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This paper considers the relation between the neutron multiplication of a system, k-effective,
and critical parameters. It aims to investigate whether k-effective is always the most
appropriate measure of safety.

For simple systems handbook data can be effectively utilized, applying a safety factor to
critical masses. In such situations, the criticality safety margin is readily apparent.
However, more complex systems may use the calculated value of neutron multiplication to
assess the criticality safety of the system under investigation. A problem arises because
there is no exact consistency between k-effective and the physical margin of subcriticality,
in terms of parameters such as mass. In the UK, commonly accepted safety criteria are
applied to limit the k-effective of the system being assessed. These margins of
subcriticality have no definitive justification to support the values chosen and might be
considered rather arbitrary in nature.

This paper aims to answer this question of suitability by investigating the relation between
k-effective and the physical critical parameters for a wide range of systems. It concludes
that the safety criteria currently applied in the UK are valid, but some difference exists
between safety factors applied to the mass of fissile material present and the corresponding
value of k-effective.
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1. Introduction system under investigation.

The neutron multiplication of a system, A problem arises because there is no exact
k-effective, is commonly used as a measure of consistency between k-effective and the physical
criticality safety in assessments. Given that margin of subcriticality in terms of parameters such
k-effective has clear meaning at the point of as mass. Considering two systems of different
criticality, i.e. k-effective equals unity, it can composition with the same calculated neutron
obviously be a useful measure of subcriticality. multiplication, it is clear that one system may have
However, a per 'tinent question applicable to any a higher fraction of critical mass and can be
system concerns the relation of k-effective to other considered 'less safe' than the other. In other
critical parameters, specifically mass. Is it always words it is evident that different systems exhibit
the case that k-effective is the most appropriate different fraction criticals of the controlling
measure of criticality safety? physical parameters at the same value of k-effective.

This is clearly an important consideration in

For simple systems where handbook data can be relation to practical criticality safety applications,
readily utilized, safety factors are applied to where an understanding of the absolute physical
convenient parameters in order to derive safe margin of subcriticality is essential.
working limits. Typically, a factor of 75% or 80%
might be applied to critical masses and volumes. Generally, criticality safety assessments address
In such situations, the criticality safety margin is the worst conceivable conditions and demonstrate
readily apparent. For example, it is easy to equate an acceptable margin of subcriticality for all normal
the margin of subcriticality in terms of fissile mass and identified contingency conditions. In the UK,
to the process being assessed, such as routine batch the commonly accepted criterion is a margin of 2%
size, in further assessing the contingency conditions. to 5% (neglecting calculational bias), depending on
However, more complex systems are generally the system being assessed, i.e. a limit on k-effective
assessed using Monte Carlo calculations, which of 098 or 095. These margins of subcriticality
inevitably use the calculated value of neutron have no definitive justification to support the values
multiplication to assess the criticality safety of the chosen and might be considered rather arbitrary in

nature.
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Calculational bias was ignored in this study.
This paper aims to answer this question of However, it is noted that for practical application of

suitability by investigating the relationship between the k-effective criterion, allowance must be made
k-effective and the physical critical parameter of for specification and modelling errors, nuclear data
mass for a range of systems. This will question errors and possible reactivity increases due to the
whether or not k-effective is always an appropriate worst configuration not being modelled.
measure of criticality safety.

This problem has previously been identified in a 3. Review of UK Safety Criteria
number of papers, for example in the seminal work
of Clayton'). This paper aims to develop this Where handbook data can be readily utilised,
problem by application to typical systems safety factors are applied to critical parameters in
encountered in the course of criticality safety order to derive safe working limits. Such critical
assessments, and by reviewing the criteria currently parameters may include mass, volume, cylinder
adopted in the UK. diameter and slab thickness. In the UK, a number

of different safety factors are applied.

2. Scope of Study Typically a safety factor of not more than 75%
or 80% of the critical mass or volume is applied.

All systems investigated were modelled as
homogeneous spheres of fissile material, as metal, Similarly, subcritical limits for the neutron
oxide and theoretical metal-water mixes. The multiplication factor, k-effective are applied
effect of neutron leakage on the relationship consistently throughout the UK. The criterion
between k-effective and the critical parameters was adopted is that k-effective must not exceed 095,
investigated by modelling both bare and water except for uranium systems having an enrichment
reflected (30cm) spheres of material. Plutonium of less than 5% 235U where a limit of 0.98 is applied.
as full density metal and as a metal-water mix at It is noted that the subcritical limits apply to the
30g Pu/litre was considered. Uranium systems limiting contingency condition. In practice, for
were modelled over a range of isotopic low enriched systems a value of 095 is often
compositions. Uranium with an erichment of adopted for normal conditions and 098 for
100% 235U was modelled as a ftill density metal contingency conditions. There has been no clear
unit, and as a metal-water mix at 55g U/litre. At justification for this approach.
lower enrichments, uranium metal-water systems
were modelled at or near optimum moderation for The criterion k-effective 095 is widely
30% and 50% "'U. Uranium dioxide in water employed worldwide for accident conditions. The
was modelled at enrichments of 6% 4 and 25% criterion of k-effective 098 used in the UK for
231U. It is recognised that at such enrichments, low enriched uranium systems has also been
heterogeneous systems may give rise to a higher justified for accident conditions in other countries.
reactivity, but homogeneous spheres were modelled
for simplicity to demonstrate trends in k-effective.

4. Results
All calculations were performed using the latest

version of the Monte Carlo code MCNP, Version The results of the calculations performed are
5 2) . Nuclear cross section data was taken from the presented in a summarised form. Tables I and 2
JEF2.2 nuclear data library. S(ap) thermal show the fraction of a critical mass equating to a
neutron cross sections were applied to those k-effective of 095 and 098, and the calculated
systems containing hydrogenous and other k-effective for 75% of the critical mass. Both
moderating materials. fully water reflected and bare systems were

modelled, yielding similar results. The results
Handbook curves were used to find the critical presented here are for spherical models with 30cm

mass for each system studied and hence provide the water reflection. The general trend observed was
starting point for the study. Scoping calculations for bare systems to exhibit a slightly higher value
were then performed to determine how k-effective of 'fraction critical', but this did not hold for all
varies with mass of fissile material. Using these cases, and no definitive conclusions could be
results it was then possible to determine the fraction drawn.
of critical mass corresponding to different values of
k-effective.
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Table I Summary of results of 5. Discussion
calculations to investigate the relation between
k-effective and fractions of critical mass - full The neutron multiplication of a system,
density metal systems and metal-water mixes at k-effective and the physical margin of subcriticality
optimum moderation in terms of parameters such as mass are clearly

related. However, considering two systems of
System Fraction of Calculated different composition with the same calculated

considered critical k-eff for neutron multiplication, it is clear that one system
mass for 75% of may have a higher fraction of critical mass. In

k-eff = 095 critical mass other words it is evident that different systems
Full density 2.39 Pu 94% 0.920 exhibit different fraction criticals of mass at the

metal same value of k-effective. This is clearly an
important consideration in relation to practical

Full density 235U 80% 0.935 criticality safety applications, where an
metal understanding of the absolute physical margin of

subcriticality is essential. This section presents a
239pU metal-water 80% 0.940 discussion of the results of a series of calculations

at 30g Pu/litre performed to investigate this relationship, and
considers the validity of current UK safety criteria.

I 00% enriched 81% 0.926
uranium in H20 To gain a clear understanding of the results it is

at 55g U/litre necessary to consider the safety margin present in
terms of fissile mass for each system under

50% enriched 81% 0.928 investigation. This should then be compared to
uranium in H20 potential contingency conditions for that type of
at 105g /litre material in real situations. Clearly low enriched

material shows a much higher percentage of critical
30% enriched 76% 0.949 mass for the same value of k-effective, but the

uranium in H20 actual mass margin may equate to many tens of
at 170g U/litre kilograms of material. Conversely, for 239pU

metal-water at 30g Pu/litre a neutron multiplication
of 095 equates to only 79% of the critical mass.
However, this margin is a difference in mass of

Table 2 Summary of results of little more than 0g! This is where the criticality
calculations to investigate the relation between safety assessor must assess the practical problem in
k-effective and fractions of critical mass - low hand, and derive an appropriate limit based on such
enriched homogeneous uranium dioxide-water factors as typical batch size, frequency of material
systems. movements and potential contingencies.

System Fraction of k-eff Ideally the margin of subcriticality calculated in
considered critical mass for for the criticality safety assessment should be

k-eff k-eff 75% of proportionate to the risks involved, and each system
0.95 0.98 critical must be judged individually, based on the

mass sensitivity to changes in the critical parameters.
6% enriched 76% 89% 0.944

U02 in H20 at From the results above, it could be argued that
8OOg U/litre for high enriched uranium (greater than 50% 235U)

and plutonium systems at or near optimum

4% enriched 71% 86% 0.962 moderation, the safety factor applied to critical
U02 in H20 at mass does not agree particularly well with the
12OOg /litre k-effective criterion of 095. For all cases studied,

use of the safety factor 75% or 80% of the critical

2.5% enriched 73% 86% 0.965 mass) yields a smaller mass than application of the
U02 in H20 at k-effective=0.95 criterion. In fact for fast systems
18OOg /Iitre (211U or 239pU metal), the reactivity that equates to

75% of the critical mass is between 092 and 093;
i.e. significantly less than the 095 criterion. For
systems where moderator is present, this value is
closer to 095.
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may give only a small margin in terms of a
Although it should be remembered that percentage of the critical mass. However, due to

application of both methods would result in an the nature of the systems involved, this may still
acceptable safety margin, it could be suggested that leave a large margin in the actual mass of material
for such systems, either one of the two criteria required to reach a critical mass. For low enriched
could be changed to improve consistency. Since material that is not optimally moderated or in such
the mass safety factor is more restrictive, this could a reactive geometry, the margin of safety increases
be achieved by an increase in this factor to just over even further. In such cases if the 098 criterion is
80% or by a decrease in the k-effective criterion (to to be used, it is essential that suitable evidence is
say 093). submitted with the criticality safety assessment to

Og 239pU show that k-effective is slowly changing with
A safe mass limit of 45 is commonly increases in mass.

used in the UK as a basis for deriving working
limits for many practical applications such as waste The calculations detailed in this report could be
drums and laboratories. This limit is applied to extended to provide a set of criticality safety factors
single units, under full water reflection. From the that could be utilized for different systems.
earlier discussion, it is of interest to note how this However, due to the vast array of different systems
widely accepted limit compares with the criteria for involved, and the variation in the relationship
k-effective and safe mass. From the calculations between k-effective and the critical parameters, it is
performed, it has been determined that 450g 231pu concluded that this approach would be far too
is equivalent to approximately 88% of a critical complicated for practical applications. Providing
mass, and has a k-effective of between 097 and that the limit does not restrict the criticality safety
0.98. assessor, this simple clear approach currently

adopted is to be preferred.
Use of the 450g limit clearly results in a much

reduced margin of safety compared to the It should of course always be remembered that
application of the 75% safety factor on mass or subcritical limits provide the starting point for a
limit of 095 on k-effective. This may be a factor criticality safety assessment. Due consideration
not always fully appreciated by criticality safety must be made of the contingency conditions, for
assessors. example overbatching, in deriving limits for normal

operations. Indeed it is imperative that the
Analysis of the results for low enriched subcritical limits are applied to the limiting

homogeneous U02-H20 systems, as an optimally contingency condition. In isolation, safe masses
moderated sphere shows similar trends. As the and subcritical limits referred to throughout this
enrichment decreases, any given value of paper do not ensure safety; it is the control systems
k-effective equates to a lower fraction of critical that prevent that value from being exceeded that do.
mass. Referring to the criteria defined earlier, a
value of 098 is often applied to systems with an Analysis of the results would suggest that neither
enrichment of less than 5%. Table 2 clearly the limits on k-effective nor the safe mass criteria
shows that for the theoretical system studied, this need be applied rigidly due to the variation in the
higher value of k-effective corresponds to a much relation between k-effective and critical parameters.
higher fraction of critical mass - more than 80% in It is postulated that higher values of k-effective,
all cases. A cut off can be seen between the such as 098, could safely be used in criticality
results at 4 and 6 enrichment. At 6 safety assessment work where experimental data
enrichment, a k-effective of 095 corresponds to directly applicable to the system being considered
more than 75% of a critical mass. At 4 could be used, or if it has been shown by
enrichment, a k-effective of 095 corresponds to calculation that the reactivity of the system is
less than 75% of a critical mass. It is further noted insensitive to changes in the mass of fissile
that for enrichments at or below 4, applying the material.
75% safety factor on mass will give a resultant
reactivity of between 095 and 098; i.e. the 75%
safety factor will always give a lower mass than 6. Conclusion
application of the k-effective=0.98 criterion. Less
than 86% of a critical mass is required to reduce the It is concluded that for the range of systems
neutron multiplication below 098. Is the criterion studied, the relationship between the neutron
for low enriched systems valid? multiplication factor, k-effective and critical

parameters such as mass is clearly linked. Safety
Based on the results presented in Table 2 it is factors, and limits on k-effective adopted in the UK

clear that applying a limit on k-effective of 098 have been examined and their suitability questioned.
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For high eiched uranium and plutonium systems, represent a sufficiently small fraction of the critical
the safety factor of 75% mass consistently leads to mass.
a larger safety margin that application of the
k-effective < 095 criterion. However, both
methods result in an acceptable safety margin. References

However, care should be taken when applying 1) E. D. Clayton, "Anomalies of Criticality",
the reactivity limit of 098 to low enriched uranium Pacific Northwest Laboratory, Richland,
systems, especially when the material is near Washington, 99325, PNL-SA-4868 Rev.5, June
optimum moderation or in a reactive geometry. In 1979, Section 2.
such situations the system should be carefully 2) MCNP A General Monte Carlo N-Particle
scrutinised to ensure that the subcritical values Transport Code, Version .
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