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Introduction

It is an honor to speak at the second NUCEF International Symposium, NUCEF'98. I have
been asked to address the topic of criticality safety.

Criticality safety has been a concern since the beginning of the nuclear industry. Initially,
most nonprocedural criticality safety issues were addressed through experimentation. Later,
computers made it possible to make predictions of criticality through analytic calculations. In
the middle to late 1960's, two code systems that would become major "Work Horses" in the
industry for at least the next four decades, MONK and KENO, were made available to the
criticality safety community. Through the use of Monte Carlo techniques, these codes
enabled criticality safety practitioners to accurately model and evaluate complex three-
dimensional systems.

Closely tied to code development was the need for basic nuclear data that describe neutron
interactions with various materials. Efforts were undertaken to evaluate and describe neutron
interactions with matter. Similar code development and nuclear data evaluation efforts were
undertaken in other counties.

While the authors of these code systems recognized, from the start, the importance of
comparing calculational results with experimental data, many criticality safety practitioners
paid little attention to such detail. As an example, I quote from the validation section of one
of my early criticality safety evaluations:

"A validation of the KENO code for criticality calculations is given in
References 3 and 4."

That was it. Both of the references cited are early reports by Richard Handley and Calvin
Hopper of Oak Ridge National Laboratory. Schedule and budget constraints often forced
criticality safety experts to limit the amount of effort spent validating their work. In my case,
I just hadn't caught the vision of what it meant to validate my work.

As the importance of validating calculational techniques and data became more widely
recognized, criticality safety organizations, worldwide, began to require comparison of
calculational techniques with experimental data. Today, a viable nuclear criticality
predictability program must address four key elements:
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(1) On going critical experiments,

(2) Development and maintenance of calculational methods,

(3) Evaluation and improvement of basic nuclear data, and

(4) Systematic evaluation and documentation of existing and newly generated
experimental data.

I plan to discuss each of these areas; however, because of my background the focus of my
remarks will be predominantly directed toward Area 1, "On Going Critical Experiments" and
Area 4, "Systematic Evaluation And Documentation Of Existing And Newly Generated
Experimental Data".

On Going Critical Experiments

The importance of maintaining the capability to perform new criticality benchmark
experiments should be obvious. However, during the 1980s the United States let their
experimental capabilities in this area deteriorate to almost extinction. In March 1993, the
Defense Nuclear Facility Safety Board (DNFSB) issued Recommendation 93-2. The
recommendations were that:

1. The Department of Energy (DOE) should retain its program of general-purpose
critical experiments.

2. This program should normally be directed along lines satisfying the objectives of
improving the information base underlying prediction of criticality, and serving in
education of the community of criticality engineers.

3. The results and resources of the criticality program should be used in ongoing
departmental programs where nuclear criticality would be an important concern.

At the time this recommendation was issued, only one critical facility, the Los Alamos
Critical Experiments Facility (LACEF) remained in operation in the US and its existence was
being threatened. Since DNFSB Recommendation 93-2 was issued, the future of LACEF has
stabilized considerably; however, funding levels for new experiments remain low and many
resources are exhausted in overcoming regulatory obstacles. In spite of these obstacles,
future experiments are planned at LACEF. Japan, France, the Russian Federation, Hungry,
Belgium, Slovenia, and probably others of which I am not aware also have ongoing
experimental programs that are contributing significantly to the safe handing of special
nuclear materials.

Much data is currently available; however, due to changing priorities in many countries there
remain many gaps in our nuclear criticality database. For example, three major areas in
which there is a need for benchmark critical data are: (1) burnup credit in spent nuclear fuels,
(2) mixed plutonium and uranium systems, and (3) waste management efforts. Significant
savings in transportation and storage costs can be realized by taking credit for bumup in spent
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nuclear fuels, many countries are turning toward a MOX fuel cycle for light-water reactors,
and of course nuclear waste is a lingering problem that plagues all countries with nuclear
power capabilities. Currently, there are programs that are either planned or in progress for
the first two of these areas while little is being done to deal with the predictability issues
associated with fissile contaminated waste.

Fissile material in waste is frequently encountered in decontamination and decommissioning
efforts, process sludge and settling tanks, in situ vitrification, and waste remediation efforts
(including waste storage, retrieval, characterization, volume reduction, and stabilization).
Even though criticality scenarios in most waste systems can be shown to be highly unlikely
or incredible, it is always necessary to establish at what fissile material concentration
criticality becomes a concern. Only when this information is known, is it possible to
establish the likelihood of actually achieving such concentrations. It is therefore important
that criticality safety analysts have confidence in the accuracy of their calculations.
Confidence in analytical results can only be gained through comparison of calculated results
with experimental data. There are little or no experimental data available for most typically
encountered waste matrix materials and discrepant calculational results are often obtained by
merely changing the cross section data set.

The safety envelope for many waste related operations can be effectively defined by
characterizing the waste matrices by major "non-poison" components. By neglecting
impurities, the inclusion of which almost always results in a decrease in reactivity,
conservative representations of waste matrices can be obtained. This approach has been used
at the INEEL.

Some of the more predominant waste matrix materials of interest are:

M2O3
CaCl
CaO
Cellulose
Concrete
Fe2O3

Graphite
Metals (Al,Fe,Zr)
MgO
NaCl
Polyethylene
SiO2

With the exception of NaCl, CaCl and Fe2C>3 the above materials are among the more reactive
materials that are present in waste. The limiting critical fissile concentration in most of these
materials is less than the limiting critical concentration in some of the more traditional and
well-known materials, water and polyethylene. Calculated limiting critical concentration
values for some of these materials are:

MATRIX
MATERIAL

A12O3

CaO
Cellulose
Concrete
Graphite
Metals (Al)
MgO
SiO2

LIMITING
CRITICAL CONCENTRATION

fg Pu/liter matrix material)
2.7
—
2.5
3.9
0.1
6.5
1.0
1.0
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The limiting critical concentrations in water and polyethylene are about 7.5 and 8.3 g Pu/liter,
respectively.

Using neutronics codes such as KENO, MCNP, and ONEDANT and cross section data
(Hansen-Roach, ENDF/B-IV, ENDF/B-V) that are typically used for criticality safety
analyses in the US, relatively large differences have been obtained by simply changing cross
section data sets. These differences are often of the order of 2% to 3 % and, in some cases,
are as large as 10% in calculated kefr values for systems that contain significant quantities of
these materials. It is not possible to conclusively resolve these differences with additional
code/cross-section inter-comparison. In order to demonstrate the safety of waste streams
containing large quantities of these materials, experimental results to compare with
calculational results are needed to resolve discrepancies and to establish realistic biases.

The INEEL is currently working to fund waste matrix experiments on the BFS facilities at the
Institute of Physics and Power Engineering in Obninsk, Russia and / or the Comet and Planet
machines at the Los Alamos Critical Experiments Facility at Los Alamos National
Laboratory. The initial focus of these experiments is on large silicon dioxide systems
containing dilute plutonium or highly enriched uranium. Silicon dioxide is one of the more
predominate materials found in waste systems and is also one of the more reactive waste
matrix materials in large, dilute plutonium or uranium systems.

Development and Maintenance of Calculational Methods

Today, neutronics codes are indispensable to criticality safety practitioners as they evaluate
the safety of numerous types of nuclear operations. Accident scenarios are postulated and
analyzed in great detail in order to establish safe operating limits for each different process.
The purpose of these limits is to reduce the risk of a criticality accident to an acceptable level,
a level that continues to grow increasingly small.

Criticality safety codes now incorporate complex geometry packages, numerical techniques,
user interfaces, and ancillary codes that are used for cross section data processing and
manipulation. The demands on these codes continue to increase and techniques continue to
improve. It is essential that these safety "work horses" keep up with our understanding of
neutron physics and continue to become more user friendly and error-proof. It is even more
important that there are always code developers available who understand the internal
workings of these codes who can respond quickly and accurately to user needs and questions
and resolve problems that continue to be identified. The only way to maintain this capability
is to support code development.

Evaluation and Improvement of Basic Nuclear Data

Accurate nuclear data is also an essential ingredient to nuclear criticality predictability.
Without accurate data, codes have very little worth. Data must be measured, evaluated, put
into a standard format, tested, then processed into the working format required by each
application. Uncertainty files must be generated as part of the evaluation process in order to
assess the uncertainty in calculated parameters.

- 2 2 -



JAERI-Conf 99-004

Systematic Evaluation and Documentation of Existing and Newly Generated
Experimental Data

History

Since the beginning of the nuclear industry, thousands of critical experiments have been
performed. Many of these critical experiments can be used as benchmarks for validation of
calculational techniques. However, many were performed without a high degree of quality
assurance and were not well documented.

For years, common validation practice included the tedious process of researching critical-
experiment data scattered throughout journals, transactions, reports, and, occasionally, log
books. This process was repeated over and over at non-reactor nuclear facilities throughout
the world in order to ensure that calculated criticality safety margins were accurate.

The Criticality Safety Benchmark Evaluation Project (CSBEP) was initiated in October of
1992 by Dae Chung, Director of the US Department of Energy Defense Programs Systems
Engineering Division. The project was managed through the Idaho National Engineering and
Environmental Laboratory (INEEL), but involved nationally known criticality safety experts
from Los Alamos National Laboratory, Lawrence Livermore National Laboratory, Savannah
River Technology Center, Oak Ridge National Laboratory and the Y-12 Plant, Hanford,
Argonne National Laboratory, and the Rocky Flats Plant.

An International Criticality Safety Data Exchange component was added to the project during
1994 and the project became what is currently known as the International Criticality Safety
Benchmark Evaluation Project (ICSBEP). Representatives from the United Kingdom,
France, Japan, the Russian Federation, Hungary, Korea and Slovenia are now participating on
the project and others, such as Canada, Israel, Sweden, and Germany, have expressed an
interest in the project. In December of 1994, the ICSBEP became an official activity of the
Organization for Economic Cooperation and Development - Nuclear Energy Agency's (OECD-
NEA) Nuclear Science Committee. The United States currently remains the lead country,
providing most of the administrative support.

Purpose

The ICSBEP was designed to:

1. Identify and evaluate a comprehensive set of critical-experiment benchmark data.

2. Verify the data, to the extent possible, by reviewing original and subsequently revised
documentation, and by talking with the experimenters or individuals who are familiar
with the experimenters or the experimental facility.

3. Compile the data into a standardized format.

4. Perform calculations of each experiment with standard criticality safety codes.

5. Formally document the work into a single source of verified benchmark critical data.
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"International Handbook of Evaluated Criticality Safety Benchmark Experiments "

Documentation of the work performed by the ICSBEP appears in the "International Handbook
of Evaluated Criticality Safety Benchmark Experiments". At the present time, the handbook
spans seven volumes:

I. Plutonium Systems
II. Highly Enriched Uranium Systems
III. Intermediate and Mixed Enrichment Uranium Systems
IV. Low Enriched Uranium Systems
V. Uranium-233 Systems
VI. Mixed Plutonium-Uranium Systems
VII. Special Isotope Systems

The "International Handbook of Evaluated Criticality Safety Benchmark Experiments" was first
published in March of 1995. At that time, it contained 46 evaluations with benchmark
specifications for 376 critical or near critical configurations. Additionally, 101 other
experimental configurations were reviewed, but were found unacceptable for use as criticality
safety benchmark experiments. Unacceptable experiments are discussed in the evaluations;
however, benchmark specifications are not derived for such experiments.

Additions and revisions to the handbook were published in August of 1996 and September of
1997 and 1998. The 1995 and 1996 Versions of the handbook were published in both hardcopy
and on CD-ROM; however, because of the increasing cost of the hardcopy publication, the 1997
and 1998 Versions were published only on CD-ROM and on the Internet.

The 1998 Version1 of the Handbook contains 229 evaluations with benchmark specifications
for nearly 1700 critical or near critical configurations. Approximately 300 additional
experimental configurations are evaluated, but are categorized as unacceptable for use as
criticality safety benchmark experiments.

Of the 229 evaluations in the handbook, 108 come from the Russian Federation, 95 from the
United States, 5 from France, 5 from the United Kingdom, 4 from Japan, 2 from the Republic
of Korea, and 1 from Hungary. There are also 5 joint U.S. / French evaluations and 4 joint
US / Russian evaluations included in the handbook.

Included in the 1998 Version of the Handbook are:

• A total of 60 evaluations of Plutonium Systems in Volume I. These evaluations are
comprised of 38 fast metal systems and 22 solution systems.

• A total of 88 evaluations of Highly Enriched Uranium Systems in Volume H These
evaluations are comprised of 44 metal systems (42 fast - 2 thermal), 35 solution systems,
and 15 compound (2 intermediate - 13 thermal) systems.

• A total of 12 evaluations of Intermediate and Mixed Enrichment Uranium Systems in
Volume III. These evaluations are comprised of 9 fast metal systems, 1 solution system, and
2 thermal compound system.
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• A total of 31 evaluations of Low Enriched Uranium Systems in Volume IV. These
evaluations are comprised of 6 solution systems and 25 thermal compound systems.

• A total of 9 evaluations Uranium-233 Systems in Volume V. These evaluations are
comprised of 6 fast metal systems and 3 solution systems.

• A total of 19 evaluations of Mixed Plutonium-Uranium Systems in Volume VI. These
evaluations are comprised of 10 fast metal systems, 5 solution systems, and 4 thermal
compound systems.

• A total of 4 evaluations of Special Isotope Systems in Volume VII, all of which are for metal
systems.

Evaluations of metal systems generally include only a single configuration while evaluations of
solution and compound systems more typically include several configurations. Most metal or
solution systems include only a single fissile unit while compound systems tend to be fuel rod
lattices.

The distinguishing characteristic of the numerous metal experiments is typically the
composition of the reflector material. Evaluated reflector materials include water, tungsten,
copper, thorium, steel, aluminum, normal and depleted uranium, nickel, beryllium, beryllium
oxide, graphite, polyethylene, and paraffin.

As part of the evaluation process, an attempt is made to identify and quantify uncertainties in
experimental data. When these uncertainties are not documented by the experimenter,
engineering judgment is required in order to develop a reasonable estimate of the uncertainty.
Calculations are then performed to determine the sensitivity of the calculated keff value to the
uncertainty in each measured parameter. Efforts are also made to determine biases that are
introduced as a result of modeling simplifications.

Range of Applicability

Recently, the INEEL has contracted with scientists at the Institute of Physics and Power
Engineering (IPPE) in Obninsk, Russia to recalculate every configuration in the "International
Handbook of Evaluated Criticality Safety Benchmark Experiments" and collect the spectral
characteristics of each experiment. These data will begin to appear in the 1999 version of the
Handbook. Included in these data will be the energy corresponding to the average neutron
lethargy causing fission; the average neutron energy causing fission; the percentage of the
flux, fissions, and captures that occur in the fast (Energy >100keV), intermediate
(0.625eV< Energy <100keV), and thermal (Energy <0.625eV) energy ranges; the percentage
of fissions and captures by isotope over the core region, and the average fission neutrons
produced per neutron absorbed in the fuel, (vSf/Sa). A plot of the neutron spectrum will also
be provided for bounding cases in each evaluation. These data will enable criticality safety
practitioners to more clearly understand the range of applicability for each configuration in
the handbook.

- 2 5 -



JAERI-Conf 99-004

Quality Assurance

The "International Handbook of Evaluated Criticality Safety Benchmark Experiments" is
recognized, at least within the United States criticality safety community, as the most
extensively peer reviewed source of Criticality Safety benchmark data available. Each
experiment evaluation included in the handbook has undergone a thorough peer review process
beginning with an internal review by the evaluator's organization. The responsibilities of the
internal reviewer are to verify:

1. The accuracy of the descriptive information given in the evaluation (Section 1.0) by
comparison with original documentation (published and unpublished).

2. That the benchmark specification (Section 3.0) can be derived from the descriptive
information (Section 1.0) given in the evaluation.

3. The completeness of the benchmark specification (Section 3.0).

4. The results (Section 4.0) and conclusions (Section 2.0).

5. Adherence to format.

In addition, each experiment has undergone an independent peer review by another working
group member at a different institute or facility. Starting with the evaluatofs submittal in the
appropriate format, the independent peer reviewer verifies:

1. That the benchmark specification (Section 3.0) can be derived from the descriptive
information (Section 1.0) given in the evaluation.

2. The completeness of the benchmark specification (Section 3.0).

3. The results (Section 4.0) and conclusions (Section 2.0).

4. Adherence to format.

A third review by the Working Group verifies that the benchmark specification and the
conclusions were adequately supported.

Conclusions

Over 150 scientists from around the world have combined their efforts to produce the
"International Handbook of Evaluated Criticality Safety Benchmark Experiments". As a
result of these efforts, a large portion of the tedious and redundant research and processing of
critical experiment data has been eliminated. The necessary step in criticality safety analyses
of validating computer codes with benchmark critical data is greatly streamlined, and
valuable criticality safety experimental data is preserved. Criticality safety personnel in 31
different countries are now using the "International Handbook of Evaluated Criticality Safety
Benchmark Experiments".
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Much has been accomplished by the work of the ICSBEP. However, evaluation and
documentation represents only one element of a successful Nuclear Criticality Safety
Predictability Program and this element only exists as a separate entity, because this work
was not completed in conjunction with the experimentation process. I believe; however, that
the work of the ICSBEP has also served to unify the other elements of nuclear criticality
predictability. All elements are interrelated, but for a time it seemed that communications
between these elements was not adequate. The ICSBEP has highlighted gaps in data, has
retrieved lost data, has helped to identify errors in cross section processing codes, and has
helped bring the international criticality safety community together in a common cause as
true friends and colleagues. It has been a privilege to associate with those who work so
diligently to make the project a success.
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