, this
equipment is very accurate and the uncertainty in the irradiation time can be considered negligible.

2.7.1b Fuel Rod Scanning

The fuel rod scanning technique consists of irradiation of an experimental fuel rod for a certain period
of time at a specified power. After irradiation, the experimental fuel rod is taken to scanning
equipment that has an opening collimator of specific size (usually 1.0 cm). The experimental
approach follows closely that of the foil activation technique. The differences are that now the
radioactive source is the fuel rod and there are plenty of actinides, fission products and activation
nuclides formed during irradiation. The whole pattern of experimental gamma detection system,
described in the section entitled Foil Activation Technique, can be extended to the case of fuel rod
scanning. The basic measured quantities are the gamma spectra arising from the radioactive decay of
fission products, actinides and structural materials of the irradiated fuel rod. The gamma spectra are
usually obtained by an HPGe (High Purity Germanium) detector system. Another type of detector
such as Nal can also be employed to cope with this task. This experimental technique is employed
mostly to infer the neutron capture rates in the fertile nuclides and the total fission rates in the fissile
and fissionable nuclides. These quantities are determined as a function of the axial position in the
experimental fuel rod.
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The following paragraphs describe the way to obtain the capture and fission rate distribution in an
experimental fuel rod.

The essence of the proposed method to measure the reaction rates starts with the works of Nakajima
[2.7-8 and 2.7-9]. The description that follows considers a fuel rod containing uranium and the
measured quantities are the *U capture and total fissions. The same approach can be extended to a
fuel rod containing a mixture of 22Th and uranium. Furthermore, the case of mixed oxide (UO;,-Pu0,)
can be performed in a straightforward fashion. In the following equations '“*Ce is taken as the fission
product tracer. However, the equations are general and this fission product can be replaced by others
such as '*La. According to Nakajima the >**U capture rate (C8) and total fission rate (F) inferred
from the scanning counts are given respectively by Equations 2.7-32 and 2.7-33 as:

AUQ_ANp AONp'Framp
RRcg = : 2.7-32
8 Auo Fynp[1—exp (=Anp-tD] 7-3
AOCe'Framp
RR; = a
F fyCe'[l_eXp (=2Acetn]”’ 2.7-33
where:
Agi = — 2.7-34

gi.gini[1—exp(—2;.te))

is the activity of nuclide i at the end of the irradiation, the subscript i refers to nuclide i (Np for
#Np, U9 for **°U, or Ce for '*Ce), A;is the decay constant of nuclide i , C; is the photo peak
intensity (counts) at the end of the irradiation for a characteristic transition of nuclide i, g;is the
gamma emission intensity of nuclide i , f; is the fuel rod gamma self-absorption factor of nuclide i, n;
is the gamma detector efficiency for nuclide i, t; and t. are respectively the irradiation time, and the
count time, and Fyq,y, 1s the ramp factor; i.e. correction due to the reactor power rise from 0 to the

specified power and ¢; is either 1.0 for €8 or Y, ;; the effective fission yield of '**Ce defined by:

oY), +vE(Er ),
ce (Er @), (@),

2.7-35

where Ycieis the '**Ce fission yield for nuclide, i (25 for ***U and 28 for ***U), and (Zro ); is the fission
rate of nuclide i.

The determination of F.qp,,, follows the same procedure as described for the foil activation technique.

The measured quantity is C;. The detector efficiency is obtained similarly to the foil technique. First,
the detection system is gamma energy calibrated employing standard calibrated sources. A least
square approach is employed to get the functional dependence of the detector efficiency and gamma
energy. After that, the efficiency for any specific gamma energy and its corresponding uncertainty can
be obtained, respectively, from the fitted equation and from the uncertainties of the fitted parameters
and the covariance matrix among them arising from the least-square approach.

The fuel rod gamma self-absorption factor is a calculated factor and must be taken into consideration
in order to have good estimates of the reaction rates in the fuel rod. The task to determine the gamma
self-absorption factor for the fuel rod is not straightforward. Nakajima [2.7-8] has proposed an
approach based on the Japanese MVP continuous energy Monte Carlo code that was successful for his
experiment. The method to obtain this factor is described in some details by Nakajima [2.7-8 and 2.7-
9]. The gamma-ray source is the gamma emitted by the radioactive decay of ***Np in the case of the
2y captures or the gamma-ray emitted by a specific fission product ("*Ce for example) in the case of
the measurements of the fission rates. For the equilibrium case, the gamma source is proportional
either to the ***U captures or to the total fissions. These gamma sources are not radially constant
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inside of the pellet. The spatial dependence along the pellet radius for the case of **’Np in the
equilibrium is shown in Figure 2.7-5. This Figure was extracted from Ref. 2.7-10 (Figure 1.3.2-6) and
considers as an example for the case of the IPEN/MB-01 pellet. This curve is the result of simulations
employing MCNP5. The radial ***U neutron capture profile was calculated inside of the UO, pellet
which was divided in 10 concentric regions of equal volume. A similar curve is found for the case of
the total fission profile.
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Figure 2.7-5. Normalized radial ***U neutron capture profile inside the fuel rod

A typical geometry for the calculation of the fuel rod gamma self-absorption factor is shown in Figure
2.7-6. This is the scanning equipment of the IPEN/MB-01 reactor facility and it is shown here just for
an illustration. This figure shows the fuel rod location in the scanning equipment, the surrounding
shielding, the collimator opening and the detector. The radial gamma source is in the fuel pellets and
its radial distribution is given in Figure 2.7-5. Simulations with a Monte Carlo code are performed in
two distinct situations; the fuel rods with and without the fuel inside. In both cases the gamma source
is present in the simulations and the tally is the gamma absorption rate in the detector. The fuel rod
gamma absorption is given as the ratio of these two tallies. The procedure presented here is just to
illustrate how to determine the gamma self-absorption and some other approaches can be adopted.
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Figure 2.7-6. Schematic drawing of the scanning equipment

Reaction Rate Measurement Uncertainty Analysis of the Fuel Rod Scanning Method

The uncertainty analyses described here for the fuel rod scanning method consider the irradiation of a
fuel rod containing uranium. Here only the neutron capture reaction in ***U and total fissions are
considered for the uncertainty analyses. The formalism described here can be extended to other types
of fuel in a straightforward fashion. Applying Equation 2.7-1 to the reaction rate expression of the
fuel rod scanning technique (Equations 2.7-32 and 2.7-33) and treating all independent variables
uncorrelated, the final result for the reaction rate uncertainties are:

2 2 2 2
A o 2 OFram g
Orrey = RRes - ( i -’”"9) +( iy ) + (2 +( . ”) +( fy”p) + B2, 2.7-36

AUQ_ANp lU9 AU9_ANp Ao Framp nyp

with
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The uncertainties gy, Thyyp > and 0y, are obtained from the structural and decay data libraries. The

uncertainties g, onp® Ofyce » Oty AT€ obtained similarly to the case of the foil activation method

1
extensively described in Section 2.7.1a, under the heading “The Reaction Rate Measurement
Uncertainty Analysis of Foil Activation Method.”

2.7.1c Miniature Fission Chambers

Generally speaking, a fission chamber, whatever its size, is an airtight container filled with an inert
gas of high ionization potential. Inside the container, one finds an anode and a cathode, with a fissile
deposit characterizing the fission chamber. Neutrons hitting the fissile deposit induce fissions. One of
the fission fragments (the heaviest one) is absorbed by the cathode and the other one ionizes the
surrounding gas. The anode collects these charges and the generated signal is transported through a
coaxial cable to the pre-amplifier, and then to the charge amplifier associated with a multi-channel
analyser that gives a pulse spectrum that can be treated afterward. The collected charge is directly
proportional to the fission rate arising in the chamber, and consequently also to the macroscopic cross
section of the material used in the deposit. The major advantages of using fission chambers for
reaction rate measurements are the possibility of performing these experiments on-line and, in a zero-
power research reactor facility, using them for years on end, constructing a database with the
characteristics of a single detector. Miniature fission chambers function on a completely identical
physical basis, but exhibit one important characteristic — they are greatly reduced in size. This results
in the possibility of conducting local fission rate measurements since the detectors can be positioned
at any zone of interest. Another important side effect is the reduction in the perturbation that the
introduction of a fission chamber and its auxiliary instrumentation induces in the reactor.

Measurements with fission chambers usually require the use of two different signal acquisition
systems: a spectroscopy amplifier for detector fission spectra analysis PHA (Pulse Height Analyzer)
and a fast current amplifier for time-dependent count rate detection MCS (Multi-Channel Scaler). The
PHA measurement is made to obtain the so-called PHA spectrum of the fission chamber, which is
represented by discriminated fission chamber pulse amplitudes arranged according to their energies. It
is essential to precisely determine the PHA spectrum due to the fact that the spectrum integral is
proportional to the absolute fission rate in the detector, thus being one of the main characteristics of a
specific fission chamber type used in the spectral index. The MCS is connected to the monitor fission
chambers in the core. Figure 2.7-7shows an example of the measured spectrum for the *’Pu fission
chamber which is used during the Spectral Indices measurements. Those data were acquired in the
IPEN/MB-01 research reactor facility in 2007 under an agreement collaboration project between
France and Brazil. It can be noted that there are two peaks in this curve. The first one is due to the
alpha decay of plutonium isotopes and the second one is due to the fission fragments whose energy
was deposited in the fission chamber. The overall spectrum of the fission chambers was then fitted to
Equation 2.7-38.

_ _ _ Aq _ (x—x91)? Ay _ (x—x02)*
f(x) = (ax + b) + (d.exp[—c(x — xo)] + Wl\/n_/zexp[ 2 e ] + wdiia exp[ 2—sz ] 2.7-38

where a, b, d, c, xo, A1, W1, Xo1, Az, Wy and X, are the fitting parameters and x is the independent
variable, or channels of the spectrum. Figure 2.7-7 shows the experimental data in black and the fitted
data in red. The purpose of the fitting is to get the channel where the amplitude (the fission chamber
counts) reaches half of the maximum value. Since there are two channel numbers that satisfy this
condition, the chosen one is the highest channel number in Figure 2.7-7. This channel is called R and
the integral counts are generally performed for channels above 0.3R, 0.4R and so on. The mass
calibration measurement is usually performed for the threshold corresponding to the (0.4R, see below).
The integral counts from the Pulse Height Analyzer are obtained from the integral of Figure 2.7-7
above some threshold channel. Usually 0.4R is the lower limit to cope with this task.
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The miniature fission chamber technique is employed to get the fission density of several actinides.
The main utilization is in the determination of the spectral indices but it has been utilized to normalize
the power and to get the fission rate profiles in critical facilities. Axial and radial buckling
measurements are direct products of the radial and axial profiles from the miniature fission chambers.
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Figure 2.7-7. The miniature fission chamber spectra

The fission rates from the miniature fission chamber can be written as:
RRyrc = Curc " Feorr * Feals 2.7-39

where RR ¢ 1is the fission rate of the miniature fission chamber, Cyp is the miniature fission
chamber counts, F,,.,- is the correction factor for perturbation induced by the miniature fission
chamber and associated apparels to the local neutron flux, and F,; is the calibration factor to get the
absolute value of the fission rates.

The F., represents the correction factor one has to apply to the miniature fission chamber
measurements for the absolute value of the fission rate at a certain location to be obtained. The
meaning of the F,,, is similar to that discussed in the foil activation technique section in a way that it
represents the perturbation which is induced in the reactor due to the presence of the measurement
device and auxiliary instrumentation. Although the miniature fission chamber is relatively small it still
influences the physical properties in its vicinity. Specifically a change in the material structure of the
local area is induced which ultimately causes a difference in neutron transport, influencing neutron
flux and spectrum. Depending on the size of the fission chamber, the experimental equipment used for
the insertion in the measuring position and its material composition or the setup itself can not only
affect the measured quantity, i.e. fission rate, but can have an impact on physical reactor parameters,
such as the effective multiplication factor through reactivity induction. Another issue is the fact that if
several pieces of measuring instrumentation is used these can be correlated through their individual
local system perturbations. The extent to which the presence of the instrumentation will bias the
results depends on the local conditions in the reactor as well, e.g. the unperturbed material
composition of the reactor components and the neutron flux. It is therefore of great importance that
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the perturbation which is introduced into the system due to the insertion of the fission chambers be
estimated experimentally or through computations.

Calibration of miniature fission chambers is a complex but crucial element of uncertainty
management in experimental techniques. As fission chambers are mainly used in pulse mode (count
rates) in reactor physics applications (i.e., low power research reactors), we will only deal with this
type of calibration. In pulse mode, each individual pulse carries information regarding the charge
generated by the fission product within the fission ionization chamber. Signals can be processed as a
pulse height distribution, called Pulse Height Analysis (PHA) spectrum [2.7.12.7-11. Its shape is
entirely dependent on the detector characteristics like geometry and gas, and not at all on the
electronics. It provides excellent signal-to-noise ratio by allowing discrimination of low amplitude
pulses arising from gamma and electron interactions.

Calibration consists in establishing the relation between the measured indication and the physical
quantity. Whatever mode is selected, this relation is linear for FC detectors used in saturation regime
[2.7.12.7-12]. Therefore in pulse mode it can be expressed as a calibration factor representing the FC
efficiency for a given discrimination threshold applied on the PHA spectrum. This factor has the
dimension of a mass (g), so it is conventionally called effective mass, and is noted m.4. It is an
arbitrary representation depending only on the discrimination threshold. It takes into account not only
fissile mass but also a number of other parameters such as detector geometry; it does not tend to the
real mass of the FC deposit. The only hypothesis it requires is the stability of the PHA spectrum for
reproducibility of the discrimination, whatever spectrum the FC is used in. For a fission chamber with
a pure isotopic fissile deposit, it is written as:

__ C(tresh)
meff = R 2.7-40

where:
C(tresh) is the FC count rate (s™) at a given threshold,
R, stands for the fission rate per mass unit (s".g™).

Thus, Equation 2.7-40 shows that accuracy of the calibration directly depends on the characterization
of the irradiation facility at which it is performed, in terms of neutron spectrum and flux level. This is
the first and main constraint which determines the choice of the irradiation facility.

Various facilities, such as the BR1 reactor at SCK-CEN, Belgium [2.7.12.7-13] or the (now closed)
CALIBAN reactor at CEA Valduc Research Center [2.7-14], offer “reference” neutron fields, both in
fast and purely thermal spectra. In BR1, the purely thermal spectrum is obtained into a Im-large
spherical cavity situated into the upper part of the large BR1 graphite reflector (Figure2.7-8). Both
reactors are benchmarked in the ICSBEP database 2.7.12.7-15.
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Figure 2.7-8. Schematic view of the irradiations channels and thermal column into the BR1 reactor
and schematic view of the 1-m diameter BR1 spherical cavity with the MARK-3 device inserted
(from 2.7.12.7-13)

Fast spectra are obtained using a conversion device called MARK-3 that allows the conversion of
thermal neutrons into purely fast fission neutrons. It is made of a ***U sheet surrounded by Cd-filter in
order to minimize as much as possible the thermal part of the spectrum at the calibration location. The
device is reproduced on Figure 2.7-8 right. More details of the miniature fission chamber calibration
can be found in Appendix B.

A practical example of the evaluation of the bias in fission rates due to the use of guide tubes for the
insertion of miniature fission chambers is presented in the Section 2.7.4, Example 2.7-2 (example
Estimation of perturbation due to a miniature fission chamber).

With the development of advanced Monte Carlo methods for neutron transport calculations, which
enable detailed experiment modelling, it is common practice to include as much of the basic
information regarding fission chamber response and geometry as possible in order to avoid the need
for the use of the Fcorr correction factor. An example of the detailed modelling of a miniature fission
chamber and its response is described in Section 2.7.4, Example 2.7-2 (example Modelling of the
miniature fission chamber response).

Reaction Rate Measurement Uncertainty Analysis for the Miniature Fission Chamber
Technique

The uncertainty analysis applied to the miniature fission chamber measurements is accomplished

applying Equation 2.7-1 to Equation 2.7-39 and assuming all independent data uncorrelated. The final
result is:
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2 2 2
ac Of OF
O-RRMFC — \/( MFC) | ( corr) | ( cal) ’ 2.7-41
CmFc Feorr Feal

where O¢, .., OF, . .and Op . represent the uncertainties, respectively, in the miniature fission

chamber counts, in the calculated correction factor, and in the calibration factor.

2.7.1d Neutron Flux Determination
Neutron flux is determined from the reaction rate as:

Rl

o(r) = 2.7-42

=,
g

where ¢ () is the neutron flux at position, 7, Rij () is the reaction rate per target nuclide of nuclide, i ,

at position, r, and al] is the flux weighted microscopic cross section of nuclide, i, for nuclear reaction,
J, given by:

ol = [y i’: (E)¢>(r.E)dEd3r, 5743
[J, ¢@.E)dEd3r

where E is the neutron Energy, ¢(r, E)is the neutron flux at position r and energy E, and the space
integral is performed in the volume where the reaction rate was measured. Ri] is related to the reaction

rate RRl.j as defined in this section as:

R
RJ = B&

i Ni’

2.7-44

where I refers to nuclide i, RRij is the reaction rate for nuclide I for nuclear reaction j, and N ; the

total number of atoms of nuclide I in the measurement device (either foil, wire, fuel rod, or miniature
fission chamber).

Neutron Flux Uncertainty Analysis

The uncertainty analysis applied to the neutron flux is accomplished applying Equation 2.7-1 to
Equation 2.7-42, and assuming no correlation among the parameters. The final result is:

- 2
URR{:(T) 2 On; 2 U"Jl:
Oo(r) = &(r) (RR{(r)) + (TL) + (7) . 2.7-45

i

Opp/ o is the reaction rate uncertainty of the several categories as defined in this section and o7 is
i 2

the uncertainty in the average microscopic cross section, al] .

2.7.1e Relative Reaction Rates

Relative reaction rates are defined as:

RRyer = R}I:fef , 2.7-46
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where RR is the reaction rate of the several categories as defined in this section, and RR.¢f is a
reference reaction rate; which can be either a specific reaction rate in a specific position or an average
value. If both RR and RR,.f arise from the same operation and if the device that perform the
measurements (either foil, wire, fuel rod, or miniature fission chamber) is the same, Equation 2.7-46
yields the following expression for the relative reaction rate:

Ao

RRyopr = 2.7-47

Aoref.
Equation 2.7-47 was derived by substituting Equation 2.7-2 into 2.7-46. Several terms of Equation
2.7-2 cancel and the final expression for RR,..;; became just the ratio of the activities or counts at the
end of the irradiation. If the operation is the same but the measurement device is not, only Framp
cancels in Equation 2.7-2 and the power uncertainty does not need to be taken into consideration. In
the other way around all terms of Equation 2.7-2 must be considered and the procedure of Section 2.3
shall be adopted.

Relative Reaction Rate Uncertainty Analysis

Consider that the operation and the measurement device to be the same. In this case, applying
Equation 2.7-1 to Equation 2.7-47, and assuming no correlation among the parameters yields:

2 o 2
gA Aoref
O-RRrelt = RRT'elt (_AOO) + (—AOref) 2.7-48

If the operation is the same but the measurement device is not, the application of Equation 2.7-1 to
Equation 2.7-47 and assuming no correlation among parameters yields:

2 ORR 2
_ ORR ref
Ot = RRree |(F) + (G 2.7-49

where both ogp and ogg,, 5 are given by Equation 2.7-14 but in this case F..mp is equal to 1.0 and

OF, amp is equal to zero. In the other way around all terms of Equation 2.7-2 must be considered and

the procedure of Section 2.3 shall be adopted.
2.7.1f Other Uncertainty Considerations
Uncertainty in Dates

Uncertainties of dates must be considered in the case of experiments carried out with decaying
isotopes. All important dates should be reported in order to better determine the isotopes’
concentrations when the experiment was performed.

This uncertainty has to be propagated to the reaction rate uncertainty through a sensitivity calculation
and can be expressed as:

kR = SRR 2.7-50

where o5 is the uncertainty of the reaction rate due to the uncertainty in date, S2xis the reaction rate
sensitivity coefficient to the date, and oy, is the date uncertainty. The subscript RR represents a
generic reaction from a generic measurement method.
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Uncertainty of Temperature

The temperature uncertainty has to be propagated to the reaction rate uncertainty through a sensitivity
calculation.

This uncertainty has to be propagated to the reaction rate uncertainty through a sensitivity calculation
and can be expressed as:

UgR = SgR % 2.7-51

where oy is the uncertainty of the reaction rate due to the uncertainty in the temperature, SZgis the
reaction rate sensitivity coefficient to the temperature, and o is the temperature uncertainty.

Uncertainty of Power

The power uncertainty has three components. The first component is statistical or the spread of the
counts of the detector that monitors this quantity. The second component is the uncertainty in
calibration. The third component is the systematic uncertainty. These three components shall be
combined quadratically. The power uncertainty has to be propagated to the reaction rate uncertainty.
This can be accomplished noting that reaction rate and power are proportional quantities.
Consequently, the relative uncertainty of the reaction rate due to the power uncertainty can be
assumed to be equal to the relative uncertainty in the power. Mathematically this statement can be
expressed as:

P
ORR __ 0P _
R =P 2.7-52

where ofy is the uncertainty of the reaction rate due to the power uncertainty, o, is power uncertainty,
and P is the power. ol can be extracted from Equation 2.7-44 as:

ok = 7" RR 2.7-53

Considering the relative reaction rate case, if both RR and RR,.f arise from the same operation, there
is no need to take into account the power uncertainty in the uncertainty analysis.

Systematic Uncertainties

The bias from the experimental factors (ramp factor, power, and the unfolding software employed to
resolve the gamma peaks) shall be evaluated. The experiment report should provide enough
information so that the evaluator can judge the possible sources of systematic uncertainties. The
systematic uncertainties can arise from the nonlinearity of the detector that monitors the power, in the
method employed for the power normalization or in the unfolding software. Physical quantities
employed such as energy released per fission employed in the power normalization can play a
significant role in the systematic uncertainties determination.

2.7.1g Final Reaction Rate Measurement Uncertainty

The final reaction rate uncertainty is obtained combining all uncertainty types quadratically and
assuming no correlation among them. Let this uncertainty be denoted by ogg,,,, 1.€., the measured

method reaction rate uncertainty for a generic reaction type and a generic measurement method. The
final uncertainty for the reaction rate experiment is given by:
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2
it = B + (OB + (0T)? + b+ (o)’ 2754

where the subscript RR represents the reaction rate uncertainty of any of the three measurement
techniques described in this Guide or any other technique employed for the same purpose and agzsis
the systematic uncertainty. Equation 2.7-54 is also applied to the case of the neutron flux.

Again here, for the relative reaction rate case and for RR and RR,..; arising from the same operation

there is no need to take into consideration the power uncertainty. Otherwise the procedure of Section
2.3 shall be applied.

2.7.1h Sources of Uncertainty and Bounding Values for the Reaction Rate
Measurements

Tables 2.7-2a and 2.7-2b show summaries for the uncertainties and bounding values for the reaction
rate measurements for thermal and fast reactor, respectively. The list is not exhaustive, but it will
contemplate most of the uncertainties employed in the uncertainty analysis described in the coming
subsections. The type of uncertainty (A or B) has the same meaning of Refs. 2.7-1 and 2.7-2.

Table 2.7-2a. Summary of uncertainties and bounding values for thermal reactors

. .. Type of

Typical i

Sources of Uncertainty \Xglu e Mgl;;?llelm Maximum Uncertainty
Value (A or B) (a)

Radioactive Reaction Product Decay

0.05% | 0.01 % 0.5% B
Constant (A,)
Radioactive Reaction Product Gamma o 0 o
Intensity. (g, ) 0.4 % 0.1 % 2.0% B
Calibrated Standard Source Activity (4;) | 1.0 % 0.1% 5% B
Calibrated Standard Source Decay . . o
Constant ( A, ) 0.05% | 0.01 % 0.5% B
Calibrated Standard Source Gamma . . .
Intensity (7, ) 0.4 % 0.1 % 2.0% B
Time (t) 0.1% | 0.01 % 1% B
Detector Count; including A, (C) 0.5% 0.1% 30 % B
Global Detector Efficiency (77,,,) 0.7% | 0.1% 3% B
End of Irradiation Activity (4¢) 1.5% 0.1% 5% B
Ramp Factor (£, ) 1.0% | 0.1 % 5% B
Gamma Self-Absorption Factor (F, ) 2.0 % 0.1 % 5% B
Depression Flux Correction factor (F, ) | 1.0 % 0.1 % 5% B
Fission Yield (Y,,) 2.0 % 0.1% 5% B
Reactor Power 2.0% 1.0 % 5.0% B
Power detector signal 0.5% 0.1% 1.0 % B
Calibrated Mass (MFC) 2.5% 1.0 % 4.0 % A
IAverage Microscopic Cross Section (01] )| 2.5% 1.0% 4.0% Variable
Reaction Rate ( Rr) 3.0 % 1.0 % 5.0% Variable
INeutron Flux 3.0% 1.0 % 10.0 % Variable
Relative Reaction Rate 1.0 % 0.1 % 4.0 % B

(2) The Uncertainty Type (A or B) has the same meaning as in ICSBEP Uncertainty Guide.
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Table 2.7-2b. Summary of uncertainties and bounding values for fast reactors

. .. Type of
T 1 ;
Sources of Uncertainty 351152 Mil;;;num Maximum Uncertainty
ue Value (A or B)

Radioactive Reaction Product Decay|

0.05% | 0.01 % 0.5% B
Constant (A,,)
Radioactive Reaction Product Gamma o . o
Intensity. (g, ) 0.4 % 0.1 % 2.0 % B
Calibrated Standard Source Activity (A;)| 1.0 % 0.1 % 5% B
Calibrated  Standard Source Decay . . .
Constant (4, ) 0.05% | 0.01 % 0.5% B
Calibrated Standard Source Gamma) . . .
Intensity (/) 0.4 % 0.1 % 2.0 % B
Time (t) 0.1% 0.01% 1% B
Detector Count () 05%" | 0.1% 30 % B
Global Detector Efficiency (77,p) 0.7% | 0.1% 3% B
End of Irradiation Activity(4) 1.5 % 0.1 % 5% B
Ramp Factor (£, ) 1.0% | 0.1% 5% B
Gamma Self-Absorption Factor (F, ) 2.0% 0.1% 5 9% B
Depression Flux Correction factor (£, ) | 1.0 % 0.1 % 5% B
Fission Yield (Yy,,) 20% | 0.1% 5% B
Reactor Power 2.0% 1.0 % 5.0% B
Power detector signal 0.5% 0.1% 1.0 % B
Calibrated Mass (MFC") 1.5% 1.0 % 4.0 % A
Reaction Rate ( RR) 30% | 1.0% 5.0 % B

(a) Typical uncertainty for the measurements of reaction rates of the basic nuclides with fission
chambers is ~1% in the core

(b) MFC stands for miniature fission chambers

(c) The value is typical for the absolute measurements. The typical uncertainty for the relative
measurements is comparable with the detector count uncertainty (~1%) because other components
of the uncertainty such as Reactor Power and Calibrated Mass are cancelled

2.7.2 Uncertainties in Experimental Configuration

This kind of uncertainty follows closely the procedure of the /CSBEP Uncertainty Guide [2.7-2]. Here
the uncertainties are divided primarily into three categories: 1) uncertainty in geometry, 2) uncertainty
in physics, chemistry, and isotopics of materials, and 3) uncertainty in the experimental configuration.

Uncertainties in the experimental configuration are the uncertainties that arise from the fact that the
experiment setup is not in perfect agreement with its design, i.e. there is an uncertainty connected to
the position of the activation foils, detectors and auxiliary instrumentation, uncertainty of the
experiment equipment composition etc., which is presented in a practical example in Section 2.7.4
(Example 2.7-2). The category also includes uncertainties in the environmental conditions, namely the
uncertainties in basic parameters of the experiment system which might not be of direct interest, but
nevertheless affect the measured. This includes uncertainties such as those in the geometry,
composition or integral physical parameters of the criticality system. An example of the evaluation of
an experiment configuration uncertainty is given in Section 2.7.4 (Example 2.7-2).
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As an illustration, Tables 2.7-3 and 2.7-4 show, respectively the uncertainties on geometry and the
uncertainties on materials. The empty columns may be filled as an aid to clarify the uncertainties. This
list is not exhaustive. Different parameters will be listed for other types of configurations. Besides of
the uncertainties commonly derived from the /CSBEP Uncertainty Guide for the facility parameters,
the geometric and material uncertainties of the device (foil, fuel rod or miniature fission chamber)
employed to infer the reaction rates shall be taken into consideration. The geometry and material
details of the device and its respective auxiliary devices such as holders, canister, etc. has to be known
in order to assign their specific uncertainties. Tables 2.7-3 and 2.7-4 show some details for the foil
activation technique. A sensitivity analysis is performed in order to propagate the geometric and
material uncertainties of the facility and of the measurement device utilized to infer the reaction rates.
Finally, the gamma detector system (GDS) is an integral part of the experiment. Its geometric and
material details should be known as well as their corresponding uncertainties. These uncertainties
shall be propagated to the gamma self-shielding factor employing a sensitivity calculation. The final
total uncertainty arising from the parameters of the facility and from the parameters of the gamma
detection system is the square root of the sum of the squares of each component. Let this type of

uncertainty be represented by opp.

Table 2.7-3. Uncertainties in geometry

Mean Reported Tvoe of | Number of
Parameter Measured |Uncertainty ype ¢ Standard
. . . Uncertainty | Degrees of .
Identification Value in (A or B) ® | Freedom Uncertainty
(mm) Parameter
Active Fuel Height

Fuel Pellet Diameter

Clad Outer Diameter

Clad Inner Diameter

Fuel Rod Pitch

Bottom Alumina Height

Foil geometric data

Foil location

Auxiliary Set up for fixing the foil

Other Relevant Parameters

(a) The Uncertainty Type (A or B) has the same meaning as in [CSBEP Uncertainty Guide.
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Table 2.7-4. Uncertainties in materials
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Parameter

Identification

Mean
Measured
Value

Reported
Uncertainty
in
Parameter

Type of
Uncertainty
(AorB)®

Number of
Degrees of
Freedom

Standard
Uncertainty

35U Enrichment (%)

UO, Density (g/cm’)

Cladding Density (g/cm’)

**Mn in Cladding SS (wt.%)

Cladding composition

U (Wt %)

(UO, stoichiometric factor (%)

Foil mass

Target Nuclide Mass

Target Nuclide abundance

Other Relevant Parameters

(a) The Uncertainty Type (A or B) has the same meaning as in [CSBEP Uncertainty Guide.

2.7.3 Uncertainties in Biases and Benchmark Models

Biases in Benchmark Model

Biases are introduced in the Benchmark Model in three distinct forms. By reaction rate measurement
methods whenever parameters derived from calculations or from other experiments are employed to
infer the measured reaction rate; by the desired simplification (typically derived in Section 3 of an
IRPhEP Evaluation), or by modelling limitations (typically derived in Section 4 of IRPhEP
Evaluation). Biases in the reaction rate measurement methods shown in this section arise from the
calculated factors (e.g., gamma self-absorption factors and self-shielding factors), and from the
structure and decay data library employed in the analysis. Section 2.7.1 shows how these factors were

applied and how structure and decay data library was employed in the measurement method.

The determination of the biases arising from the reaction rate measurement methods is a very
complicated problem. The bias determination for the calculated quantities requires the availability of
well-defined experiments for these quantities to serve as benchmarks; here referred to as Reference
Value. The bias induced by these calculated factors can be understood calculating the ratio C/R,
where C is the calculated quantity and R is the reference value provided by the specific available
benchmarks. If C/R is higher than 1, the calculated factor overestimates the measured reaction rate.
On the other way around, the calculated factor underestimates the measured reaction rate.

The bias in the reaction rate measurements for a particular correction factor is given as:

(R-0)

Bep = “Slym

2.7-55

where Bf is the bias for the specific calculated factor and its uncertainty arises from a standard error

propagation.

The benchmark model value for the reaction rate experiment after applying all possible biases and

correction factors is given by:
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(R-0)

Slge = Slyym + Bsy, + *Slym, 2.7-56

where Sip, is the benchmark reaction rate model value, the subscript MM represents a generic
measurement method, Sy, is the measured reaction rate, and B, is the bias from the benchmark
model simplification (typically derived in Section 3 of an IRPhEP Evaluation), or by modelling
limitations (typically derived in Section 4 of an IRPhEP Evaluation).

Equation 2.7-56 reduces to:
SIB@ = SIMM ) % + BSL’ 2.7-57

. R. . . . .
The ratio o ls defined as the bias-factor. Equation 2.7-57 can be generalized for a specific number of
measurement bias as:

Slge = Slym * Bum + Bsy, 2.7-58

where By = Hlivfl B; is the total measurement method bias-factors , Ny is the total number of bias-
factors applied to the measurement method, and B; is the specific measurement method bias-factor.
Bias in simplifications also includes the exclusion of the auxiliary devices to fix the detectors in the
reactor system if not modelled in the benchmark model.

Uncertainties in Biases

Bias in measurement methods is always the inverse of the ratio of two quantities. The numerator is the
calculated quantity while the denominator is the reference value. Its uncertainty can be found
applying a standard propagation of the associated uncertainties assuming no correlations. The final
result is given by:

0per = (1/C) - 0p)? + (R/C?) - 0¢)?, 2.7-59

where R and C represents the reference and the calculated values, respectively, and o and o are
respectively the uncertainties in the specific experiment and in the calculations.

The total uncertainty in the benchmark simplification and in the benchmark limitation is given by:

Opg, = /ags + Uigu 2.7-60

where op, is the uncertainty in the bias from simplifications and op, is the uncertainty in the bias
from limitations.

As a starting point, the following paragraph was taken from the /CSBEP Uncertainty Guide [2.7-2]
and adapted for reaction rate measurements.

The evaluator should strive for a reasonable balance between making the benchmark model
amenable to calculation and keeping the total reaction rate uncertainty of the model as small as
practical. Obviously, simplifications that make the benchmark model easier to use tend to make it
more attractive to reactor physicist analysts. However, each simplification introduces an additional
benchmark-model bias and a correlated uncertainty contribution. The use of benchmark models to
validate a reactor physics analysis or to identify weaknesses in cross section data and calculational
methods is more effective and reliable if the uncertainties are small. The only stage in the evaluation
process where the evaluator legitimately can influence the magnitude of the total uncertainty is in
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deciding what simplifications to make to create the benchmark model. The benchmark-model is the
best estimate of the value of reaction rate that would be observed for an isolated experiment having
exactly the geometry and materials described in the benchmark model. Thus one should aim at
developing a benchmark model of the experiment which is simultaneously pragmatic for further
evaluator’s use, computationally not too demanding and free of major computational biases. This
means that constructing a model with a great level of detail, which has a negligible contribution to the
total benchmark-model uncertainty but significantly increases the complexity of the model and
associated computational time, is not advisable. Additionally the evaluator should construct a
benchmark-model including all parts of experiment that could potentially lead to the introduction of
major reaction rate biases, if not modelled. In the opposite case a rigorous study of the effect of the
benchmark-model simplification on the computed reaction rates should be performed.

Uncertainties in Benchmark Model
The uncertainties in the reaction rate benchmark model are composed of three major parts: a)
uncertainties in measurement method, b) uncertainties in biases, and c) uncertainty from the facility
and device parameters. These three components shall be combined quadratically in order to get the

whole benchmark uncertainty.

The final benchmark uncertainty for the reaction rate measurement method is given by:

2
Ulgﬁxl = \/(O-RRMM . BMM)Z + (RRMM . O'BMM)Z + (O'BSL)Z + Opr , 2.7-61

where 2%, is the reaction rate benchmark uncertainty for the measurement method MM, ORRyp 18

given by Equation 2.7-54 o, = /ag ot agL, 0, 1s the uncertainty in the bias from simplifications

and op, is the uncertainty in the bias from limitations.

The benchmark uncertainty for the neutron flux and the relative reaction rate also follows Equation
2.7-60.

Table 2.7-5 shows a summary table listing the uncertainties, typical values, and minimum — maximum
range of values that are considered bounding.

Table 2.7-5. Summary of uncertainties and bounding values for the benchmark model

Typical | Minimum| Maximum
Sources of Uncertainty Value | yajue Value

o) | (%) (%)
Reaction Rate Measurement ( RR ) 3.0 1.0 5.0
INeutron Flux Measurement 2.5 1.0 10.0
Relative Reaction Rate Measurement 1.0 0.1 4.0
Facility and Device Parameters 1.0 0.5 2.0
Bias 1.0 0.1 5.0
Reaction Rate Benchmark model 4.0 1.2 7.0
INeutron Flux 3.0 1.0 12.0
Relative Reaction Rate 1.0 0.1 5.0
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2.7.4 Practical Examples

Example 2.7-1: Determination of the "°In Inelastic Scattering Reaction Rate in the
Central Region of the IPEN/MB-01 Reactor

The example considered here concerns the determination of the '’In inelastic scattering reaction rate
in the central region of the IPEN/MB-01 reactor. The fuel rod scanning and the miniature fission
chambers techniques are mostly employed in the spectral ratio measurements. Examples of the
utilization of these two techniques will be reserved for the spectral ratio section.

The natural In foil is a cylinder with 8.49 mm of diameter and 0.516 mm height weighting 0.2134 g.
The abundance of '"’In in the natural In is 0.9571 + 0.0005 [2.7-16]. The irradiation was made in a
constant power of 100W during one hour. The uncertainty in the power is 2.7 %. The moderator
temperature was measured employing 12 thermocouples. The average value was: 20.23 °C + 0.08 °C.
After that the '°In foil was taken to the HPGe detector systems to obtain the counts as a function of
the decay time. The count time was around 0.5 hours.

Determination of the Global Detector Efficiency (GDE)

The Global Detector Efficiency plays an important role in the reaction rate determination. This
example shows how this was accomplished in the IPEN/MB-01 facility.

From the definition of the global efficiency as given by Equation 2.7-3 and applying the decay
correction for the source decay, it can be found [2.7-17] that GDE is given by:

A-C(Ey)erts
LAs(1—e~Htey’

GDE(E,) = E2.7-1.1

where C (Ey) is the net detector counts for the gamma energy E,, emitted by the standard source, 1
and A, are respectively, its decay constant and initial activity (the first calibration when certificate is
issued), ¢, is detector count time, t is the time span from the source calibration by the manufacturer
and the beginning of the count, and I is the emission intensity for gammas of energy E, .

In a general sense, two kinds of standard calibrated source are employed to obtain the detector
efficiency. The first is "**Eu (half-life 13.517 + 0.009 years). This is an ideal source because it decays
by emission of several gammas with well-defined energies that cover a large part of the gamma
energy spectra detected by the HPGe (120 keV to 1500 keV). Furthermore, its half-life is long enough
to allow the utilization of this source for a long period. Table 2.7-1 shows the gamma energies emitted
in the decay process of **Eu as well as the corresponding emission probabilities with uncertainties
[for example http://www.nndc.bnl.gov/nudat2]. The second standard source is **Ba (half-life 10.559
+ 0.008 years). This standard source emits lower energy gammas that serve as the complement for
'*?Eu. Table 2.7-2 shows the gamma energies emitted in the decay process of '*’Ba as well as the
corresponding emission probabilities with uncertainties. The data of tables E2.7-1.1 and E2.7-1.2 are
from http://www.nndc.bnl.gov/nudat2.

108



NEA/NSC/DOC(2017)

Table E2.7-1.1. Gamma energy characteristics and emission intensities for '’Eu

Energy (keV)

Gamma Emission Intensity

Q)

121.7817(3)® 0.2853(16)
244.6974(8) 0.0755(4)
344.2785(12) 0.2659(20)
411.1165(12) 0.02237(13)
443.9606(16) 0.02827(14)
778.9045(24) 0.1293(8)

964.057(5) 0.1451(7)
1112.076(3) 0.1367(8)
1408.013(3) 0.2087(9)

(a) Terms in parenthesis are uncertainties

Table E2.7-1.2. Gamma energy characteristics and emission intensities for **Ba

Energy (keV) Gamma Emi(sIs)ion Intensity
4.29% 0.157(8)
30.625 0.339(10)
30.973 0.622(18)
34.92 0.0588(17)
34.987 0.114(3)
35.818 0.0351(10)

53.1622(6) 0.0214(3)
79.6142(12) 0.0265(5)
80.9979(11) 0.329(3)

160.6120(16) 0.00638(5)

223.2368(13) 0.00453(3)

276.3989(12) 0.0716(5)

302.8508(5) 0.1834(13)
356.0129(7) 0.6205
383.8485(12) 0.0894(6)

(a) Uncertainties not available

The HPGe detector calibration of the IPEN/MB-01 facility was performed employing a '**Eu
calibrated source. The "**Eu calibrated source is a disk with 8 mm diameter and 0.5 mm height; very
similar to the '"°In activation foils employed in this example. The initial activity of the '**Eu source
was 12.1 + 0.11 kBq calibrated in March 1* 1991. Table E2.7-1.3 shows the gamma intensity, the
HPGe detector counts, and the global detector efficiency as a function of the gamma energy.
Equations 2.7-4 and 2.7-18 were utilized to obtain respectively the global efficiencies and their
corresponding uncertainty. The uncertainties in the span and count times (ts and t.) were taken equal
to 0.5 sec.
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Table E2.7-1.3. Gamma intensity, HPGE detector counts, and the global detector efficiency as a
function of the gamma energy

7

E",(keV) ]7 O-] C(E},) GC(Ey) GDE(EY) OGpE

244.17 0.0751| 0.0005 | 328967 884 0.01406 0.00016
344.62 0.2658 | 0.0018 | 909599 | 1089 0.01098 0.00013
411.36  |0.02234| 0.00013 | 64030 515 0.00920 0.00012
444.18  10.03120{ 0.00018 | 82309 498 0.00847 0.00010
778.97 0.1296 | 0.0007 | 221481 632 0.00548 0.00006
964.05 0.1462 | 0.0006 | 203857 | 623 0.00447 0.00005
1112.00 [0.1356 | 0.0006 | 176351 606 0.00417 0.00004
1407.80 [0.2085 | 0.0008 | 220897 530 0.00340 0.00003

Figure E2.7-1.1 shows the global detection efficiency as a function of gamma energy. The data on this
figure were least-square fitted to a first order polynomial function as:

In(Mgrp(Ey)) = A+ B - In(E)) , E2.7-12

where E), is a generic gamma energy and A and B are constants to be determined from the least-
square fit. The associated uncertainty for the global detector efficiency for a gamma of energy E,, as
given by Equation 2.7.1-41 can be found as:

Onarp (Ey) = \/(%)2 Lof + (62%)2 co5 +2 '%'% -cov(4,B) E2.7-1.3
where:

ZIRRE — 11 e (Ey ), E2.7-1.4
a"a% = Nrre(Ey) - In (E}), E2.7-1.5

04 ,0p, and cov(A,B) are given by the least square approach. Cov(A,B) is the covariance of the
variables A and B.
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Figure E2.7-1.1. Detector efficiency as a function of the gamma energy

The covariance matrix arising from the least square approach is shown in Table E2.7-1.4.

Table E2.7-1.4. Covariance matrix for the global detector efficiency

A B
A 6.7256E-03 | -0.00103
B -0.00103 1.5901E-04

Determination of the '""In Reaction Rate

"Iy decays by gamma emission. Its half-life is 4.486 + 0.004 hours and its gamma energy is

336.244 £ 0.017 eV. Its gamma efficiency is 0.458 + 0.022. The global detection efficiency and its
corresponding uncertainty at this energy was determined employing Equations E2.7-1.2 and E2.7-1.3
and the data of Table E2.7-1.4. The final value was 0.0109 + 0.0001.

The determination of A, involves the calculation of A(t,) as a function of t; as given by Equation
2.7-15. The corresponding uncertainty of A(t,)is given by Equation 2.7-16. The uncertainty in the

count time (¢,) was equal to 0.5 sec. Table E2.7-1.5 shows the "*"In activity (A(t,) ) as a function of

decay time (tg).
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Table E2.7-1.5. ''*"In activity and respective uncertainty as a function of decay time (t4)

Deca .
Timey Count Time Net Count | A(ty) | Facey)
(¢,) (sec.) Net Counts Uncertainty | (B B
ty (sec.) ‘ (Bq) (Bq)
103844 1798.14 2658 62 308 17
105649 1798.24 2372 62 275 16
107450 1798.22 2257 55 262 15
109251 1798.26 2053 53 238 13
111052 1798.36 1859 52 216 12
112853 1798.38 1701 49 197 11
114654 1798.34 1619 50 188 11
116455 1798.26 1527 49 177 11
118256 1798.30 1407 47 163 10
120057 1798.38 1196 42 139 9
121858 1798.38 1203 47 140 9
123659 1798.42 1110 40 129 8
125460 1798.32 1024 44 119 8
127261 1798.24 938 39 109 7
129062 1798.42 899 41 104 7
130863 1798.32 790 36 92 6
132664 1798.38 755 36 88 6
134465 1798.30 674 34 78 6
136266 1798.36 645 35 75 6
138067 1798.34 545 32 63 3
139868 1798.46 516 33 60 3
141669 1798.44 512 33 59 5
143470 1798.44 480 32 56 3
145271 1798.44 475 34 55 3
147072 1798.38 423 31 49 4
148873 1798.38 316 25 37 3
150674 1798.40 338 40 39 3
152475 1798.52 279 27 32 4
154276 1798.44 287 32 33 4
156077 1798.42 261 28 30 4
157878 1798.34 250 27 29 3
159679 1798.52 249 28 29 4
161480 1798.50 192 27 22 3
163281 1798.46 185 29 21 4
165082 1798.48 156 24 18 3
166883 1798.48 175 27 20 3
168684 1798.44 182 33 21 4
170485 1798.44 87 18 10 2
172286 1798.50 98 22 11 3
174087 1798.42 95 22 11 3
175888 1798.36 91 19 11 2
177689 1798.46 114 23 13 3
179490 1798.42 82 27 10 3
181291 1798.50 51 20 6 2
183092 1798.50 109 22 13 3

Figure E2.7-1.2 shows the ''*"In activity (A(t4)) as a function of decay time (t4). These data were
least-square fitted in an exponential function given by Equation 2.7-22. The '*"In decay constant was
fixed in the fitting process. Only Ay was determined and its value was 25,287 + 279 Bq.
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Figure E2.7-1.2. H3mpy activity versus decay time

The determination of the''*"In inelastic reaction rate from Equation 2.7-2 requires the knowledge of
the factors, F . the ramp factor; and F, , the gamma self-absorption correction factor.

ramp °

F.,., the correction factor due to the neutron flux depression inside of the foil, was taken equal to 1.0

due to the fact that the inelastic reaction rate in '"*"In occurs only in the fast neutron energy region
and for this case the neutron flux depression inside of the foil is marginal.

F_ and its corresponding uncertainty were determined by employing, respectively, Equations 2.7-

ramp

10 and 2.7-26. Its final value was 0.986 + 0.008.

115m

F, was calculated employing Equation 2.7-12 with the mass attenuation factor for the In gamma

energy from NIST. The final value was 1.012.

The final reaction rate and its corresponding uncertainties were determined employing Equations 2.7-
1 and 2.7-14. The final result was 1.762 = 10’ reactions/s with 1.4% uncertainty.

115m

The final benchmark uncertainty for the ' °"In inelastic reaction rate experiment is given by Equation

2.7-60 or:
ofe = /(1.4)2 + (2.7)% = 3.04%,
where 1.4% is the experimental uncertainty and 2.7% is the power uncertainty.

The temperature contribution to the final benchmark uncertainty was negligible (less than 0.01 %).
The effect of the parameter of facility contribution to the benchmark uncertainty was not considered

in this example.
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Example 2.7-2: Estimation of Perturbation Due to a Miniature Fission Chamber

The example considered in this chapter demonstrates how to estimate the perturbation of a miniature
fission chamber and the estimation of the perturbation correction factor F,,.. It is based on fission rate
axial profile measurements performed in the core of the Jozef Stefan Institute (JSI) TRIGA Mark II
reactor, described in detail in the IRPhEP evaluation TRIGA-FUND-RESR-002. The miniature
fission chambers used in the experiment were designed and manufactured by the Commisariat a
I’énergie Atomique et aux énergies alternatives (CEA). These were inserted into the core of the
TRIGA research reactor using a specially developed positioning system composed of a pneumatic
drive mechanism and long aluminium guide tubes. A schematic of the fission chamber together with
the guide tube and their dimensions is presented in Figure Figure E2.7-2.1.

13 mm fission chamber

 — »

T
active part

8 mm; 4 mm

1 I

aluminium guide tube

Figure E2.7-2.1. Scheme of the fission chamber and aluminium tube

The absolute values of in-core fission rate yield information that can be used to assess different
reactor parameters, for example the reactor thermal power or the average deposited energy per fission
event. Since the manipulation of the fission chambers had to be performed from the reactor platform,
i.e. 5 m above the submerged core, guide tubes had to be utilized to increase the precision of the
chamber’s positioning. The insertion of the tubes, which can be generalized for any experiment where
auxiliary instrumentation is utilized, in the reactor core introduced an experimental bias due to the fact
that they alter the composition of the material in the vicinity of the fission chambers. Although
aluminium is neither a good neutron absorber nor moderator, it displaces water surrounding the
fission chambers, which significantly affects the local neutron spectrum. A smaller portion of thermal
neutrons and a higher share of fast neutrons is thus expected to penetrate the tubes and reach the
detectors. In order to assess the effect of the aluminium guides on the response of the fission
chambers, Monte Carlo calculations were performed — in the first step the fission rates R, in an
unbiased, i.e. instrumentation-free, core were calculated upon which the guide tubes were added to the
model and the computations repeated to obtain Rp. The ratio of fission rates computed with and
without the aluminium tubes, namely Rp/R(-1, was calculated and is shown in the form of a profile at
reactor core mid-plain in Figure E2.7-2.2.
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Figure E2.7-2.2. Profile of the relative difference between the computed reaction rates with
aluminium guide tubes and without them at mid-plane of the reactor core. The smaller black circles
denote measuring positions where aluminium guide tubes were inserted into the core. The edge of the
core is denoted with a white line.

As can be seen in Figure E2.7-2.2 the presence of aluminium guide tubes results in significant
changes of the fission rates around the measuring positions. As expected the tubes induce a reduction
in neutron thermalization which results in a local increase of the number of fast neutrons compared to
an instrumentation-free core. The rate of **°U fissions, which is the main isotope contributor to the
fission chamber signal, is consequently lowered. It can be observed that the decrease in fission
chamber signal is largest, i.e. approximately 13 %, at measuring positions closest to the centre of the
core, which is a consequence of a neutron spectrum which, in principle, is faster. With the increase of
ambient neutron slowdown toward the edges of the core the effect of aluminium tubes on the fission
rate is becoming less observable, reaching a value of around - 2 % at the outermost measuring
positions. Thus if one wanted to obtain an absolute value of the reaction rate in the core, the measured
value would have to be multiplied with the inverse of the calculated ratio, which in fact represents
Feorr-

Table E2.7-2.1. Summary of fission rate ratios and F.,, factors for measurements of fission rates at
different measuring positions in the core of the JSI TRIGA Mark II reactor. Miniature fission
chambers were used together with aluminium guide tubes for precise in-core insertion.

Measuring Position | Radial Distance to |pjssion Rate Ratio| Fo
Centre of Core [cm] (%)
MP14 18.259 -2 1.02
MP15 13.189 -6 1.06
MP16 10.367 -6 1.06
MP17 5.246 - 12 1.14
MP20 5.246 -13 1.15
MP21 10.367 -6 1.06
MP22 13.189 -5 1.05
MP23 18.259 -3 1.03
MP25 5.246 -12 1.14
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Modelling of the Miniature Fission Chamber Response

The example considered in this chapter demonstrates how to estimate the response of a miniature
fission chamber based on two fundamental criteria — constructing a detailed computational model of
the experimental setup to minimize biases while account for the computational efficiency of the
model. Namely estimating reaction rates inside voxels which are relatively small (order of millimetres)
tends to be computationally demanding, i.e. in order to get benchmark grade statistics the calculations
times are long. The practical example focuses on fission rate measurements performed with miniature
fission chambers in the core of the JSI TRIGA Mark II research reactor, described in detail in the
IRPhEP evaluation TRIGA-FUND-RESR-002. The fission chambers used in the experiment were
miniature, with the active part length and diameter measuring several millimetres, as shown in Figure
E2.7-2.1. The chambers were not modelled in detail since the active part is relatively small, resulting
in prolonged neutron transport calculations times even in the core of the TRIGA reactor model, where
neutron flux is the highest. In order to compensate for the effect of the fission chamber structure on
the measurements of fission rates, a study of the simplification of the fission chambers’ geometry was
made and was found to be negligible''. The study was aimed at constructing a detailed and a
simplified model of the fission chamber and comparing the computed values — the relative differences
between the two cases were discovered to have values of around 0.5 %, which is of the order of
statistical uncertainty of the Monte Carlo calculations.

fission chamber

}—t »

|3 mm

I /
active part

8 mm; 4 mm

r l

aluminium guide tube

Figure E2.7-2.1. Scheme of the fission chamber and aluminium tube

The simplified benchmark model of the fission chamber was thus represented by a cylindrical mesh of
the same height as the active part of the fission chamber and a diameter equal to the inner diameter of
the aluminium guide tubes, which is shown in Figure E2.7-2.1. The mesh served the purpose of
tallying the fission rates with a multiplier corresponding to the fission deposit material in the
miniature chambers, shown in Table E2.7-2.2 for two types of fission chambers.

Table E2.7-2.2. Tallying material composition for two types of fission chambers — the first with the
fission deposit composed mainly of **U and the other of ***U

Chamber | U [% at] | Z°U [% at.] | 2°U [% at.] | 2®U [% at.]
FC *U 0.063 98.490 0.038 1.409
FC 2%u 0 0.036 0 99.964

In order to better understand the response of the fission chamber, a study was made in which the
number of fission events on individual isotopes composing each of the fission chamber deposit was
tracked. It was found that the response of the fission chamber with the coating composed mainly of
35U is largely based on fission events on the latter isotope with the other uranium isotopes
contributing only a small fraction to the signal. On the other hand although the second fission

"'V, Radulovi¢, L. Barbot, Fission rate calculations for 3 mm and 4 mm CEA fission chambers inside
irradiation locations BRI and Minerve reactors, CEA Technical note,
DEN/CAD/DER/SPEx/LDCI/NT/2015/No11/1, 2015.
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chamber has a coating composed mainly of ***U, the ***U isotope with an 0.0357 % atomic fraction
contributes to almost one half of the recorded fission rates, depending on the position in the reactor
core. The ratio between the fission events recorded solely on ***U and the combined number of fission
events, i.e. 2°U + ***U, for four different measuring positions in the TRIGA core is presented in Table
E2.7-2.3 it can be seen that the average of the ratio is around 0.5, with the fission event fraction of
%0 increasing from the edge of the reactor towards the centre, which is a consequence of the
hardening of the neutron spectrum.

Upper supporting
grid

Al guide tube
with fission chamber

— Fission chamber
benchmark model

 p— |

——

Active fuel part

e e e e —

Guide tube  Fission chamber
model active part
] mesh (tally)
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Figure E2.7-2.3. Schematic of the TRIGA reactor core on the left side and the fission chamber
benchmark model on the right side

Table E2.7-2.3. Ratio between the fission events recorded solely on ***U and the combined number
of fission events, i.e. By + 238U, for calculations on the **®U fission chamber at four different
measuring positions in the TRIGA core.

Fission Rate Ratio MP14 MP15 MP16 MP17

R**U) /RFU + 2P0) 0.44 0.64 0.66 0.62

Evaluation of the Uncertainty in the Experiment Configuration with Miniature Fission
Chambers

The example considered in this chapter describes the evaluation of uncertainties connected with the
configuration of the experiment performed with miniature fission chambers in the JSI TRIGA Mark II
research reactor. The example is based on the computed fission rate uncertainty due to the uncertainty
in the axial and radial positions of the miniature fission chambers.
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Fission chamber axial position — namely the fission chambers were inserted into the core using a
pneumatic positioning system, which had an accuracy of + 0.3 mm. Since precise knowledge of the
distance between the positioning mechanism and the reactor core is crucial in determining the exact
position of the fission chamber and because the reaction rates change significantly through the height
of the reactor, the uncertainty in the position of the chamber directly influences the measurements.
The uncertainty in the measured fission rates due to the uncertainty in the axial position of the
chambers was estimated by calculating the gradient of the reaction rates computed with the Monte
Carlo method, using the equation:

1
R;

dR;
le'

1

1 |Riy1 — Riq
R;

) E2.7-2.1

Ziv1 — Zi—1

where R; is the reaction rate value on the i-th position of the axial profile. The results of a sample
gradient calculation are shown in Figure E2.7-1.4. The gradients were averaged over a 25 mm interval
to exclude statistical distortion, which is a consequence of the uncertainty being of the same order as
the statistical uncertainties of the calculations. The active core region (fuel meat) is located on the
axial interval from 140 mm to 520 mm. As can be observed, the gradient in the central area is of the
order of 0.5 % / mm to approximately 1 % / mm. The largest fission rate gradient of approximately
2.5 % / mm can be seen at axial positions around 100 mm and 600 mm, where the graphite plugs and
metal cladding are located inside the fuel element.
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Figure E2.7-2.4. Fission rate axial gradient for 2°U and ***U fission chambers at the MP14
measuring position, which is shown in a schematic of the upper support grid of the TRIGA reactor. A
fuel element model and a model of the aluminium guide tube are shown in the bottom of the figure.

Fission chamber radial position — both fission chambers were inserted into the core using waterproof
aluminium guide tubes with an inner diameter of 4 mm. Since the diameter of the fission chambers is
3 mm there is an upper limit for the uncertainty in the radial position of the chamber, which amounts
to 0.5 mm. It was postulated that the part of the tube inserted into the core of the reactor was not
additionally curved (thus contributing to the FC radial position uncertainty). Due to the relatively high
heterogeneity of the reactor core in the radial direction, the radial reaction rate gradient is expected to
be greater than the axial gradient. Hence to estimate the uncertainty contribution due to the radial
position of the fission chamber the radial gradient throughout the TRIGA reactor core was calculated.
Figure E2.7-2.5 shows the radial gradient profile for a fission chambers at a reactor core mid-plane.
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Figure E2.7-2.5. Radial reaction rate gradient profile at the mid-plane of the reactor core for the *°U
fission chamber. The small black rings in the picture represent the measuring positions used in the
experiment. Additionally, the control rod positions (T, S, C, R) and the coordinate axes are denoted.

The calculations were performed using a rectangular mesh which was imposed over the whole reactor
core calculating reaction rates at 250 points in the x- and y- directions and at 50 steps through the
height of the reactor. The number of mesh steps in the axial direction was chosen in such a manner to
obtain calculation steps which would not exceed axial lengths at which significant reaction rate
gradients occur. Thus the axial reaction rate values were averaged over 1.37 cm axial slices of the
height of the reactor with the origin at the centre of the active part of the fuel. The two-dimensional
fission rate distribution was obtained using a two-dimensional gradient equation:

i+1j — Ri—1j

|Ri,j+1 — Ryj1
YVit1 — Yi-1

dR PP R
|d_| = (i +yp) (xi | ) E2.7-2.2
r i,j

Xit1 — Xi-1

and an advanced Kriging interpolation method 2 for a mesh of 62500 fission rate plane points. It can
be seen, that the changes in fission rates when using the **°U fission chamber are largest at the edges
of the fuel elements and significantly smaller at the locations of measuring positions with an
approximate value of 1 % / mm. Due to small variations the radial reaction rate gradients have been
averaged over the height of the core (839 axial computational positions) for each of the measuring
position which showed that the gradient values are relatively similar. Therefore a combined reaction
rate gradient was calculated, which was averaged over all of the 9 measuring positions. The calculated
values were 1.59 % / mm for the **°U fission chamber. Taking into account that the upper uncertainty
limit in the chamber radial position is 0.5 mm, the final estimate of the relative standard uncertainty
due to radial position of the fission chambers is 0.8 % for **°U fission chamber with an estimated
absolute ‘uncertainty of uncertainty’ of 0.2 %.

"2 The Kriging method is widely used in engineering applications, providing an accurate linear unbiased
prediction of the intermediate values. Reference: N. Cressie, Statistics for Spatial Data, Wiley, 1993.
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An overview of the evaluation of uncertainty in the fission rate measurements due to the uncertainty
in the axial and radial positions of the fission chambers is presented in Table E2.7-2.4. It can be seen
that the uncertainty was estimated for two types of fission chambers with different response
characteristics. The typical values of the relative fission rate uncertainty due to the uncertainty in the
axial position were estimated to be around 2.5 %, while the contribution because of the uncertainty in
the radial position of the chambers is below 1 %.

Table E2.7-2.4. Uncertainty in fission rate measurements due to uncertainties in the axial and radial
positions for two different types of fission chambers (averaged over all chamber axial and radial

positions)
Reported Averaged Fission Relative S.t andfl rd
Parameter A Kege . Uncertainty in
. . Parameter 5 Rate Gradient . .
Identification Uncertaint x 10 [% / mm] Fission Rate
y 0 Distribution
. +
FC axial (positio si?gn;ys oy | Does not 0.82 (FC V) +2.5 % (FC 2°U)
iti 0.86 (FC *U +£2.6 % (FC **U
position (mm) and Al tubes) affect kegr ( ) o ( )
. + 0.
FC radial (alumi?l 15u gmui 4o | Doesnot 1.59 (FC 25U) +0.8 % (FC 25U)
position (mm) tube wid ti) affect kg 0.36 (FC 2*U) +0.2 % (FC 2*U)

Discussion on the axial and radial dependency of the reaction rate uncertainties — when evaluating
the uncertainty of fission rate distribution measurements at different irradiation positions in a reactor,
one has to take into account the fact that the neutron flux and neutron spectra can change significantly
throughout the core. This has several major consequences — one of the most obvious being the
variation in the neutron flux, which has an effect on the absolute values of the reaction rates and with
it the uncertainty in the statistics of the measurements. This introduces an intrinsic axial and radial
dependency to the measurements uncertainty. Additional sources of the variations in the axial and
radial values of reaction rate uncertainty are the changes in neutron spectra, which, for example in
combination with the response function of the fission chamber, result in an increase of the axial and
radial gradient in reaction rate uncertainties. This means that there is a significant difference in the
experimental uncertainty of the measurements performed at core mid-plain or on the other hand at the
edges of the core (same applying for radial variations of fission chamber positions). The evaluations
presented in this section are characteristic examples of such a dependency.

First let us consider the uncertainty in the axial position of the fission chamber — the method used to
evaluate the uncertainty source was based on the computation of the axial fission rate gradient, the
results of which can be seen in Figure E2.7-2.4. It is evident that the gradient varies considerably
throughout the height of the reactor core, i.e. at the centre of the core and the active part of the fuel the
gradient is of the value of approximately 0.1 %/mm, which is an order of magnitude lower than that
computed at the edges of the core, where it has a value of up to 2 %/mm. It is clear that one cannot
simply average the uncertainty over the whole height of the core, since the uncertainty would be
greatly overestimated for the fuel part of the core and underestimated next to the core support grids. It
is therefore necessary to establish a set of criteria which can serve as guidelines for determining
whether the axial or radial dependency of the fission rates can be neglected and an average estimate of
the uncertainty can be produced or the dependency has to be taken into account. One of the basic
attributes of an uncertainty evaluation is the uncertainty connected with the method used to produce
the uncertainty estimate. If for example a Monte Carlo neutron transport method is used, as is the case
for the evaluations presented in this chapter, then one of the basic criteria is related to the statistical
uncertainty of the computations. In the case of the fission chamber computations presented above, the
computational uncertainty was of the order of 0.5 %. That means that the variations in the fission rate
uncertainty in the axial direction are several times larger, thus simple averaging cannot be used. In
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order to establish an unambiguous criterion for the analysis of the axial and radial distribution of
reaction rate uncertainties and gaining a combined uncertainty assessment for individual fission rate
uncertainty sources, free of these dependencies, two new quantities are introduced which describe the
behaviour of calculated reaction rates during parameter variation. The first quantity, named the
relative natural norm L, represents the absolute value of the maximum relative difference in fission
reaction rate between the reference case R;, and the calculation with a perturbed value of a specific
parameter R, -

R i,var

L = max
nat i=1N

— = 1‘ , E2.7-2.3
1,0

where the index i goes over all of the axial positions N at which the fission rate calculations were
performed. L, can actually be used as a measure for the maximum deviation of the discrepancies
between the reference benchmark calculation and that with perturbed parameter. With the second
quantity L, a measure for the relative standard uncertainty of the reaction rate calculations was
introduced, defined by:

R 2
N Lvar
i=1( Rio 1) E2.7-2.4
m .

The latter quantity basically represents a measure of the scatter of uncertainties around an average
value — this means that in the case of small axial or radial dependency the value of L, will be small,
the opposite being true when the gradient of the uncertainty distribution is large. It was discovered
that the perturbation of most reactor parameters results in fission rate changes which are smaller than-
or of the order of the statistical errors of calculations and are in general not dependent upon the axial
and radial position of the fission chambers. This means that the two quantities, i.e. L,, and L,, used
for describing the uncertainty deviations are of approximately the same value. In such a case the
evaluator can consider the uncertainty dependency to be neglected and produce a single L, value
which is postulated to represent the standard uncertainty value. If the axial or radial deviations of the
uncertainty source are larger than the computational statistics, a combined estimate characterized by
the L, norms value should only be used for the estimation of the “maximum” value of the
experimental uncertainties, whereas the dependencies should be taken into account when comparing
the benchmark model and computational results for benchmarking purposes.

Lys =

Evaluation of the Uncertainty in the Experiment Configuration with Miniature Fission
Chambers — Control Rod Position

The example considered in this chapter describes the evaluation of fission rate measurement
uncertainties connected with the configuration of the experiment performed with miniature fission
chambers in the JSI TRIGA Mark II research reactor. The example is based on the computed fission
rate uncertainty due to the uncertainty in the TRIGA reactor control rod position. The power of the
TRIGA reactor is controlled by the insertion and withdrawal of four control rods — namely the safety
(S), transient (T), compensating (C) and regulating (R) control rod. Their locations, relative to
measuring positions utilized in the fission chamber experiment, are shown in Figure E2.7-2.5. The
safety and transient control rods are generally completely withdrawn during steady state reactor
operation, as was also the case during the fission chamber measurements. The power of the reactor
was controlled with the compensating and regulating rods, which were inserted into the core to an
approximately equal measure. The control rod positioning scale is divided into 900 steps, where step
200 denotes complete withdrawal (0 for the transient rod) and 900 complete insertion. The movement
of the rods is controlled by an asynchronous motor with an uncertainty in positioning of 3 steps13. The

" M. Ravnik, Technical description of TRIGA Mark II reactor at Jozef Stefan Institute, Jozef Stefan Institute,
http://www.rcp.ijs.si/ric/description-s.html, November 2011.
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effect of the control rod position uncertainty on the fission rate profile measurements was studied by
alternatively inserting and withdrawing the regulating control rod in the benchmark Monte Carlo
computational model by 5, 10 and 50 steps as depicted in Figure E2.7-2.6.
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Figure E2.7-2.6. Schematic of the Monte Carlo benchmark computational model of the TRIGA
reactor used in the evaluation of the uncertainty in fission rate measurements due to the uncertainty in
control rod position. The leftmost frame depicts the initial control rod position during the experiment
and the other two the perturbation steps, where the regulating rod was alternately lowered (black) and

withdrawn (red) for either 5, 10 or 50 steps.

The calculated perturbed fission rate profiles R, were compared to the original results Ry and the
relative dispersion of the perturbed computations was determined through the L,, norm. It was found
that the relative change in fission rate values (R,-Ro)/Ry, after the control rod position was changed for
5 and 10 steps, was small and of the same value as the statistical uncertainty of the calculations.
Therefore only the effect of 50 step change is presented and was, in order to gain the fission rate
uncertainty estimate, scaled to a step perturbation approximately an order of magnitude lower. The
results are shown in Table E2.7-2.5, where it can be seen that the position of the regulating control rod
in the Monte Carlo computational model was varied for + 50 steps which enabled the calculation of
the multiplication factor defect and both L, and L,; norms. The norm values were calculated on the
basis of all axial reaction rate values — because the comparison between different radial positions
throughout the core exhibited small discrepancies the final L,,, and L, estimations were gained
through the averaging of their values over all of the measuring positions. The graphs in Figure
E2.7-2.7 show the dependency of the fission rate relative difference for the regulating rod position
perturbation calculation on the axial and radial position for the ***U fission chamber. For all three
measuring positions a standard discrepancy can be observed which is however dependent on the radial
position of the regulating control rod relative to the studied measuring position (see Figure E2.7 -2.5
with denoted regulating control rod R and measuring positions). This occurs due to the so-called flux
redistribution effect — i.e. the movement of control rods can induce a flux tilt in the relatively small
core of the TRIGA reactor. This means that although for measuring positions close to the regulating
control rod the fission rates will decrease if the rod is lowered and increase if the rod is withdrawn, for
measuring positions close to the compensating control rod (opposite side of the reactor core) the
change in fission rates will be the opposite as can be seen from Figure E2.7-2.7. The statistical error is
of the order of 0.5 % for axial positions in the active part of the fuel and several percent at the edges
of the core. The calculated L,; norm averaged over all of the measuring positions and height of the
reactor core is 0.028 with the regulating rod inserted for 50 steps and 0.034 with the regulating rod
withdrawn for 50 steps. Since the reported error in control rod position is 3 steps the estimate of the
relative standard uncertainty in fission rate distribution is concluded to be less than 0.3 %. Although
the TRIGA reactor power is controlled by both compensating and regulating control rod only the
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effect of the latter was studied because they are of similar integral worth and furthermore the core has
a point cylindrical symmetry — hence the effect of the compensating control rod is postulated to be of
similar value.

Table E2.7-2.5. Relative standard uncertainty in fission rate distribution due to uncertainty in control
rod position

Relative
Standard
Parameter Par.an.lete.r Reported A Ker | Averaged | Averaged | Uncertainty
. . Variation in Parameter 5 e .
Identification . . X 10 L., Norm | L.,Norm in Fission
Calculation | Uncertainty
Rate
Distribution
Regulating
control rod +50 3 steps 0.090 0.028 (<)+03%
lowered
[steps] approx.
Regulating +300
control rod 0
withdrawn -50 3 steps 0.094 0.034 (£)+03%
[steps]
— 0.10
> 005

Regulating rod lowered
Regulating rod withdrawn'

Relative fission rate difference FC

0 100 200 300 400 500 600 700 800
Axial position [mm]

Figure E2.7-2.7. Axial distribution of the relative difference between fission rate calculations
performed with the reference model and the model exhibiting perturbed regulating control rod
position at three measuring positions for the U fission chamber. The data denoted with the black
curve represent the scenario with lowered regulating rod and the red curve data represent the scenario

with the regulating rod withdrawn.

Example 2.7-3: Measurement of Reaction Rates for Bare Samples and Under Cd and
BN (boron nitride) for a Selection of Nuclear Reactions in the Pneumatic Tube
Irradiation Facility in the JSI TRIGA Mark Il Reactor

The example presented hereby concerns the measurement of reaction rates for bare samples and under
Cd and BN (boron nitride) for a selection of nuclear reactions in the Pneumatic Tube irradiation
facility in the JSI TRIGA Mark II reactor in Ljubljana, Slovenia. The aim of the measurement
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campaign was to characterize the neutron spectrum in the irradiation facility and investigate the
applicability of boron nitride material for integral activation measurements in the epithermal energy
range and cross-section validation.

Table E2.7-3.1. Sample materials and measured nuclear reactions

Sample Material Nuclear Reaction
AL-0.1%Au A“‘”Eﬁ% (‘2}457(“’1’)’
Al-0.2%U U-238(n,y)
Al-1%Th Th-232(n,y)
Al-1%Mn Mn-55(n,y)
Al-0.1%Co Co-59(n,y)
Al-2%Sc Sc-45(n,y)
Fe Fe-58(n,y), Fe-54(n,p)
Sn enriched in '"’Sn "Sn(n,n’)

The samples were in the form of foils, from around 3 mm to around 6 mm in diameter and from
around 0.1 mm to 1 mm in thickness. The Al-0.1%Au material was obtained from the IRMM
(Institute for Reference Materials and Measurements, Geel, Belgium) with a certified concentration of
Au of 1.003 g/kg and a certified 2-c uncertainty in the concentration of Au of 0.012 g/kg IRMM-
530R). The Al-0.2%U, Al-1%Th and Al-1%Mn materials were obtained from the CBNM (Central
Bureau voor Nucleaire Metingen, Geel, Belgium — predecessor of the IRMM) and have quoted
uncertainties in their compositions of 2 % with no indication on the coverage factor — 1-c was
assumed. The Al-0.1%Co and Al-2%Sc materials were obtained from the IRMM (IRMM-527 and
IRMM-534, respectively). The certified Cobalt concentration is 1.001 g/kg with a certified 2-c
uncertainty of 0.024 g/kg. The certified Scandium concentration is 19.95 g/kg with a certified 2-c
uncertainty of 0.2 g/kg. The Fe samples were obtained as pure iron from the Goodfellow (Huntingdon,
UK) and Leico Industries, Inc. (New York, US) companies. The quoted purity levels were 99.99 %
and 99.9 %, respectively. The enriched Sn material was obtained from Campro Scientific GmbH,
Berlin, Germany. The quoted ''’Sn enrichment was (92.8 + 0.4) %.

The samples were irradiated bare, inside Cd and BN containers. The Cd containers were 10 mm in
diameter and 6 mm in height, with a wall thickness of 1 mm, the BN containers were 13 mm in
diameter and 14 mm in height, with a wall thickness of 4 mm.

The irradiation details (samples, containers, irradiation times) are reported in Table E2.7-3.2. The

irradiations were performed at full reactor power (250 kW) using the pneumatic sample transport
system the facility is equipped with.
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Table E2.7-3.2. Sample / container irradiations performed

Irradiation | Irradiation Time Irradiated Samples Container
1 5 min Al-0.2%U, Al-1%Mn, Al-0.1%Au bare
2 10 min Al-0.2%U, Al-1%Mn, Al-0.1%Au Cd
3 10 min Al-0.2%U, Al-1%Mn, Al-0.1%Au BN
4 5 min Sn (enriched in Sn-117), Al-0.1%Au bare
5 5 min Sn (enriched in Sn-117), Al-0.1%Au Cd
6 5 min Sn (enriched in Sn-117), Al-0.1%Au BN
7 10 min Fe, Al-0.1%Au bare
8 15 min Fe, Al-0.1%Au Cd
9 10 min Fe, Al-0.1%Au BN
10 15 min Al-0.1%Co, Al-2%Sc, Al-1%Th, Al-0.1%Au bare
11 30 min Al-0.1%Co, Al-2%Sc, Al-1%Th, Al-0.1%Au Cd
12 10 min Al-0.1%Co, Al-2%Sc, Al-1%Th, Al-0.1%Au BN

The efficiency of the HPGe detector used for the measurements was calibrated using point wise '**Eu
and a "*’Cs sources with certified activities, obtained from the PTB (Physikalish-Technische
Bundesanstalt, Braunschweig, Germany), using the ko-IAEA program for kO-standardized neutron
activation analysis [Rossbach, M., Blaauw, M., Bacchi, M. A., Lin, X., 2007, The kO-IAEA program,
J. Radioanal. Nucl. Chem., 274 (3), 657_662 and Rossbach, M., Blaauw, M., 2006, Progress in the
kO-TAEA program, Nucl. Instr. Meth. A, 564 (2), 698-701.]. The global detection efficiency fitting
function used in this program is divided into three energy regions: 50-90 keV, 90-200 keV and above
200 keV, different mathematical functions being used in the three regions. The kO-IAEA program
uses a Monte Carlo efficiency transfer algorithm to compute the efficiency vs. energy curve for a
measured sample at a certain distance from the detector from the fitted reference efficiency vs. energy
curve, measured at a reference distance from the detector. The overall (1-6) uncertainty in the
detection efficiency is 2 %.

The measurement data for the experimental campaign is reported in the datasets below. The datasets
reports line by line, the measurement number (“ID”), the sample material, the container employed
(“CV™), the target, product and decaying isotopes, the sample weight (“WGT”) and its uncertainty in %
(“DWG”), the mass fraction of the target isotope (“WPC”), the irradiation, cooling and measurement
times in seconds (“TIR,” “TCO” and “TME”) along with their respective uncertainties in seconds
(“DTL” “DTC” and “DTM?”), the measured gamma line energy in keV (“EGM”) the measured peak
area and its uncertainty in counts (“PKA” and “DPK”), the detection efficiency (“EPS”) and its
uncertainty in % (“DEP”) and lastly the coincidence correction factor (“COI”), and finally the
calculated specific saturation activities in Bq / target atom (A.) and the calculated uncertainties in %.
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Table E2.7-3.3. mU(n,y)mU, T Al(n,0)**Na, 197Au(n,y)198Au reaction rate measurements

ID Material | CV Target | Product | Decaying | WGT | DWG | WPC | TIR | DTI | TCO DTC | TME DTM | EGM | PKA DPK EPS DEP | COIl | SPCACT | Unc
[mgl [[%] | (%] |[s] |[s] |ls] [[s) |[s]  |[s] |[keV] |[counts]| [counts] [%] [%]
V023 | Al-0.2%-U | bare | U-238 | U-239 |[Np-239 ([8.06 0.2 |0.2 |[300|1 |434859|1 87100 |1 103.7 | 82279 310 1.72E-02 | 2 1 3.38E-11 | 2.1
V023 | Al-0.2%-U | bare | U-238 | U-239 |[Np-239 ([8.06 0.2 |0.2 |300|1 |434859|1 87100 |1 106.1 | 104683 |334 1.76E-02 | 2 1 3.07e-11 | 2.1
V023 | Al-0.2%-U | bare | U-238 | U-239 |[Np-239 ([8.06 0.2 |0.2 |[300|1 |434859|1 87100 |1 209.8 | 11223 120 1.61E-02 | 2 1 2.92E-11 |23
V023 | Al-0.2%-U | bare | U-238 | U-239 |[Np-239 ([8.06 0.2 |0.2 |[300|1 |434859|1 87100 |1 228.2 |34834 |196 1.27E-02 |2 1 3.42E-11 |21
V023 | Al-0.2%-U | bare | U-238 | U-239 |[Np-239 ([8.06 (0.2 |0.2 |[300|1 |434859|1 87100 |1 277.6 |38563 |217 1.25E-02 |2 1 3.00E-11 | 2.1
V023 | Al-0.2%-U | bare | U-238 | U-239 |[Np-239 ([8.06 0.2 |0.2 |300|1 |434859|1 87100 |1 285.8 |2022 60 1.16E-02 | 2 1 3.10E-11 | 3.6
V023 | Al-0.2%-U | bare | U-238 | U-239 |[Np-239 ([8.06 0.2 |0.2 |[300|1 |434859|1 87100 |1 3159 |3764 77 1.11E-02 | 2 1 2.99E-11 | 2.9
V023 | Al-0.2%-U | bare | U-238 | U-239 |[Np-239 ([8.06 0.2 |0.2 |[300|1 |434859|1 87100 |1 334.2 |4880 79 1.11E-02 |2 1 3.02E-11 | 2.6
V024 | Al-0.2%-U | Cd Al-27 | Na-24 | Na-24 8.67 | 0.2 |99.8 600 |1 186903 | 1 172800 | 1 1368.6 | 29976 178 3.99E-03 | 2 1 8.05E-16 | 2.1
V024 | Al-0.2%-U | Cd Al-27 | Na-24 | Na-24 8.67 | 0.2 |99.8 600 |1 186903 | 1 172800 | 1 2754 | 16848 132 2.32E-03 |2 1 7.79E-16 | 2.2
V024 | Al-0.2%-U | Cd U-238 | U-239 |[Np-239 |8.67 [0.2 |0.2 |600|1 186903 | 1 172800 | 1 103.7 [591304 |884 1.72E-02 | 2 1 2.80E-11 |2
V024 | Al-0.2%-U | Cd U-238 | U-239 |[Np-239 |8.67 (0.2 |0.2 |600|1 186903 | 1 172800 | 1 106.1 | 755803 |984 1.76E-02 | 2 1 2.56E-11 |2
V024 | Al-0.2%-U | Cd U-238 | U-239 |[Np-239 |8.67 [0.2 |0.2 |600|1 186903 | 1 172800 | 1 209.8 [81621 |369 1.61E-02 | 2 1 2.45E-11 | 2.1
V024 | Al-0.2%-U | Cd U-238 | U-239 |[Np-239 |8.67 (0.2 |0.2 |600|1 186903 | 1 172800 | 1 226.4 | 5862 255 1.49E-02 | 2 1 2.86E-11 | 4.8
V024 | Al-0.2%-U | Cd U-238 | U-239 |[Np-239 |8.67 (0.2 |0.2 |600|1 186903 | 1 172800 | 1 228.2 | 250249 |596 1.27E-02 |2 1 2.83E-11 |2
V024 | Al-0.2%-U | Cd U-238 | U-239 |[Np-239 |8.67 (0.2 |0.2 |600|1 186903 | 1 172800 | 1 277.6 |279432 |555 1.25E-02 |2 1 2.51E-11 |2
V024 | Al-0.2%-U | Cd U-238 | U-239 |[Np-239 |8.67 [0.2 |0.2 |600|1 186903 | 1 172800 | 1 285.8 | 14749 139 1.16E-02 | 2 1 2.61E-11| 2.2
V024 | Al-0.2%-U | Cd U-238 | U-239 |[Np-239 |8.67 (0.2 |0.2 |600|1 186903 | 1 172800 | 1 315.9 |28383 179 1.11E-02 | 2 1 2.60E-11 | 2.1
V024 | Al-0.2%-U | Cd U-238 | U-239 |[Np-239 |8.67 (0.2 |0.2 |600|1 186903 | 1 172800 | 1 334.2 |35482 |200 1.11E-02 | 2 1 2.53E-11 | 2.1
V025 | Al-0.2%-U | B U-238 | U-239 |[Np-239 [7.96 |03 |0.2 |[600|1 |532219|1 90000 |1 103.7 |46341 |269 1.72E-02 | 2 1 1.31E-11| 2.1

127



NEA/NSC/DOC(2017)

Table E2.7-3.3 (cont'd). **U(n,y)**U, *’Al(n,0)**Na, "’ Au(n,y)'**Au reaction rate measurements

ID Material cv Target | Product | Decaying | WGT | DWG | WPC | TIR | DTI | TCO DTC | TME |DTM | EGM PKA DPK EPS DEP | COI | SPCACT | Unc

[mg] | [%] [[%] |[s] |I[s] |I[s] [s] |I[s] [s] |[keV] | [counts] | [counts] [%] [%]
V025 | Al-0.2%-U | B U-238 |U-239 |Np-239 |7.96 (03 |0.2 |600|1 |532219|1 90000 | 1 106.1 | 59220 364 1.76E-02 | 2 1 1.19€-11| 2.1
V025 | Al-0.2%-U | B U-238 |U-239 | Np-239 |7.96 (03 |0.2 |600|1 |532219|1 90000 | 1 209.8 | 6313 97 1.61E-02 | 2 1 1.13E-11| 2.5
V025 | Al-0.2%-U | B U-238 |U-239 |Np-239 |7.96 (03 |02 |600|1 |532219|1 90000 | 1 228.2 | 19200 149 1.27E-02 1 1.29E-11| 2.2
V025 | Al-0.2%-U | B U-238 |U-239 |Np-239 |7.96 (03 |02 |600|1 |532219|1 90000 | 1 277.6 | 21643 157 1.25E-02 1 1.16E-11| 2.2
V025 | Al-0.2%-U | B U-238 |U-239 |Np-239 |7.96 (03 |02 |600|1 |532219|1 90000 | 1 285.8 | 1211 54 1.16E-02 1 1.27E-11| 4.9
V025 | Al-0.2%-U | B U-238 |U-239 |Np-239 |7.96 (03 |0.2 |600|1 |532219|1 90000 | 1 3159 |2141 60 1.11E-02 1 1.17€-11| 3.5
V025 | Al-0.2%-U | B U-238 |U-239 |Np-239 |7.96 (03 |02 |600|1 |532219|1 90000 | 1 334.2 | 2582 65 1.11E-02 1 1.09E-11 | 3.2
V029 | Al-0.1%-Au | bare Al-27 | Na-24 | Na-24 587 |03 |99.9 |300|1 |33252 |1 36000 | 1 1368.6 | 29524 174 3.96E-03 1 7.88E-16 | 2.1
V029 | Al-0.1%-Au | bare Al-27 | Na-24 | Na-24 587 |03 |99.9 |300|1 |33252 |1 36000 | 1 2754 | 16488 130 2.32E-03 1 7.52E-16 | 2.2

V029 | Al-0.1%-Au | bare Au-197 | Au-198 | Au-198 5.87 |0.3 0.1 |300|1 33252 |1 36000 | 1 411.8 | 2109306 | 1536 9.48E-03 1 4.70E-10 | 2.1
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V029 | Al-0.1%-Au | bare Au-197 | Au-198 | Au-198 |5.87 |0.3 0.1 |300|1 33252 |1 36000 | 1 675.9 |12101 113 6.60E-03 4.59E-10 | 2.3
V030 | Al-0.1%-Au | Cd Al-27 | Na-24 | Na-24 591 (0.3 99.9 | 600 |1 23626 |1 6000 |1 1368.6 | 13822 119 3.96E-03 1 8.10E-16 | 2.2
V030 | Al-0.1%-Au | Cd Al-27 | Na-24 | Na-24 591 (0.3 99.9 | 600 |1 23626 |1 6000 |1 2754 | 7891 90 2.32E-03 1 7.90E-16 | 2.3
V030 | Al-0.1%-Au | Cd Au-197 | Au-198 | Au-198 |5.91 |0.3 0.1 |600|1 23626 |1 6000 |1 411.8 | 330892 |578 9.48E-03 1 2.04E-10 | 2

V030 | Al-0.1%-Au | Cd Au-197 | Au-198 | Au-198 |5.91 |0.3 0.1 |600|1 23626 |1 6000 |1 675.9 | 1827 45 6.60E-03 1 1.92E-10| 3.2
V035 | Al-0.1%-Au | B Al-27 | Na-24 | Na-24 2.83 (0.7 99.9 | 600 |1 114955 |1 43200 |1 1368.6 | 11084 106 3.96E-03 1 7.63E-16 | 2.3
V035 | Al-0.1%-Au | B Al-27 | Na-24 | Na-24 2.83 (0.7 99.9 | 600 |1 114955 |1 43200 |1 2754 | 6224 80 2.32E-03 1 7.32E-16 | 2.5
V035 | Al-0.1%-Au | B Au-197 | Au-198 | Au-198 |2.83 |0.7 0.1 |600|1 114955 |1 43200 |1 411.8 | 204327 |458 9.48E-03 1 5.07E-11 | 2.1
V035 | Al-0.1%-Au | B Au-197 | Au-198 | Au-198 |2.83 |0.7 0.1 |600|1 114955 |1 43200 |1 675.9 | 1157 40 6.60E-03 1 4.89E-11 | 4.1
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Table E2.7-3.4. *Mn(n,y) °Mn reaction rate measurements

NEA/NSC/DOC(2017)

ID Material | CV | Target Product Decaying | WGT | DWG | WPC | TIR | DTI | TCO DTC |TME |DTM | EGM PKA DPK EPS DEP | COI | SPCACT | UNC
[mg]l [[%] |[%] [[s] |I[s] |[s] [s] |I[s] [s] |[keV] |[counts] | [counts] [%] [%]
V020 | Al-1%-Mn | bare | 25-Mn-55 | 25-Mn-56 | 25-Mn-56 | 10.67 | 0.2 1 3001 |77737 |1 1000 |1 846.8 | 15344 124 5.58E-3 | 2 1 3.69E-11 | 2.2
V020 | Al-1%-Mn | bare | 25-Mn-55 | 25-Mn-56 | 25-Mn-56 | 10.67 | 0.2 1 3001 |77737 |1 1000 |1 1810.7 | 2301 49 3.22E-3 1 3.53E-11 | 2.9
V020 | Al-1%-Mn | bare | 25-Mn-55 | 25-Mn-56 | 25-Mn-56 | 10.67 | 0.2 1 3001 |77737 |1 1000 |1 2113.1 | 1064 33 2.86E-3 | 2 1 3.48E-11 | 3.7
V021 | Al-1%-Mn | Cd | 25-Mn-55 | 25-Mn-56 | 25-Mn-56 | 8.97 | 0.2 1 600 |1 |[76376 |1 10000 |1 846.8 | 9762 101 5.58E-3 | 2 1 1.75E-12 | 2.3
V021 | Al-1%-Mn | Cd | 25-Mn-55 | 25-Mn-56 | 25-Mn-56 | 8.97 | 0.2 1 600 |1 |[76376 |1 10000 |1 1810.7 | 1491 41 3.22E-3 |2 1 1.70E-12 | 3.4
V022 | Al-1%-Mn | B 25-Mn-55 | 25-Mn-56 | 25-Mn-56 [ 8.73 | 0.2 1 600 |1 (84874 |1 15000 | 1 846.8 |3791 66 5.58E-3 | 2 1 1.03E-12 | 2.7
V022 | Al-1%-Mn | B 25-Mn-55 | 25-Mn-56 | 25-Mn-56 [ 8.73 | 0.2 1 600 |1 (84874 |1 15000 |1 1810.7 | 550 28 3.22E-3 |2 1 9.48E-13 | 5.5
V022 | Al-1%-Mn | B 25-Mn-55 | 25-Mn-56 | 25-Mn-56 [ 8.73 | 0.2 1 600 |1 (84874 |1 15000 | 1 2113.1 | 268 23 2.86E-3 | 2 1 9.85E-13 | 8.8
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Table E2.7-3.5.

117Sn(n,1’1’)117msn,

197Au(n,y)l%Au reaction rate measurements

NEA/NSC/DOC(2017)

ID Material CV | Target Product Decaying WGT | DWG | WPC | TIR | DTI | TCO DTC | TME | DTM | EGM | PKA DPK EPS DEP | COI SPCACT | UNC
[mg] [[%] |[%] |I[s] |[s] |I[s] [s] |[s]1 |[s] |I[keV]|I[counts] | [counts] [%] [%]
V041 | Sn (enriched) | bare | 50-Sn-117 | 50-Sn-117m | 50-Sn-117m | 39.08 | 0.05 |[100 |300|1 |174182|1 1000 |1 156 | 2327 76 1.83E-2 |2 1 2.55E-12 | 3.8
V041 | Sn (enriched) | bare | 50-Sn-117 | 50-Sn-117m | 50-Sn-117m | 39.08 | 0.05 |[100 |300|1 |174182|1 1000 |1 158.5(93966 |319 1.83E-2 1 2.45E-12 | 2.1
V042 | Sn (enriched) | Cd | 50-Sn-117 | 50-Sn-117m | 50-Sn-117m | 41.44 | 0.05 |[100 |300|1 |157643|1 6000 | 1 156 | 14808 175 1.83E-2 |2 0.997 |2.54E-12|2.3
V042 | Sn (enriched) | Cd | 50-Sn-117 | 50-Sn-117m | 50-Sn-117m | 41.44 | 0.05 |[100 |300|1 |157643|1 6000 | 1 158.5 | 604783 | 842 1.83E-2 |2 1 2.45E-12 | 2
V043 | Sn (enriched) | B 50-Sn-117 | 50-Sn-117m | 50-Sn-117m | 13.02 | 0.15 | 100 |300|1 |163226|1 6000 | 1 156 | 4452 100 1.82E-2 |2 0.997 |2.45E-12 |3
V043 | Sn (enriched) | B 50-Sn-117 | 50-Sn-117m | 50-Sn-117m | 13.02 | 0.15 | 100 |300|1 |163226|1 6000 | 1 158.5 | 184903 | 467 1.81E-2 |2 0.9994 | 2.42E-12 | 2
V031 | Al-0.1%-Au bare | 79-Au-197 | 79-Au-198 | 79-Au-198 [5.84 |0.3 |0.1 [300|1 |104547 |1 300 |1 411.8 | 14989 123 9.53E-3 |2 1 4.70E-10 | 2.2
V032 | Al-0.1%-Au | Cd | 79-Au-197 | 79-Au-198 | 79-Au-198 |591 |03 (0.1 |[300|1 |103018 |1 600 |1 411.8 | 12729 113 9.53E-3 |2 1 1.96E-10 | 2.2
V036 | Al-0.1%-Au B 79-Au-197 | 79-Au-198 | 79-Au-198 |2.56 [0.8 |0.1 |300(1 |[91505 |1 5500 |1 411.8 | 13628 119 9.53E-3 |2 1 5.16E-11 | 2.3
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Table E2.7-3.6. 58Fe(n,y)nge, 54Fe(n,p)54Mn, 197Au(n,«/)198Au reaction rate measurements

NEA/NSC/DOC(2017)

ID Material cv Target Product Decaying }Ir\::}' EZ;IG }I‘;’F]’C '[I';]R E;-I '{I’;O E;-c '[I'sl\]/IE E;-M ﬁi “\//I] Fclgl\mts] ;)czll(mts] EPS ?’/S]P COIl | SPCACT [L:A"\l]c
V038 | Fe (bare) | 26-Fe-58 | 26-Fe-59 | 26-Fe-59 |220.69|0.01 |[100 |600|1 |612108|1 43200 |1 142.7 | 15528 166 1.78E-2 | 2 1 3.21E-12 | 2.3
V038 | Fe (bare) | 26-Fe-58 | 26-Fe-59 | 26-Fe-59 |220.69|0.01 |[100 |600|1 |612108|1 43200 |1 192.3 [41650 |232 1.61E-2 1 3.17E-12 | 2.1
V038 | Fe (bare) | 26-Fe-58 | 26-Fe-59 | 26-Fe-59 |220.69|0.01 |[100 |600|1 |612108|1 43200 |1 334.8 | 2553 87 1.06E-2 | 2 1 3.19E-12 | 4

V038 | Fe (bare) | 26-Fe-58 | 26-Fe-59 | 26-Fe-59 |220.69|0.01 |[100 |600|1 |612108|1 43200 |1 1099.3 | 251477 | 510 4.51E-3 |2 1 3.52E-12 |2

V038 | Fe (bare) | 26-Fe-58 | 26-Fe-59 | 26-Fe-59 |220.69 |0.01 |[100 |600|1 |612108|1 43200 |1 1291.6 | 170678 | 415 4.02E-3 |2 1 3.51E-12 |2

V038 | Fe (bare) | 26-Fe-54 | 25-Mn-54 | 25-Mn-54 |220.69 | 0.01 |[100 |600|1 |612108|1 43200 |1 834.8 |39439 |220 5.48E-3 | 2 1 7.89E-14 | 2.1
V039 | Fe (Cd) |26-Fe-58 |26-Fe-59 |26-Fe-59 |219.92|0.01 [100 |900|1 |684161|1 73299.1|1 142.7 | 1835 89 1.78E-2 | 2 1 1.52E-13 | 5.2
V039 | Fe (Cd) |26-Fe-58 |26-Fe-59 |26-Fe-59 |219.92|0.01 {100 |900|1 |684161|1 73299.1|1 192.3 | 4565 107 1.61E-2 |2 1 1.39E-13 | 3.1
V039 | Fe (Cd) |26-Fe-58 |26-Fe-59 |26-Fe-59 |219.92|0.01 {100 |900|1 |684161|1 73299.1|1 334.8 | 255 44 1.06E-2 | 2 1 1.28E-13 | 17.4
V039 | Fe (Cd) |26-Fe-58 |26-Fe-59 |26-Fe-59 |219.92|0.01 [100 |900|1 |684161|1 73299.1|1 1099.3 | 28847 173 4.51E-3 |2 1 1.62E-13 | 2.1
V039 | Fe (Cd) |26-Fe-58 |26-Fe-59 |26-Fe-59 |219.92|0.01 [100 |900|1 |684161|1 73299.1|1 1291.6 | 19386 142 4.02E-3 |2 1 1.60E-13 | 2.1
V039 | Fe (Cd) |26-Fe-54 |25-Mn-54 | 25-Mn-54 |219.92|0.01 {100 |900|1 |684161|1 73299.1|1 834.8 | 102492 |326 5.48E-3 | 2 1 8.11E-14 |2

V040 | Fe (B) 26-Fe-58 | 26-Fe-59 |26-Fe-59 |[22.56 |0.1 100 [600(1 |776680|1 220000 |1 142.7 | 699 107 1.78E-2 | 2 1 2.90E-13 [ 15.4
V040 | Fe (B) 26-Fe-58 | 26-Fe-59 |26-Fe-59 |[22.56 |0.1 100 [600(1 |776680 |1 220000 |1 192.3 | 545 73 1.61E-2 |2 1 8.33E-14 | 13.5
V040 | Fe (B) 26-Fe-58 | 26-Fe-59 |26-Fe-59 |[22.56 |0.1 100 [600(1 |776680|1 220000 |1 1099.3 | 3204 63 4.51E-3 |2 1 9.02E-14 | 2.8
V040 | Fe (B) 26-Fe-58 | 26-Fe-59 |26-Fe-59 |[22.56 |0.1 100 [600 (1 |776680|1 220000 |1 1291.6 | 2242 53 4.02E-3 |2 1 9.28E-14 3.1
V040 | Fe (B) 26-Fe-54 | 25-Mn-54 | 25-Mn-54 |22.56 |0.1 100 [600(1 |776680|1 220000 |1 834.8 | 20451 148 5.48E-3 | 2 1 7.91E-14 | 2.1
V033 | Al-0.1%-Au | (bare) | 79-Au-197 | 79-Au-198 | 79-Au-198 | 6.1 03 |01 |600|1 [99017 |1 200 1 411.8 | 19691 142 9.49E-3 | 2 1 4.38E-10 | 2.2
V034 | Al-0.1%-Au | (Cd) | 79-Au-197 | 79-Au-198 | 79-Au-198 | 5.63 04 |01 |900]|1 152451 |1 300 1 411.8 | 15552 126 9.49E-3 | 2 1 1.96E-10 | 2.2
V037 | Al-0.1%-Au | (B) 79-Au-197 | 79-Au-198 | 79-Au-198 | 2.45 08 |01 |600]|1 147126 | 1 3600 1 411.8 | 14222 120 9.49E-3 | 2 1 5.08E-11 | 2.3
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Table E2.7-3.7.

59 60~ . 197 198 .
Co(n,y)”"Co, 'Au(n,y) " Au reaction rate measurements

NEA/NSC/DOC(2017)

ID Material CV | Target Product Decaying | WGT | DWG | WPC | TIR |DTI | TCO DTC | TME DTM | EGM PKA DPK EPS DEP | COIl | SPCACT | UNC
[mg] |[%] [[%] |[s] [[s] |Is] [s] |[s] [s] |[keV]l |[counts]|[counts] [%] [%]
V047 | Co bare | 27-Co-59 |27-Co-60 |27-Co-60 |7.51 (0.3 |0.1 (900 (1 |[2173237|1 151200 |1 1173.2 | 48755 | 227 1.09€-2 | 2 1 1.04E-10| 2.1
V047 | Co bare | 27-Co-59 |27-Co-60 |27-Co-60 |7.51 (0.3 |0.1 (900 (1 |[2173237|1 151200 |1 1332.5(43951 |214 9.87E-3 | 2 1 1.03E-10 | 2.1
V048 | Co Cd |27-Co-59 |27-Co-60 |27-Co-60 |7.6 |03 |[0.1 |1800|1 |2410947 |1 350000 |1 1173.2 (18394 | 153 1.09€-2 | 2 1 |[8.42E-12|2.2
V048 | Co Cd |27-Co-59 |27-Co-60 |27-Co-60 |7.6 |03 |0.1 |1800|1 |2410947 |1 350000 |1 1332.5(16595 |144 9.87E-3 | 2 1 |[8.34E-12|2.2
V049 | Co B 27-Co-59 |27-Co-60 |27-Co-60 |2.55 |0.8 |[0.1 |600 |1 |2767750|1 1311264 |1 1173.2 | 4204 224 1.09€-2 | 2 1 |4.61E-12|5.7
V049 | Co B 27-Co-59 |27-Co-60 |27-Co-60 |2.55 |0.8 |[0.1 |600 |1 |2767750|1 1311264 | 1 1332.5 (3973 208 9.87E-3 | 2 1 |4.78E-12|5.7
V044 | Al-0.1%-Au | bare | 79-Au-197 | 79-Au-198 | 79-Au-198 | 5.83 (0.3 |0.1 (900 |1 |[440744 |1 300 1 411.8 | 40775 | 203 2.40E-2 | 2 1 |4.62E-10|2.1
V045 | Al-0.1%-Au | Cd | 79-Au-197 | 79-Au-198 | 79-Au-198 | 6.03 (0.3 |0.1 (18001 |[438110 |1 300 1 411.8 | 35854 |190 2.40E-2 | 2 1 1.95E-10| 2.1
V046 | Al-0.1%-Au | B 79-Au-197 | 79-Au-198 | 79-Au-198 | 2.89 |0.7 |0.1 |600 |1 |433324 |1 3600 1 411.8 | 17860 |134 2.40E-2 | 2 1 5.01E-11| 2.3
Table E2.7-3.8. **Sc(n,y)*Sc reaction rate measurements
ID Material | CV | Target Product | Decaying | WGT | DWG | WPC [TIR | DTI | TCO DTC | TME DTM | EGM PKA DPK EPS DEP | COI | SPCACT |UNC
[mg] [[%] |[%] [[s] |[s] |Is] [s] |Is] [s] |[keV] |[counts] |[counts] [%] [%]
V050 | Al-2%-Sc | bare | 21-Sc-45 | 21-Sc-46 | 21-Sc-46 | 7.19 | 0.3 2 900 |1 |958860 |1 3600 1 889.3 | 504961 |746 1.34E-2 |2 1 6.92E-11 | 2
V050 | Al-2%-Sc | bare | 21-Sc-45 | 21-Sc-46 | 21-Sc-46 | 7.19 | 0.3 2 900 |1 |958860 |1 3600 1 1120.5 | 426046 | 659 1.12E-2 |2 1 6.98E-11 | 2
V051 | Al-2%-Sc | Cd | 21-Sc-45 | 21-Sc-46 | 21-Sc-46 | 7.28 | 0.3 2 1800 |1 |961996 |1 86400 |1 889.3 [497968 |735 1.34E-2 |2 1 1.41E-12 |2
V051 | Al-2%-Sc | Cd | 21-Sc-45 | 21-Sc-46 | 21-Sc-46 | 7.28 | 0.3 2 1800 |1 |961996 |1 86400 |1 1120.5 | 420540 | 657 1.12E-2 |2 1 1.42E-12 |2
V052 | Al-2%-Sc | B 21-Sc-45 | 21-Sc-46 | 21-Sc-46 | 2.47 | 0.8 2 600 |1 1057386 | 1 172800 | 1 889.3 | 28556 198 1.34E-2 |2 1 3.62E-13 | 2.3
V052 | Al-2%-Sc | B 21-Sc-45 | 21-Sc-46 | 21-Sc-46 | 2.47 | 0.8 2 600 |1 1057386 | 1 172800 | 1 1120.5 | 24083 165 1.12E-2 |2 1 3.65E-13 | 2.3
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Table E2.7-3.9. 232Th(n,y)mTh reaction rate measurements

NEA/NSC/DOC(2017)

ID Material | CV | Target Product Decaying | WGT | DWG | WPC | TIR | DTI | TCO DTC | TME |DTM | EGM | PKA DPK EPS DEP | COI | SPCACT | UNC
[mg] | (%) |[%) |[s] |[s] |[s] [s] |[s] |[s] |[kev]|[counts] | [counts] [%] [%]
V026 | Al-1%-Th | bare | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 10.32 | 0.2 1 900 |1 1290264 | 1 14400 | 1 86.8 | 17043 165 4.03E-02 | 2 1 3.03E-11 | 2.2
V026 | Al-1%-Th | bare | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 10.32 | 0.2 1 900 |1 1290264 | 1 14400 | 1 94.7 |84337 |372 4.34E-02 | 2 1 2.52E-11 (2.1
V026 | Al-1%-Th | bare | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 10.32 | 0.2 1 900 |1 1290264 | 1 14400 | 1 98.4 | 135592 |479 4.45E-02 | 2 1 2.53E-11 (2
V026 | Al-1%-Th | bare | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 10.32 | 0.2 1 900 |1 1290264 | 1 14400 | 1 103.9 | 8142 132 4.65E-02 | 2 1 3.36E-11 | 2.6
V026 | Al-1%-Th | bare | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 10.32 | 0.2 1 900 |1 1290264 | 1 14400 | 1 300.1 | 36770 | 206 3.06E-02 | 2 1 2.58E-11 | 2.1
V026 | Al-1%-Th | bare | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 10.32 | 0.2 1 900 |1 1290264 | 1 14400 | 1 311.9 | 205700 |463 2.96E-02 | 2 1 2.59E-11 (2
V026 | Al-1%-Th | bare | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 10.32 | 0.2 1 900 |1 1290264 | 1 14400 | 1 340.5 | 22489 160 2.76E-02 | 2 1 2.60E-11 | 2.1
V026 | Al-1%-Th | bare | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 10.32 | 0.2 1 900 |1 1290264 | 1 14400 | 1 375.4 | 3172 59 2.57E-02 | 2 1 2.57E-11 | 2.7
V026 | Al-1%-Th | bare | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 10.32 | 0.2 1 900 |1 1290264 | 1 14400 | 1 398.5 | 6235 81 2.45E-02 | 2 1 2.58E-11 | 2.4
V026 | Al-1%-Th | bare | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 10.32 | 0.2 1 900 |1 1290264 | 1 14400 | 1 415.8 | 7659 89 2.37E-02 | 2 1 2.63E-11 2.3
V027 | Al-1%-Th | Cd | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 8.96 | 0.2 1 1800 | 1 1729086 | 1 21600 | 1 86.8 | 13864 |153 4.03E-02 | 2 1 1.08E-11 | 2.3
V027 | Al-1%-Th | Cd | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 8.96 | 0.2 1 1800 | 1 1729086 | 1 21600 | 1 94.7 |69818 |325 4.34E-02 | 2 1 9.13E-12 | 2.1
V027 | Al-1%-Th | Cd | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 8.96 | 0.2 1 1800 | 1 1729086 | 1 21600 | 1 98.4 | 114101 |430 4.45E-02 | 2 1 9.33E-12 |2
V027 | Al-1%-Th | Cd | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 8.96 | 0.2 1 1800 | 1 1729086 | 1 21600 | 1 103.9 | 7187 125 4.65E-02 | 2 1 1.30E-11 | 2.7
V027 | Al-1%-Th | Cd | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 8.96 | 0.2 1 1800 | 1 1729086 | 1 21600 | 1 300.1 | 30573 183 3.06E-02 | 2 1 9.39E-12 | 2.1
V027 | Al-1%-Th | Cd | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 8.96 | 0.2 1 1800 | 1 1729086 | 1 21600 | 1 311.9 | 171024 |430 2.96E-02 | 2 1 9.41E-12 |2
V027 | Al-1%-Th | Cd | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 8.96 | 0.2 1 1800 | 1 1729086 | 1 21600 | 1 340.5 | 18630 | 149 2.76E-02 | 2 1 9.42E-12 | 2.2
V027 | Al-1%-Th | Cd | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 8.96 | 0.2 1 1800 | 1 1729086 | 1 21600 | 1 375.4 | 2587 55 2.57E-02 | 2 1 9.18E-12 | 2.9
V027 | Al-1%-Th | Cd | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 8.96 | 0.2 1 1800 | 1 1729086 | 1 21600 | 1 398.5 | 5194 75 2.45E-02 | 2 1 9.43E-12 | 2.5
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Table E2.7-3.9 (cont'd). 232Th(n,y)mTh reaction rate measurements

NEA/NSC/DOC(2017)

ID Material | CV | Target Product Decaying | WGT | DWG | WPC | TIR | DTI | TCO DTC | TME DTM | EGM | PKA DPK EPS DEP | COI | SPCACT | UNC
[mg] [[%] |[%] |[[s] |I[s] |I[s] [s] |I[s] [s] |[keV] | [counts] | [counts] [%] [%]
V027 | Al-1%-Th | Cd | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 8.96 | 0.2 1 1800 | 1 1729086 | 1 21600 |1 415.8 | 6255 81 2.37E-02 |2 1 9.41E-12 | 2.4
V028 | Al-1%-Th | B | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 8.12 | 0.2 1 600 |1 1754450 | 1 136800 | 1 86.8 | 17309 175 4.03E-02 |2 1 7.21E-12 | 2.3
V028 | Al-1%-Th | B | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 8.12 | 0.2 1 600 |1 1754450 | 1 136800 | 1 98.4 | 135914 |434 4.45E-02 |2 1 5.95E-12 | 2
V028 | Al-1%-Th | B | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 8.12 | 0.2 1 600 |1 1754450 | 1 136800 | 1 103.9 | 8145 141 4.65E-02 |2 1 7.88E-12 | 2.7
V028 | Al-1%-Th | B | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 8.12 | 0.2 1 600 |1 1754450 | 1 136800 | 1 300.1 | 36693 210 3.06E-02 | 2 1 6.04E-12 | 2.1
V028 | Al-1%-Th | B | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 8.12 | 0.2 1 600 |1 1754450 | 1 136800 | 1 311.9 | 205099 | 490 2.96E-02 | 2 1 6.05E-12 | 2
V028 | Al-1%-Th | B | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 8.12 | 0.2 1 600 |1 1754450 | 1 136800 | 1 340.5 | 22129 156 2.76E-02 | 2 1 5.99E-12 | 2.1
V028 | Al-1%-Th | B | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 8.12 | 0.2 1 600 |1 1754450 | 1 136800 | 1 375.4 | 3197 70 2.57E-02 |2 1 6.08E-12 | 3
V028 | Al-1%-Th | B | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 8.12 | 0.2 1 600 |1 1754450 | 1 136800 | 1 398.5 | 6415 89 2.45E-02 | 2 1 6.24E-12 | 2.4
V028 | Al-1%-Th | B | 90-Th-232 | 90-Th-233 | 91-Pa-233 | 8.12 | 0.2 1 600 |1 1754450 | 1 136800 | 1 415.8 | 7624 95 2.37E-02 |2 1 6.14E-12 | 2.4
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The general expression for the specific saturation activity A, for type 1 decay is:

4 N, 1
® "ty SDC Nyre, PyFeol

where N, is the measured peak area (equivalent to “PKA” in the datasets), t,, is the measurement time
(“TME”), S, D and C are, respectively, the saturation, decay and cooling factors defined as follows:

S=1-—e Mir
D=1- e_ltcool

1— e~ Hm

C
At

)

where t;;, is the irradiation time (“TIR”), t.,; is the decay time (“TCO”), and N,;is the number of
target atoms in the sample, given by:

N, —mN C]
at = 3y AW Y,

Where m is the sample mass (“WGT”), M is the molar mass of the target atom, N4 is Avogadro’s
number, w is the mass fraction of the target atoms constituting the sample (“WPC”) and © is the
isotopic abundance of the target atoms; €, is the detection efficiency (“EPS”), Fj is the gamma
emission intensity, or intensity and Fp; is the coincidence correction factor for the measured gamma
ray and the measurement geometry.

The uncertainties in the calculated activities were computed from the uncertainties in all the input
quantities stated above, i.e. in the sample mass (“DWG”), the irradiation, cooling and measurement
times (“DTL” “DTC” and “DTE”), in the measured peak areas (“DPK”) and detection efficiency
(“DEP”). The expression used to compute the uncertainties follows from the standard uncertainty
propagation expression, assuming uncorrelated variables:

2 2 2 2
P} = ()" (D) () | (22) oz, + (Z2) o2, 4 (22 o2
(o) =)+ (32) + (" + 2| Ge2) ot + (52 ot + (522) a2,

The last three terms in brackets including the partial derivatives of A, with respect to the irradiation,
decay and measurement times were approximated by computing the quantities A4, i.e. the
differences in A, obtained by perturbing the irradiation, decay and count times by their uncertainties.
As the relative uncertainties in the times are very small, so are their contributions to the uncertainties
in the measured specific saturation activities.
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2.8 Power Distribution Measurements

Guidance for the determination of uncertainties for Power Distribution Measurements has not yet been
formalized; however, such guidance is expected to be essentially the same as that for Reaction-Rate
Distribution Measurements.

Radial and axial power distributions are generally performed using integral or peak check
spectrometry.

2.9 Isotopic Measurements

Guidance for the determination of uncertainties for Isotopic Measurements has not yet been
formalized.

2.10 Other Miscellaneous Types of Measurements

Guidance for the determination of uncertainties for other Miscellaneous Types of Measurements has
not yet been formalized.
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APPENDIX A: DETERMINATION OF AN EXPERIMENTAL ERROR MATRIX

(Extracted directly from Sections 4.2 and 4.3 of Methods and Issues for the Combined
Use of Integral Experiments and Covariance Data, A report by the Working Party on
International Nuclear Data Evaluation Co-operation of the NEA Nuclear Science
Committee, NEA/NSC/WPEC/DOC(2013)445)

4.2. Experimental error matrix

Experimental uncertainties of an integral parameter are usually given by the experimenters in
the form of components. However, correlations between integral parameters are scarcely found in
the experiment reports; therefore, we have to estimate them from the experimental information
available. The method adopts the following three steps.

(Stage 1) Classification of Error Components to either Common or Independent

First, all-related components of the experimental errors for “Data A” and “Data B” with
quantitative values reported are listed, and each individual component identified either as a
“Common error (i.e. the correlation factor is 1.0) between Data A and B,” or an “Independent error
(i.e. the correlation factor is 0.0)”'*. If an error component is judged as a mixture of common and
independent errors, that is, the correlation factor is not considered as either 1.0 or 0.0, then the
error component must be divided into more detailed subcomponents until the error component
becomes either a common or independent error. This classification requirement is difficult for the
experimenters who evaluate the error components in their report, but today this kind of rigor is
essential to retain full value of these experimental quantities. Recent experimental databases like
the OECD/NEA ICSBEP and IRPhEP handbooks [47] [48] now include such detailed
experimental error evaluation by the continuous efforts of the authors and reviewers.

(Stage 2) Summation of Common and Independent Errors

Next, the common and independent errors, respectively, are summed-up statistically to obtain
standard deviation, 0, , the diagonal term of the matrix. The statistical treatment is justified by
the assumption that all error components have already been divided until there are no correlations
between any error items in the measurement of an integral parameter. The total errors of Data A

and B, that is, the diagonal term of error matrix, Ve, are the summation of common and
independent errors as below:

2 2
Standard deviation of Data A: Or,14 4 = \/GCommon,A + O Independent, 4 (4.5)
L . 2 2
Standard deviation of Data B: O 111 8 = A O Common. B + GIndependent,B (4.6)

where o, Summing up of all Common error components,

'* The words “Common” and “Independent” adopted here are usually referred as “Systematic” and
“Statistical,” respectively, in many experimental reporting literatures. However, the use of the former
labels more clearly expresses the intention of this classification to evaluate their correlation factor for
a specific pair of data in a large matrix than the latter labels.
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O hndependens - SUMMING Up of all Independent error components.

(Stage 3) Evaluation of correlation factor

Finally, the correlation factor, non-diagonal term, of Data A and B is derived as the ratio of
common errors to the total errors as Equation (4.7). Steps 1 to 3 must be repeated for all matrix
elements to generate a full experimental error matrix as the input of adjustment exercise. It should
be noted that the correlation factors between several sodium void reactivity measurements would
be changed depending on the combination of void steps, even in the same experimental core.

ZGCommon,A,[ X O-Common,B,i
Correlation Factor of Data A and DataB: p , , = — 4.7
O-Total,A x O-Total,B

where, the suffix i represents common error components between Data A and Data B.
4.3. Examples to evaluate experimental error matrix

Typical examples to estimate the experimental error matrix are shown for the sodium void
reactivity (SVR) measurement and the reaction rate ratio (RRR) measurement in the ZPPR-9 core.

4.3.1. Sodium void reactivity measurement

Figure 17 summarises the evaluation procedure for the SVR measurement in the ZPPR-9 core.
Table 3 shows the measured void step in the ZPPR-9 experiment [49]. Treatment of the error
values and their correlation between Step 3 and Step 5 of the SVR measurement in ZPPR-9 is
provided as an example. Step 3 is a central void case in the core where neutron non-leakage term is
dominant for the reactivity change by sodium voiding, on the other hand, Step 5 is an axially
whole-core void case where the non-leakage term of the reactivity is largely cancelled by the
leakage term. The net reactivity of both steps is almost the same with the value around +30 cents,
though the mass of the removed sodium to simulate sodium voiding is quite different by more than
factor 2, that is, 31 kg for Step 3 and 78 kg for Step 5, respectively. The left part of Figure 17 is
the result of the experimental error evaluation [49] following the IRPhEP evaluation guidance [50],
where the error sources are classified into the three categories, (1) measurement technique, (2)
geometry, and (3) composition.

(Stage 1) The detailed explanation of the error evaluation for the SVR measurement can be found
in “Section 2.4: Evaluation of Reactivity Data” of [49]. First, the quality of the error analysis is
assessed and the experimental error components are categorised in order to fulfil the requirement of the
necessary error matrix evaluation, that is, the correlation factor of each error component between the
two measurements must be 1.0 or 0.0.
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Table 3: Results of zone sodium-voiding measurements in ZPPR-9 [41]

Step Total Zone Zone Total Na Reactivity Change® cent Reactivity
No. Size Drawers | Depthmm | Mass? kg Adjustmentc
Cumulative +om (ot) Step +am (av) cent

1 9 203.2 2.90 3.03+0.05 (0.10) 3.03+0.05 (0.10) -0.04

2 37 203.2 11.94 11.56+0.04 (0.19) 8.53+0.06 (0.17) -1.36

3 97 203.2 31.30 29.39+0.02 (0.36) 17.83+0.04 (0.32) 1.22

4 97 406.4 62.60 37.26+0.01 (0.43) 7.87+0.02 (0.10) 0.84

5 97 508.0 77.88 31.68+0.02 (0.36) -5.58+0.04 (0.15) 0.13

6 97 685.8 105.11 24.44+0.03 (0.29) -7.24%0.04 (0.15) -0.82

Outer core zones
1 25 (x axis) 203.2 8.07 0.93+0.06 (0.12)
2 25 (y axis) 203.2 8.07 0.20+0.06 (0.12)

a: A random uncertainty of 1% is assigned to any mass or mass difference.

b: Counting statistics only are included in o,. The value of o, includes uncertainties in the reactivity adjustment and a
1.1% uncertainty in the detector calibration.

c: This uncertainty adjustment accounts for differences in experimental conditions between the reference and the
particular step. When comparing the reactivity between steps, an uncertainty is assigned based on the magnitude of
the adjustment.
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Figure 17: Summary of uncertainties in the zone sodium void measurement in ZPPR-9

Common error

Independent error

1.0 % for Step3 and Step5

0.00 % for both step

Step3:0.72 %, Step5: 0.67 %

0.16 % for both step

0.2 % for Step3 and Step5

0.2 % for both step

0.0 % for both step

0.5 % for both step
Step3:0.10 %, Step5: 0.09 %

0.9 % for both step

1.0 % for both step

Uncertainty
Source of Uncertainty % of measured
cents L
reactivity*
Rod Cou'ml.ng £(0.2)**
drop statistics
method | Aiand Bi/ B 1.0
R:-
MSM - 0.2
R2-&1
method
Measurement P licibl
technique B neghigible
Serr.
= 0.5
Sefr 1
Interface gap +0.03
Adjustment Temperature +0.27
Pu decay +0.0015
Interface gap (included
Geometry in adjustment of -
measurement technique)
Pu mass
U mass
Assumed Stainless steel weight
. - Depend on
deviation of Sodium mass :
material 0 measured void
mass mass zones
Composition - C mass
Pu isotope ratio
U isotope ratio
Removed sodium mass +1.0
Difference of stainless steel weight
between the sodium-filled plates and the +0.16
empty plates

(Sub total - Common)
Step3:1.24 %, Step5: 1.21 %

(Sub total - Independent)
Step3:1.46 %, Step5: 1.46 %

*: Every value in this column depends on the individual measurement case and is a relative

uncertainty.
**: Generalised uncertainty.

(Total error)
Step3:1.92 %, Step5: 1.90 %

p (between Step3 and Step5) =

Z O-Common (Step3’ l) X O-Common (Steps, l)

O-Total (St€p3) X O-Total (Steps)

=0.41

The following are brief comments for the important error components in Figure 17 and Table 3. A;
and Bi/P: To obtain the cent-unit reactivity by solving the inverse kinetics equation from the flux
change measured, the family-wise decay constant (A; ) values of the delayed neutron precursors
and the family-wise delayed neutron fraction ratio (Bi/p ) were needed as the input data'. This
error component greatly contributes to the total error with the common characteristics between
two measurements, since ANL experimenters used the same A; and Bi/p values throughout the

measurement.

Temperature adjustment: The correction of temperature difference was needed between two
measurements. According to the ANL document, the temperature difference is usually 2 degree-C
at maximum, and the uncertainty of the temperature coefficient would be 10%. The resulted error

! Note this is not concerned with the conversion factor (B.) of the reactivity from cent-unit to delta k, which
is needed to compare the reactivity value of an experiment with that of calculation.
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values are quite large with the independent characteristics, since the temperature change between
two measurements could be considered as random.

Material mass-induced error: The assumed mass uncertainties were derived from some ANL
documents, that is, 0.079% for plutonium, 0.15% for uranium, etc. The mass uncertainties were
converted to the reactivity-unit errors using the sensitivity coefficients of each element to each
void step, therefore, the error values were slightly changed in Steps 3 and 5. This mass-induced
error can be considered as a common component, since the shape of sensitivity coefficients for
two measurements are quite similar.

(Stage 2) Summation of the results of the error values for Steps 3 and 5 is shown in Figure 17.
The total error for Step 3 is 1.92%, and for Step 5, 1.90%. The contributions of common and
independent errors are quite comparable.

(Stage 3) Finally, the correlation factor between Steps 3 and 5 is shown at the bottom of
Figure 17. The value is 0.41, which might be physically plausible from the quantitative evaluation
of the common and independent error components.

4.3.2. Reaction rate ratio measurement

Figure 18 and Tables 4-7 show the error matrix evaluation process for the RRR measurement
in the ZPPR-9 core. Here, the foil activation method for the RRR measurement adopted in the
ZPPR facility is provided as an example. Thin metallic activation foils were used to measure
reaction rates in ZPPR-9 as illustrated in Figure 18. Uranium and plutonium metal foils were
placed between plates in various drawers in the assembly, irradiated and then removed from the
drawers. Capture and fission rates in the irradiated foils were determined by counting gamma rays
emitted by capture or fission products.

(Stage 1) The error evaluation for the RRR measurement in ZPPR-9 is described in detail in
“Section 2.7: Evaluation of Reaction Rate Distributions” [49]. Tables 4-7 show the result of the
experimental error evaluation.

Error caused by mapping foil activity measurement: This error component consists of (1) the
counting statistics, (2) the positioning of a sample above a gamma-ray counter, (3) the foil mass
and (4) the discrete channel boundary in peak integration, whose characteristics are all statistical.
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Figure 18: Example of reaction rate ratio measurement in ZPPR-9
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Table 4: Uncertainties assigned to the detector calibration

Typical uncertainty (% of measured reaction rate)

Reaction Rate Reaction Rate Ratio
235 238 3%
239 235 238, 238 U(n, )/ U (n, )/ U, y)/
P U U U(n,
u(n, ) (n, D (n, ) (n,7) pun, f) | 2°Pu(n, H | Z°Pu(n, )
1.5 1.3 1.9 1.0 1.0 1.8 1.2

Drawer bottom

Table S: Combined uncertainties of mapping foil data

Typical uncertainty (% of measured reaction rate)
9Py fission 234 fission 234 fission U capture
Radial Radial Radial Radial
Core | planket | | blanket | ™ | blanket| <™ | blanket
Measurement 1.3+ L1* L7* L0*
technique
Geometry | negligible - negligible 1.0 | negligible | 0.1 negligible | 0.9
Composition 0.18 -—- 0.17 0.08 0.22 0.27 0.18 0.06
Total 1.3 1.3 1.1 1.5 1.7 1.7 1.0 1.3

Table 6: Combined uncertainties of reaction rate ratio (in core region)

Typical uncertainty (% of measured reaction rate
ratio)
( F25/F49) F28/F49 C28/F49
F25N[T49 [F28 [F49 [C28 [F49
o N s 17 s o s
Measurement | Mapping foil
. Sub-total 1.7 2.1 1.6
technique —
Detector calibration 43 1.0+ 1.8* 1.2%
Geometry negligible negligible negligible
Composition 0.06 0.22 0.05
Total C20 D 2.8 2.0
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In ZPPR-9, the reaction rates were measured in the same run and at the same foil place.
Common errors of two reaction rate ratios (e.g. F49/F25 and C28/F25) come from the error of the
common reaction rate (F25), as shown in the following table and equation.

Table 7: Final values for uncertainties and correlations of reaction rate ratio

Total Error 2.7% @

F28/F25 1.0

Correlation F49/F25 0.2
factor

3 1.0
0.23 1.0

1.1%x%x1.1% _
O et A9/ F25)x o), (C28/ F25)

P (between FA49/ F25 and C28/F25) = 0.32

Error caused by detector calibration: The absolute calibration of each reaction is necessary to
measure the RRR value, which was made by gamma-ray counting of **Pu, ***U and ***U foils and
deposits in back-to-back fission chambers. Note that the error induced by the detector calibration
has the systematic characteristics to determine the absolute value of a kind of RRR, such as by
averaging the F49/F25 values in the whole core, however, it has a statistical characteristic when
the correlation between two kinds of RRRs, such as between F49/F25 and C28/F25, is considered.

Composition-induced error: Since the error caused by the foil composition is included in the
mapping foil error, the composition row in Table 5 is related to the chemical analysis error of the
core fuel and other core materials, and possesses the common characteristics between two RRRs.
The composition error to the reactivity was converted with the sensitivity coefficients like the
SVR case, but the magnitude was found to be negligible, compared with other common error
mentioned below.

(Stage 2) In the ZPPR experiment, the activation foils of **Pu, *’U and ***U were irradiated

in the same run, and at the same foil folders in a drawer. This means that the common error of two
RRRs such as F49/F25 and C28/F25 must include the contribution from the common denominator,
F25 in this case. The results of the error values for F49/F25 and C28/F25 are shown in Table 7.
The total error for F49/F25 is 2.0%, and for C28/F25, is 1.9%.

(Stage 3) The correlation factors between F49/F25 and C28/F25 become 0.32 as shown in the
last row of Table 7.
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APPENDIX B: CALIBRATION OF MINIATURE FISSION CHAMBERS

Calibration of Miniature Fission Chambers

Calibration of miniature fission chambers is a complex but crucial element of uncertainty
management in experimental techniques. As fission chambers are mainly used in pulse mode (count
rates) in reactor physics applications (i.e. low power research reactors), we will only deal with this
type of calibration. In pulse mode, each individual pulse carries information regarding the charge
generated by the fission product within the fission ionization chamber. Signals can be processed as a
pulse height distribution, called Pulse Height Analysis (PHA) spectrum 2.7-11. Its shape is entirely
dependent on the detector characteristics like geometry and gas, and not at all on the electronics. It
provides excellent signal-to-noise ratio by allowing discrimination of low amplitude pulses arising
from gamma and electron interactions.

Calibration consists in establishing the relation between the measured indication and the physical
quantity. Whatever mode is selected, this relation is linear for FC detectors used in saturation regime
2.7-12. Therefore in pulse mode it can be expressed as a calibration factor representing the FC
efficiency for a given discrimination threshold applied on the PHA spectrum. This factor has the
dimension of a mass (g), so it is conventionally called effective mass, an is noted m, It is an arbitrary
representation depending only on the discrimination threshold. It takes into account not only fissile
mass but also a number of other parameters such as detector geometry; it does not tend to the real
mass of the FC deposit. The only hypothesis it requires is the stability of the PHA spectrum for
reproducibility of the discrimination, whatever spectrum the FC is used in. For a fission chamber with
a pure isotopic fissile deposit, it is written as:

__ C(tresh)
Mefr = 73

m (1

where:
e C(tresh) is the FC count rate (s") at a given threshold,

e R, stands for the fission rate per mass unit (s".g™).

Thus, (1) shows that accuracy of the calibration directly depends on the characterization of the
irradiation facility at which it is performed, in terms of neutron spectrum and flux level. This is the
first and main constraint which determines the choice of the irradiation facility.

Various facilities, such as the BR1 reactor at SCK-CEN, Belgium 2.7-13 or the (now closed)
CALIBAN reactor in CEA Valduc Research Center 2.7-14, offer “reference” neutron fieclds, both in
fast and purely thermal spectra. In BR1, the purely thermal spectrum is obtained into a 1m-large
spherical cavity situated into the upper part of the large BR1 graphite reflector (Fig.1). Both reactors
are benchmarked in the ICSBEP database 2.7-15.
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Fig.1 Schematic view of the irradiations channels and thermal column into the BR1 reactor and
schematic view of the 1-m diameter BR1 spherical cavity with the MARK-3 device inserted (from
2.7-13)

Fast spectra are obtained using a conversion device called MARK-3 that allows the conversion of
thermal neutrons into purely fast fission neutrons. It is made of a *°U sheet surrounded by Cd-filter in
order to minimize as much as possible the thermal part of the spectrum at the calibration location. The
device is reproduced on Fig.1 right.

1. Details of the Calibration Method

Eq. (1) shows that calibrating a FC in pulse mode only requires one measurement at an irradiation
facility where the neutron spectrum is characterized. All the quantities in play for determining this
rate—and thereby the effective mass of a FC—are detailed from this equation in the following
paragraphs. From this analysis we will then describe the uncertainties which impact the calibration
accuracy and how we worked toward reducing them. First, the fission rate depends on the average
total neutron flux and the equivalent fission cross section at the measurement location:

N —
Ry, = M_zo-eq (2)

where:

Ny is the Avogadro number,

M, is the atomic mass of the main isotope present in the fissile deposit (g.mol™),
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@ is the total neutron flux at the measurement location averaged on the FC irradiation (s'l),
Ogq 1s the microscopic fission cross section integrated over the neutron spectrum at the measurement
location, and taking into account the contributions of all isotopes the fissile material contains (barn):

I N; —

Opg = 2i—-0 (3)
eq i Np l

where:

i stands for the different isotopes in the deposit,

N—‘ is the atomic ratio of each isotope i compared to the main one p.
P
FC irradiations are monitored and the neutron flux @ is determined via the facility calibration factor K.

It is established through dosimetry measurements:

P _ 1 Mgosi Rdosi
Q) =K. Cmon,FC - c N — ,-Cmon,FC (4)
mon,dosi A Odosi

where:

Cimon,irr Stands for the facility monitor count rate during an irradiation (#'C or dosimetry, s,
M_,s; is the atomic mass of the considered reaction isotope within the dosimeter (g.mol™),

Rgosi is the measured reaction rate of the dosimeter per mass unit (s™.g™),

0 40si 18 the integrated cross section of the considered reaction at the measurement location (barn).

From (2), (3) and (4), (1) can be rewritten as:

C(tresh)
Mesy = Na (%)

Ni _
K-Cmon,FCXM_pZiN_pUl

2. Sources of Uncertainty

From (5), it is clear that determining the effective mass m,; of a FC requires a precise knowledge of
the neutron flux or spectrum (i.e. irradiation location) in which it is measured. The result is an
intrinsic characteristics of the detector: the quantity is then usable whatever irradiation facility the
FC is employed at.
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Fig. 4. PHA spectrum of the FC #2250 (235-U fissile deposit) and discrimination thresholds with
respect to the reference channel.

2.1. Detectors Count Rates

Statistical uncertainty of detector count rates varies as the square root of the total count numbers, as
count rate is considered as being Poisonian. So, u(C) = V/C, or u?(C) = C.

Reactor power was optimized for maximizing count rates while limiting dead time to less than a few
percent. At the observed rates,—from 5 to 5,000 counts/s—pile-up is negligible. Durations of irradiation
for each individual FC were adapted depending on the nature and mass of the FC deposit, so as to
acquire at least 100,000 cumulated counts. Although some FCs with large fissile quantities would not
have required long irradiations it-selves, reduction of irradiation duration was limited by monitor
count rates.

The discrimination method enables excellent measurement reproducibility with negligible uncertainty
[6]. As presented in Fig. 4, discrimination thresholds are determined on the PHA spectrum with
respect to a reference channel, which corresponds to the half maximum of the fission product peak.
The second uncertainty on the detector count rates arises from positioning precision, i.e.
reproducibility. For this reason, dedicated positioning devices were designed for CEA FC irradiations
at both the BR1 and CALIBAN facilities. While the device conceived for Valduc irradiations only
allowed static and reproducible positioning, the important flux gradient of the MARK3 device at BR1
required designing a specific system for accurate axial measurements and estimating associated
uncertainties.

The axial measurements results for the mm FC are shown in Fig. 5. Standard deviation was estimated
to be about 0.5 mm; in this case it corresponds to a 0.2% additional count rate uncertainty. Although
the new device solved the axial positioning issue, the results are still suffering from the significant
radial uncertainty. It was estimated between 0.5 and 1% depending on the FC type.

Another issue is the size of the FC: the total neutron flux of the facility is characterized at the exact
irradiation location while the neutron detector is of finite dimension, averaging flux over a specific
volume. In most cases since FCs are miniature, such an effect does not need to be addressed. However
in the case of FC irradiations in the MARK3 device, the flux gradient is too significant and has to be
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taken into account. Therefore a parametric study was undertaken based on the axial measurements
described above. The deviation between accessible and real maximum was estimated for various flux
gradient shapes and FWHM in order to evaluate a form factor correction and its related uncertainty.
The case of a Gaussian shaped gradient is presented in Fig. 6.

Norm. count rate
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Fig. 5. Measurement of the axial gradient inside the BR1 MARK3 device for determination of the
irradiation position during calibration and the associated uncertainties on FC count rates.
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Fig. 6. Convolution of a parametric MARK3 flux gradient (95-mm FWHM Gaussian function) and a
simplified @ - FC representation (deposit is 20-mm wide) for calculation of the axial form factor
correction, i.e. deviation between maxima.

2.2. Isotopic Composition of the FC Fissile Deposit

Save for a few exceptions, fissile materials cannot be purely isotopic. Impurities in the deposit
contribute to the FC total fission rate depending on the neutron spectrum: impurities contribution goes
from negligible (e.g. impurity in a deposit set in a fission spectrum) to major (e.g. same deposit in a
thermal spectrum). Therefore uncertainties on their presence influence the final uncertainty of the FC
effective mass proportionally: calibration facility has to be selected carefully for limiting their impact.
It led to the choice of facilities providing a fission spectrum in which in a deposit has no impact.

150



NEA/NSC/DOC(2017)

2.3. Neutron Spectrum and Cross Sections

All spectra and average cross sections used for the present work were calculated using Monte Carlo
codes such as MCNP [7] (BR1) or TRIPOLI [8] (CALIBAN). The results therefore depend on the
used databases (JEFF 3.1.2, JEFF 3.1.1 [9], IRDF02, IRDFF [10]) and the evaluations of the
associated uncertainties are complex. Because of their designs, both facilities have a spectrum close to
a pure fission spectrum: differences come mainly from geometrical effects. Table I presents the
spectra of both facilities by dividing them in three energy groups, compared to a standard Watt fission
spectrum.

TABLE I - COMPARISON OF SPECTRA DISTRIBUTION

Thermal range Intermediate  Fission en. range

Spectrum (<0.025¢V)  energyrange  (>0.907 MeV)
CALIBAN 0% 56 % 44 %
MARK3 0% 31 % 69 %
Watt spectrum 0% 27 % 73 %

In addition, the cross sections were calculated for empty irradiation locations: results do not take into
account the effect of the materials introduced within the irradiation location for FC measurements.
Therefore a sensitivity study was carried out in order to determine the effective fission rate in the FC
deposit when all the detection devices are inserted: FC, connector and rod. The MCNP modelling of
the @ mm cylindrical FC is presented in Fig. 7. It became apparent that in the case of a fission
spectrum, the material impact increases with the fission threshold of the isotope. In the case of a @
mm FC (Table II), there is no impact on 235-U and 239-Pu fission rates, approximately 0.5% for
fertile isotopes with threshold around 1 MeV (240,242-Pu,237-Np) and more than 1% for 238-U.
Although the material impact is low, it constitutes a bias which must be taken into account.

The calculations results were applied as correction factors in the form of ratios between empty and
filled irradiation location.

TABLE II - IMPACT OF FC DET. MATERIAL ON CROSS SECTIONS IN A FISSION SPECTRUM

FC type 2355 2385 BINp 239p, 240p,, 242p,
04 0.0 % -12%  -05%  -01% -05% -05%
08 0.1 % -1.1%  -04% -01% -04% -04%

Therefore the associated uncertainties are considered independent from other contributions, only
codes standard deviation uncertainty was taken into account (around 0.2%).

2.4. Facility Calibration Factor

As mentioned above and written out in (4), the determination of the calibration factor is based on
simultaneous dosimetry and monitor irradiations. The monitor uncertainty is mainly statistical,
whereas the flux determination via dosimetry measurements depends on both dosimeter activity
measurements and average cross section evaluations as described above. Factor uncertainty sums up
the contributions of all the independent parameters. Following the BR1 spectrum and average cross
sections characterization, a new evaluation of this calibration factor was done at SCK-CEN. It
comprised numerous dosimeters of various materials and energy responses for reducing uncertainties,
such as indium, nickel and gold. The calibration factor of the CALIBAN central cavity was
established using indium dosimetry during a dedicated irradiation.
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2.5. Additional discussion about Uncertainty Sources

The uncertainty sources are not of equal significance, as shown in Table III. Once uncertainties have
been reduced by proper experimental setup and realization, the main uncertainty comes from the
calibration factor K of the irradiation location: it combines uncertainties on dosimetry measurements,
cross sections and monitor count rate. The uncertainty on integrated cross sections remains dependent
on nuclear databases, even when reduced via facility characterization. However, the uncertainty on
equivalent cross section is largely reduced by calibrating FCs in a fission spectrum: fissile impurities
in a fertile deposit contribute much less to the signal in a fission neutron spectrum. The final
uncertainty on both calibrated FCs and monitor count rates is of course greatly reduced by sufficient
irradiation duration and flux, and also by accurate positioning.

TABLE III - RESULTS AND COMPARISON OF UNCERTAINTY SOURCES

Main a AC(0.4Ra ) - = Total
4R AK
FC# isotope ey (0 ) Cl0.4R* /K Ao, /O.e" unc.

2135 U 238  2559pg 04% 20% 06%  23%
2188 U 235 1985pg  05% 20% 04%  23%
2237 Pu239  2023ug  1L1%  20% 06%  23%
2250 U 235  450lpg  L1%  20% 04%  23%
2251 U235  2613pg  10%  20% 04%  23%
2266 U 238 9148ug  10%  20% 06%  23%
2268 U 235  9409ug 11%  20% 04%  23%
2269 Pu239 8378ug  L1%  20% 06%  23%
2270 Pu240  1700pg  11%  20% 10%  25%
2271 Pu242  9835ug  1L1%  20% 1.1%  235%
2272 U235 6211pg  06%  20% 04%  2.1%
2273 U 238  1043pg  05%  20% 06%  2.1%
2274 Np237  3207ug  05%  20% 17%  27%

0.4R is the discrimination threshold, determined from a reference channel R of the PHA spectrum.

3. Calibration results

Some of the FCs were previously calibrated during a measurement campaign in 2010 at the BR1
facility.

Table IV provides a comparison between the BR1 2012 and 2010 (revised) results. FC #2188
effective masses are consistent throughout calibrations, while discrepancies are observed for the FCs
#2135 and #2237. In all cases, the discrepancies directly reflect the revision of the average cross
sections within the MARK3 device.

TABLE IV - COMPARISON OF 2012 AND 2010 BR1 CALIBRATION CAMPAIGNS
Main BRI2012  BRI2010  m, Diffi o

isotope M, (0.4Ra ) My (0.4Ra ) diff. unc. diff.

2135 U 238 2559 ng 227.6 pg 11.0% 34% 104%

2188 U 235  19.85 ug 1942 g 22% 30% 32%
2237 Pu239 2023 pug 1910 g 56% 3.1% 57%

0.4R is the discrimination threshold, determined from a reference channel R of the PHA spectrum.

FC#
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In addition to the measurements conducted at the BR1 facility, supplementary calibrations were
performed for two FCs with fertile (238-U) and fissile (235-U ) deposits at the CALIBAN facility.
The aim was to compare the results with those obtained at the BR1 facility and to consequently
validate  the  calibration = method. @ The  results are provided in  Table V.

TABLE V - COMPARISON OF CALIBRATION RESULTS IN BOTH FACILITIES
i BRI CALIBAN

. Main a Unc. a
isotope M, (0,4R ) m g (0.4R )

2135 U238 2559ug 23% 2628 pnug 30%  2.72%
2188 U235 1985ug  23% 2002 pg 27% 0.87 %

0.4R is the discrimination threshold, determined from a reference channel R of the PHA spectrum.

Unc. Diff.

Although spectra in the BR1 MARK3 device and in the CALIBAN cavity are different, the results are
indeed consistent within the uncertainties. It confirms the effectiveness of the method and the related
assumptions which were made.

Another result of the calibration campaign was the constitution of a bench of various FCs the effective
masses of which were determined at the same place, i.e. same K. One significant application of
calibrated FCs in experimental reactor is the measurement of spectral indices [6]. It is the ratio of two
integrated cross sections in a local neutron distribution of interest. It is determined by comparing
count rates of two calibrated FCs of different and selected isotopes. The spectral index « fission
isotope a » on « fission isotope » » using mass calibrated fission chambers is the followings:

On AqC O:N;:
§="Ja_ Reffrfaca Diz{a;r) Ziti (6)

or MeffaArCr orNg

where:

Mgy is the effective mass (in g) ;

A is the molar mass (in g.mol'l) ;

C is the normalized count rate (ratio of measured count rate in the facility to the count rate in the
monitor spectrum)

N is the atom number density ;

& is the (spectrum averaged) microscopic cross section (in cm?).

The index a refers to the measured isotope, whereas the index r refers to the reference isotopes (in the
present case ~>°U).

When the uncertainty on the calibration factor is known and distinct from other contributions, as it is
the case here, it can be put aside in the uncertainty budget. In the case of the calibration campaign
detailed in the present document, the total uncertainty of spectral indices is then reduced by a factor of
three.

Applying it to the previous equation gives, in the case of a F8/F5 (***U/*°U) spectrum index:

F8 0238_meff,235A238C238/Cmon,238 0234N234  Nass

F5 0335 meff,238A235CZBS/Cmon,ZBS 0235N335  Nazg

Where Cpopn; 1s the monitor fission chamber count rate during the measurement of the fission
chamber loaded with isotope i.
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Theoretically, the F8/F5 is also sensitive to the F4/F5 index P*U/P0), as P*U is naturally present in
uranium ores. Practically, one neglects the ***U impurity, due to its very low contribution to the total
signal. One can then write:

F8 _ O238 meff,235A238C238/Cmon,238 N335

F5 O35 meff,238A235C235/Cmon,235 Nj3g
Posing:

M33s M338 N3 X5 Az3g
Xs =——— and xg = = ==
My35 + My3g Myzs + Myzg Npzg  XgAass

with m; the mass of isotope i in the fission chamber. Then:

E _ Oz38 _ Azsg (meff,235 C238/ Cmon,238 _ E)
F5 0335  Azss

Merr 238 C235/Cmon,235 Xg

Neglecting all uncertainties on the atomic masses, the relative uncertainty can be expressed as:

2
Meff 235 C238/Cmon,238 Mef 235 C238/ Cmon,238 Xs x5) 2
u? X +uZ (=) x (=
F8 T \meff 238 C235/Cmon,235 Mef 238 C235/Cmon,235 " \xg Xg
u —_— =
T <F5> (meff.235 C238/Cmon,23s _ x_s)

Meff238 C235/Cmon,235 X8

X

Example: F7/F5

A *"Np fission deposit can be considered as pure. So , the F7/F5 spectral index can be written as:

F7 037  AzyMefra3s C237/ Cmon,237

F5 O35 Azzs Mefs237 C235/ Cmony23s

Again, neglecting all uncertainties on atomic masses, one gets, for the relative uncertainty:

<F7> (meff,235 C237/Cmon,237>
U, =u,

F5 Merf237 CZSS/Cmon,ZBS

The uncertainties on the count rates C are equal to , as one considers countings as a poisonian process.
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