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ABSTRACT

This paper presents a summary of experimental and calculational activities conducted at
VNIIEF from the late 1940s to now to study the critical conditions of systems as part of a nuclear
safety program.

1. INTRODUCTION

Criticality safety is a very important in operations involving fissile materials. Generally,
criticality safety problems are addressed by calculations and experimental data taken from
critical systems.

Since late '40s, the All-Russian Research Institute of Experimental Physics (VNIIEF) has
carried out R&D efforts under the scientific direction of Y. B. Khariton to experimentally study
critical systems of fissile materials and to develop calculational tools for critical parameters.
Basically, the research focused on the characteristics of spherical symmetrical assemblies that
contained metal fissile materials. Virtually no experiments were performed on fissile materials
in solution or those mixed with moderators. The primary purpose of this R&D program was to
obtain data to ensure the safe handling of metal fissile material at industrial facilities and to gain
experimental knowledge of various multiplication-system characteristics for neutron data testing
and verification.

2. EXPERIMENTAL INVESTIGATIONS

Experiments to characterize systems containing fissile materials (FM) were carried out on a
dedicated assembly machine known as the bench.1 This bench was capable of bringing together
assemblies as heavy as 2 metric tons and up to 1 m in diameter. The bench assembles a system
in two parts, each being subcritical. The upper part is fixed, while the lower is vertically mov-
able. Mechanically, these parts can be brought together at velocities of 1 mm/s, 0.1 mm/s, or
0.01 mm/s, thus achieving criticality.

The bench is located in an experimental hall whose dimensions are 12 m by 10 m by 8 m.
The walls surrounding the bench are concrete and vary in thickness from 1 to 3 m. The bench is
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operated remotely from a control panel outside the experimental hall. There is also an automated
control and safety system (CSS) to supervise bench function.

A neutron counting system is used to monitor the operation. Three parallel measurement
channels are used to monitor neutron flux over the multiplication process. There is a safety
feature that measures the leakage neutrons from the system and core temperature. When the
neutron flux or temperature goes beyond permissible values, the CSS removes power from an
electromagnet, thereby causing the lower part of the assembly to descend.

The bench incorporated a package of experimental equipment supported by computerized
data-processing capabilities. This package can provide measurements of the following multipli-
cation-system parameters (errors equivalent to la):

• multiplication factor for source neutrons, with error less than 1%;
• reactivity p/p with the accuracy of 1% to 3% in the range -3< p/(3 < 0.6

[p = (k -l)/fc (3 - delayed neutrons fractions];
• reactivity disturbance M by microsamples of various materials with the accuracy about

IV Akei

• decay constant for instantaneous neutrons near critical state (-3< p/(3 < 0.2) with the
accuracy of 1% to 4%;

• distribution of fission in the core radius with the accuracy about 3%;
• spectral indices (GJG(

5) with the error below 1%.

The reactivity or multiplication-factor measurements taken by the test equipment help deter-
mine quite accurately the critical conditions of the system in question. Shifting from a real
critical system characterized by density gradients, gaps, and more reflection added by engineer-
ing equipment to an idealized one of a uniform, simple geometry that does not allow for extra
reflection was achieved by applying a limited number of corrections. As estimated, these correc-
tions would result in a prediction accuracy of 0.3% in kejffor critical systems.

Over four decades, VNIIEF scientists have investigated, to varying degrees, about 1000
multiplication systems. About a half of these were carried out to achieve critical conditions.
Others were used to measure multiplication factors or reactivity and thereby establish the
system's subcriticality level for the purposes of solving safety problems. By tentative estimates,
about 200 of these multiplication systems had their critical states measured quite accurately and
so could be presented as benchmarks.

For most test assemblies, the core was shaped like a ball or layered sphere, or like a hemi-
sphere or layered hemisphere. The fissile materials to be considered included various enrich-
ments of U-235—90%, 75%, 36%, and 10%—and also U-235(90%)+Mo(9%), Pu(a), Pu(8), and
U-233.

56



NCTSP 1994 Conference Proceedings

The 30 materials most frequently encountered in production plants were looked at as reflec-
tors for the core. These included water, polyethylene, copper, carbon, aluminum, iron, beryllium,
beryllium oxide, U-238, natural uranium, concrete, lead, tungsten, nickel, molybdenum, tita-
nium, B4C, zirconium, AI2O3, CCI4, plexiglass, cadmium+polyethylene, B4C+polyethylene, oil,
etc. Inert materials were placed outside and inside the core, and also in between the layers of
fissile material. We once undertook an experimental program to determine the most efficient
reflector material used in production. We found that as an external reflector 20-cm-thick poly-
ethylene was the most efficient, and as an internal reflector used to fill the spaces inside the
assembly, 2.5-cm-thick polyethylene was the most efficient.

Almost all experimental investigations were performed on a single isolated assembly. Virtu-
ally no experimental work was done to study spatial arrays of several multiplication-system
assemblies. But a few experiments were conducted to address the neutron interactions between
two U-235(90%) spheres.2

The reason that the interaction of spatially arranged multiplication systems was given so little
consideration was due to the safety procedures adopted for the storage and transportation of
fissile materials.3 The method adopted to reduce neutron interactions between the neighboring
assemblies was to place neutron absorbers between them rather than enlarging the distance
between them or limiting the number of assemblies that might be placed in an array (this ap-
proach would have required array studies). Moreover, the amount of absorber in each assembly's
container was selected such that the array would be kept subcritical for any number of assem-
blies arranged randomly in the space. This meant that is was possible for workers to operate
freely in these arrays without any restrictions in terms of criticality safety. This approach also
made it possible to abandon any experimental investigation of arrays. We only had to specify the
required amount of absorber, a mass based on experiments with a single assembly having an
additional reflector around it.

The technique was based on the following idea. If the assembly contains fissile material and
an absorber (given a neutron source at the center) surrounded by inert material, the neutron flux
from the system will be unchanged (if the absorber is large enough) or decrease (if the absorber
is more than required) to compensate for neutron multiplication in fissile material. The data from
a large series of experiments using this approach were taken as a basis to give recommendations
on the specifications for the "protective containers" that were implemented in the industry.3

Also, VNIEEF has performed over the past 40 years a broad range of integrated experiments
(as many as 300) that are commonly used to calibrate the multigroup and elementary constants
libraries applicable in neutron calculation codes.

These integrated experiments for multiplication systems include the following data:

• characterization of critical systems (about 200 assemblies);
• reactivity factors for material microsamples at various multiplication system points;
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• spectral index values; and
• decay constant values for instantaneous neutrons.

3. NUMERICAL STUDIES

The complex and diverse geometries of multiplication systems found in industry make any
calculation for criticality safety for a given situation unique. Until late '50s, there were no stan-
dard approaches to the problems for complex-shaped systems. For each individual case, ways
had to be found to idealize a real system. This approach would allow us to evaluate the critical
parameters using techniques developed for spherical symmetrical systems. The first step to
overcome this problem was to develop a simple evaluation technique for the critical conditions
of arbitrarily shaped bodies having their materials density arbitrarily distributed. This approach
was based on an approximation of Peierls integral equation, which is single-group in energy.4-5

Later, this technique underwent improvement in accuracy and versatility.6 With the improved
technique, the critical parameters of bodies having both arbitrary shapes and arbitrary material
distribution through the volume could be found from a set of spherical-sector calculations.

Even more difficult to solve are issues involving the interaction of subcritical systems, issues
that are raised in the transportation and storage of fissile materials. For very rough criticality
estimation of such systems, a numerical technique was developed in late '50s based on the idea
that these systems would neutronically multiply the way neutrons multiply microscopically in a
body of fissile material. But in this case we would assume that the interaction centers were not
nuclei but fissile material bodies that made up a spatial system. While this assumption is funda-
mentally correct, the criticality calculations for these systems must make use of realistic elemen-
tary constants (i.e., nuclear cross sections), which are then scaled up to their macroscopic param-
eters.5

In addition to these single-group calculations, which are primarily intended for routine
criticality safety evaluations, VNIIEF has also been developing multigroup numerical techniques
for the neutron transport kinetic equation and the Monte Carlo method. Currently, a number of
multigroup numerical codes, each using a different computational scheme, are functioning to
calculate the critical parameters of systems in 1-D and 2-D geometries. Although these codes may
use any number of energy groups, 8-group and 26-group calculations have become most com-
monly accepted. Normally, the multigroup constants are verified against integrated experimental
data before they are used.

Today, we find the Monte Carlo method the most preferable and effective to calculate critical
parameters for criticality safety purposes. Thus, virtually all calculations are currently performed
using the VNIIEF-developed code implementing this statistical testing technique. With these
numerical techniques, calculations can be made for systems having a 3-D geometry, including
arrays with systems randomly positioned in space. To make the description of the geometry of
periodically structured systems more simple, mirrorlike reflecting surfaces are used.
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The numerical techniques take into account all the major physical phenomena involved in the
neutron interactions with substance, including neutron thermalization. The elementary interaction
cross section as a function of energy can be linearly interpolated between the nodes. Different
cross-sectional constant libraries can also be used with these techniques, including the commonly
known ENDF. There is virtually no limitation on the energy points where the cross sections can
be specified. Therefore, the resulting description of the cross-section resonance structures is
rather good.

Criticality safety calculations have also been widely undertaken using the BAS system of
constants developed by All-Russian Research Institute of Theoretical Physics at Chelyabinsk-
70.7 This system of elementary constants has been verified against a long line of experimental
data. The constant error in keg calculations for a broad range of multiplication systems is within
1 % or 2%. To illustrate, the table below summarizes keff calculations with BAS and ENDF/B-V
constants for experimental critical assemblies.8

Keff Values for Experimental Critical Systems
(figures in parentheses show the statistical calculation error of la)

Core

Ball, Pu(8),
p=15.6g/cm3,
4.5% Pu240

(table 32/8)

Ball,U(93.71),
(table 29/8)

Ball, Pu(8),
p=15.6g/cm3,
4.9% Pu240

(table 32/8)

Ball, U(93.9),
(table 29/8)

Reflector

none

none

Unat.
p=18.9g/cm3

t=10cm

Unat.
p=19g/cm3

t=10cm

BAS

1.001 (0.2%)

0.993 (0.3%)

0.996 (0.3%)

0.996 (0.4%)

ENDF/B-V

—

0.991 (0.3%)

—

0.999 (0.5%)

Generally, the VNIIEF-operated code has capabilities similar to those of the Los Alamos
MCNP code. The VNDOEF code is also used to validate safe conditions for fissile materials
storage and transportation. For this purpose, ^calculations are made for a mesh that represents
the multiplication system as it is enclosed by a surface to reflect neutrons.^ This surface is used
to generate angular and spatial distributions of the neutrons incident upon such a system. In some
cases, this description may prove accurate. For instance, for a rectangular spatial array with
identical systems at its nodes, the mesh will be right parallelepiped.
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4. CONCLUSIONS

An overview has been presented of the VNIIEF's program in experimental research and
numerical studies for criticality safety. The experimental research includes the development and
operation of the bench machine to investigate systems with fissile materials at near-critical states.
The research also included the conduct of numerous (about 1000) experiments on multiplication
systems containing metal fissile materials in order to characterize critical systems.

The fissile materials used by the experiments were U-235(90%), U-235(75%), U-235(36%),
Pu(a), Pu(8), and U-233. About 30 inert materials were also used as external reflectors or inter-
nal fillings of the assemblies. Most test assemblies were either spherical or hemispherical in
geometry.

About 300 various parameters have been obtained from these investigations to characterize
critical systems, and they have been used to verify and qualify neutron constants. These are data
on

• critical system characteristics (about 200 systems),
• reactivity factors,
• spectral indexes, and
• decay constants of instantaneous neutrons.

The codes have been developed for neutron calculations using multigroup techniques for
transport equations and the Monte Carlo method. Multigroup constants (normally, 8- or 26-
group) may help find neutron characteristics for 1-D and 2-D systems.

With the Monte Carlo method, calculations can be made for arbitrary 2-D and 3-D systems
and also spatially arranged multiplication systems. The calculations account for all the phenom-
ena involved in neutron interactions with substance, while continuously specifying the interac-
tion constants in terms of the neutron energy. The Monte Carlo calculations may use different
neutron constant libraries. The BAS library used now has been calibrated against integrated
experimental data and allows &eĵ  calculations for small-size metal-cored systems with an accu-
racy 1% to 2% or better.
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