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I ntroduction

The purpose of this session is to discuss the health physics aspects of nuclear criticality accidents.
This unique class of accidentsis of concern whenever an operation involves working with
significant quantities of fissile materials. In the normal context, ‘significant quantities is taken
to mean quantities in excess of 700 grams of uranium-235 or 450 grams of plutonium or
uranium-233 (these are not the only fissionable elements, but they are the ones normally
encountered). These values are typically the lower limits of material necessary to establish a
critical system; under very specia situations it may be possible to achieve such a state with less,
but those situations are very rare in normal practices.

This session will begin with abasic discussion of the concept and principles of critical systemsto
understand what they are and how they work. Thisis only an introduction, as the study of
criticality safety isahighly technical discipline of its own right, and would go beyond the needs
of thisaudience. These concepts are important to understand, however, as they will provide the
basis for a discussion of the radiological hazards resulting from these accidents.

Once the foundation is laid, we will discuss the radiological characteristics of acriticality
accident, and potential consequencesto victims. The past experiences with these accidents will
be reviewed, with afocus on afew events as case studies. Concepts for planning for and
responding to these accidents will be considered, along with identification of applicable
standards.

In each step of this discussion we will include considerations of the tools available for evaluating
and assessing the technical aspects of these accidents.

Basic principlesof critical systems

What is acritical system, what causes a system to go critical, and how does one behave? Inthis
section we will discuss the basic physics of acritical system.

Definition of acritical System

Quite ssimply and accurately, a critical system is an assembly of fissionable and potentially
other material that produces a release of energy from a self-sustaining or divergent neutron
chain reaction.* Consequently, a criticality accident is an inadvertent assembly of a critical
system.

Note that this definition can be applied equally well to operations with reactors and to operations
outside of reactors. Therefore, some accidents with reactors are classified as criticality accidents.
Two notable examples would be the SL-1 reactor accident of 1961 and the Chernobyl accident of
1986. The Three Mile Island accident would not be one.



Determination of critical state
How isacritical state determined? In practice, this can be a quite complicated analysisto
undertake, and beyond the scope of this course. However, in nuclear engineering the status of a
potentially critical system is monitored by asingle value known as £-effective, or simply k. In
technical terms, k is the eigenvalue of an equation balancing the rates of neutron production

(from fissions and sources) and losses (from |leakage and non-fission absorption) in afissionable
assembly.®

Before discussing the critical state of afissionable system, we must digress for amoment to
discuss the time-dependency of the fission processitself. For alarge percentage of fission
events, the neutrons are emitted essentially instantaneously with the fission of the nucleus, or at
least within 10 seconds or less after the absorption (referred to as prompt neutrons). However,
asmall fraction of the neutrons, generally on the order of about 0.65% for U-235 and only about
0.2% for Pu-239, are from unstable neutron-rich fission products that undergo neutron decay
over longer periods of time, generally fractions of seconds to almost a minute after the fission
takes place. These fission products are called delayed neutron precursors, and are the whole
basis on which afission chain reaction can be controlled in areactor. (Control systems could not
respond to changes in neutron popul ations occurring in nanosecond timescales.) Typically these
precursors are collected into six groups by decay rate, and each group is represented by two
values, 3, the fractional yield of the group, and A;, the decay rate in inverse seconds (i isthe
group number). The sum of the fractional yieldsis 8. (Sometimes you will hear reference to -
effective, but we don’t need to go into that here.)

For our purposes, all that is necessary to know is that k can be used to determine the critical state
of the system in the following way:

k<10 For avalue of k lessthan 1.0, the neutron loss rate exceed the

production rate, and the system cannot self-sustain the chain reaction.
This state is referred to as being subcritical.

k=10 For avalue of k equal to 1.0, the neutron production and loss rates are
egual, and the system is self-sustaining. This stateisreferred to as
being critical.

1.0<k<1.0+B For avalueof k greater than 1.0, but lessthan 1.0 + S3, the neutron
production rate exceeds the neutron loss rate, and the system will
increase in power. Thisstateisreferred to as being supercritical.
However, in this region these increases are gradual, and provide the
degree of controllability necessary to operate reactors.

k>10+pB When k isequal to 1.0 + B, the system is prompt critical, that is, it is
critical on the prompt neutrons alone. When k exceeds this threshold,
then the system is considered to be super-prompt critical, and the



power level will increase exponentially. At this point, active control
systems are normally not responsive enough to allow control of the
system.

Later we will discuss how systemsin the latter two states behave when we talk about kinetics.

For now, it is sufficient to note that we want to avoid situations where k is equal to or greater
than 1.0.

As discussed, k is derived from equations that describe the neutron inventory in the system. It
can normally be considered as the ratio of the number neutrons produced to the number lost from

the system. While the calculation of k is normally quite complicated, the basic principle can be
demonstrated by a simple product of six values, historically known as the six-factor formula
(rather catchy title, isn't it?). The six-factor formulais:

b=epnf(L-Py J1-Ry). (1)
This can also be written in another form (although we lose the ‘ six factors') as:
b=vs, /(g + DB?). @

The terms in these equations are defined as:

e=  fastfission factor;
=  resonance escape probability;
n = number of neutrons produced per neutron absorbed in fuel;

f=  thermal utilization= ¥, /(Z; + 50 );

fast neutron leakage probability;

thermal neutron leakage probability;

U= number of neutrons per fission event;

> =  macroscopic cross-section (absorption, fission);
D Diffusion coefficient; and

geometric buckling.

So far, al we have is a couple equations with a bunch of Greek symbols with nonsensical
descriptions. While these equations may look simple, it is the determination of the various terms
that makes the process quite complicated. These terms are interrelated, and they are dependent
on the neutron energy spectrum and the fission distribution within the system. The calculation of
these terms usually requires an iterative numeric solution. However, for the purposes of this
effort, we don’t need to go into a detailed explanation and calculation of theseterms. It isthe
physical characteristics of acritical system that are represented by these terms that we want to
discuss here.



Physical properties influencing the critical state

The termsidentified in the last section are mathematical representations of the various physical
characteristics that influence the critical state of afissionable system. Table 1 considers those
properties, and which of the terms they influence:

Table 1. Physical Influenceson a System’s Critical State

Physical Property I nfluenced Factor
material mass (fissionable and other) 2's, g, f,n
fissionable material enrichment p, f, N
density or concentration 2's fp
container volume B-
composition of non-fissionable materials 2., D,p,f
(absorbers and moderators)
container design or surrounding conditions P, Py
(presence of neutron reflectors)
system geometry B?
environmental conditions 2's,p,D
(temperature, primarily. Others 2?)

As can be seen from this table, there are at least 8 physical properties or characteristics that
combine to determine the critical state of afissionable system. A reactor is designed to optimize
these properties to achieve a controlled state of criticality, but here we try to do just the opposite.

One other point to be made about the critical state of the system is that the equations presented
above are not dependent on the amplitude of the neutron or fission flux in the system. Thisis
important, because it implies that a critical condition can be achieved at any power level, aslong
as the various parameters are balanced against each other properly. For example, areactor can be
brought to critical at a very low power level under one set of conditions. Then the positions of
control rods (absorbers) and the coolant temperature (moderator density and fuel temperature) are
balanced against each other to raise and lower the power level as necessary. Note that this also
impliesthat a system can achieve a critical or supercritical mass with no neutrons present, and
then suffer a sudden increase in power when a stray neutron starts the chain reaction. Thisis
an important concept for criticality safety, as it means that a system can undergo changesin its
critical state, and achieve a super-prompt critical condition, completely undetected by
personnel or normal radiation monitoring equipment.

We have not yet discussed the various forms that a critical system can take. When one normally
considers afissionable system, one envisions a single unit, such as asingle tank or a mass of
solid material. However, arrays are another form of fissionable system that must also be
considered. One can take asingle unit, and design it to be subcritical. However, it is possible for
conditions to be such that a collection of these single units, when put into a particular array, to go
critical asasingle unit. Therefore, activities such as the stacking of drums and arrays of solution
containers must be analyzed in as much or more detail than the individual units.



Another form that must be considered is areflected system. Reflectors are components exterior
to the fissionable system that can scatter neutrons back into the system. For thisto be an
effective contribution, these components would generaly be very close to the system. Any
scattering medium can be areflector, such aswalls, shields, floors, or even human bodies. Even
the thickness of atank wall should be considered. For external reflectors, the absorption
properties should be ignored, for they cannot induce the system to leak any more neutrons than
normal. [From this, note that one cannot use externally positioned poisons to reduce the
potential for a criticality event.] Reflectors are important because they reduce the quantity and
geometrical size of a system necessary to go critical compared to an unreflected system. For
the critical state of the system, it isvitaly important that the criticality safety engineer consider
possible reflectors in their determinations. For the health physicist, reflectors will aso affect the
characteristics of the radiation emitted by the system, which will be discussed further below.

The art and science of Criticality Safety is the discipline that evaluates the potentia contributions
of each of these properties, and determines how to control them to limit the potential for an
inadvertent achievement of acritical state. Normally, criticality safety programs are based on a
double contingency principle that recommends that designs should incorporate sufficient factors
of safety to require at least two unlikely, independent, and concurrent changes in process
conditions before a criticality accident is possible. They also attempt to the extent possible to
control two different physical properties, and to minimize reliance on administrative practices as
acontrol mechanism. Aswe will see later when we discuss past accidents, the focus of the
investigation is primarily to determine which of these characteristics changed to cause the event,
and why.

Kinetics of supercritical systems

Nuclear kineticsis the study of the time-dependent behavior of afissionable system. The actual
sets of equations used to describe fissionable systems are both time- and space-dependent, and
become very complex when describing areal system. Therefore, the process of determining the
critical state of such as system normally uses the eigenvalue k to replace the time-dependency as
asimplifying assumption. Conseguently, one can only determine the critical state asto the three
general conditions, subcritical, critical, and supercritical. Therefore, the opposite simplification is
usually done for evaluating the time-dependency, by using the geometric buckling term B? as
representative of the space-dependency, and then homogenizing the cross-sections to create a
‘point-reactor’ model. Thisisthe origin of the point-reactor kinetics model.©

To describe the point-reactor model, the following parameters are defined:

o = i = infinite medium neutron lifetime;
V2,
D
L=s | — = diffusion length;
Za
ko EVZ; 12, = infinite medium reproduction factor;



k

k = ﬁ = effective reproduction factor;
+
0 = 10'% = neutron lifetime;
+
0=10o/k = neutron generation time; and
_k-1 -
p= e = reactivity.

Note that B? is the geometric buckling term from the eigenval ue solution of the diffusion
eguation.

Given these definitions, neutron flux as afunction of timeis:

dn(t) _ p-B
dt 0

M)+ 3 A G . o
i=1

where Bisthe delayed neutron fraction, g is the number of delay groups, and C; (t) isthe
concentration of delayed neutron precursors for the ith, such that:

GO B n-rc
a0 "O=AGH. 4)

One advantage of these equationsisthat they are insensitive to units. Therefore, the neutron
density term, n(t), can be replaced with a power term with no loss of meaning, aslong as Ci(t) is
in the same units. Therefore, we can use these same equations for describing the system’ s power
level as afunction of time, which is very convenient.

The system reactivity, P, is the key to understanding this process. From its definition, one can
seethat it isafunction of k, from the neutron balance equations above. A positive reactivity
change would imply an increase in power level, and a decrease would be areduction. A
reactivity of zero would be a steady-state condition. However, thisis not a constant value, and
indeed is afunction of time, even though it is not normally shown that way. The reason for this
isthat several of the parameters in the neutron balance equations, most notably the cross-
sections, are functions of temperature, so consequently k will vary with temperature. Asthe
system generates heat from the fission process, these parameters change. This temperature-
induced change isreferred to as feedback, and is accounted for by defining atemperature

feedback coefficient, O, such that

p(t) =p, +a(Tt)-T,) (5



where T(t) is the temperature at timet, and T, istheinitial temperature of the system.

The temperature can be calculated from Newton’s Law of Cooling,

dT

P Kn(t) = y(T(®) - T¢). (6)

where K isthe reciprocal of the heat capacity and Y is a heat transfer coefficient. For the
purposes of the rapid initial heating of the system, adiabatic conditions are assumed, and the heat
transfer coefficient can be set to zero. However, we will later see that it does come back into
play if the system does not self-disassemble after the initial event.

The temperature feedback coefficient is actually a sum of various components, and can be either
positive or negative, depending on the system’ s design, and which parameters dominate the
change. Obviously, apositive feedback term would cause power to continue to increase, and a
negative term would cause power to decrease as temperature increased. However, for most
simple systems like those normally encountered for criticality safety concerns, the feedback is
typically negative. In these cases, this feedback is normally due to material densities decreasing
from thermal expansion, causing macroscopic cross-sections to go down.

The formulas above allow us to completely predict the power history, energy production, fission
yield, and final temperature of the system. The main problem with al of thisis that many of the
parameters, especially the temperature feedback coefficient, are difficult to predict for an
inadvertent system, since there are many variable conditions that could be postulated as leading
to the event. Asaresult, the kinetics equations are typically used to qualitatively understand the
likely behavior, and to back-calculate a system’ s behavior following an event.

Now that we have a basic understanding of the equations, we can discuss the qualitative aspects
of what they tell us.

The supercritical regime can be broken up into two parts, by drawing aline at the point where p

= [3. Thispoint isreferred to as prompt critical, since the system is critical on prompt neutrons
alone. Systems with reactivities above this point are referred to as super-prompt critical.

Thisline aso represents a significant point with respect to the kinetics of the system, as can be
seen from equation 3. Below the line, the delayed neutron groups dominate the power changes,
and time response is rather slow, with positive periods' ranging from many seconds down to tens
of milliseconds. There are no “power pulses’ in thisrange.

It is possible to have a criticality accident occur in thisrange, but it is rare to see onein practice.
The reason is that in the absence of a neutron source, the system will not actually start up until a
stray neutron comes along to start the chain reaction. In this time period, whatever is happening

! The system’s period is the amount of time it takes for the power to change by afactor of e*. Negative periods
indicate decreasing power, positive are increasing power.



to cause the reactivity increase will continue. Also, even if the system started operating in this
range, the temperature increase will be very slow, so there will be essentially no feedback to
negate the reactivity addition. Therefore, the addition will continue until the system exceeds
super-prompt critical. It should be noted that plutonium systems will have a higher neutron
background than uranium systems due to spontaneous fissions and (o, n) reactions.
Consequently, the kinetics of plutonium systems can be somewhat different than uranium
systems, at least for theinitial transient.

It iswhen the system’ s reactivity exceeds prompt critical that thingsreally get interesting. At this
point the period of the system becomes fast enough to ‘outrun’ the delayed neutrons, and they no
longer contribute significantly to the pulse dynamics. From equation 3 it can be seen that if one
ignores the delayed neutron groups, the summation term drops out and the equation reduces to a
simple exponential function. Therefore, the power increases exponentially with a time constant
determined by the neutron generation time in the system. This time constant is highly dependent
on the composition of the system, but generally ranges from 10 to 10 seconds. Obviously, the
power will increase very rapidly.

As the system power increases, it deposits a significant amount of energy into the system faster
than any cooling capability can respond to. Therefore, the system rapidly expands, and the
temperature feedback ultimately causes the power to peak and begin to fall. Thisisthe power
pulse that criticality accidents are famous for. Theintegral of the power isthe total energy
deposited, and this can be significant, since peak powers could in some cases exceed 100,000
MW before turning over as feedback comesin. Note that after the pulse is over, thereis still a
problem: now the delayed neutrons that we previously ignored are coming into play, and the
system is still supercritical, although less than prompt critical. Therefore, there is still significant
power generated in the ‘tail’ region, unless in some manner the pulse physically disrupts the
system. Asan example of what theinitial pulse and power tail from acriticality accident may
look like, figure 1 displays the power levels and energy release for the SPR 11 fast burst reactor
asafunction of time. Thisreactor isan unmoderated, highly enriched metal system designed for
super-prompt critical pulse operations. The fuel temperature increase for a pulse such asthis
would be about 300°C.
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Figure 1: A typical super-prompt critical pulse on the SPR 11l fast burst reactor, inserted reactivity is 1.10 x Beta.
The resulting fuel temperature increase would be about 300 C.

10

Energy (J)



The potential for continued operation is a significant point to remember. In some cases with
solutions the energy deposited in the pulse may be sufficient to cause a steam bubble to be
generated, splashing out the solution. If the container is open, enough material may be gected
from the top to bring the system subcritical, shutting it down. In other cases, the geometry may
change having the same effect. (For example, some previous accidents were caused by transient
geometrical conditions, such as starting stirrers that formed avortex. When the vortex collapsed,
so did the geometry that supported the criticality condition.) Normally with solutions, radiolytic
gas bubbles will form, causing volumetric changes that tend to shut the system down. Asthe
bubbles migrate from the system, it may return to itsinitial supercritical geometry, thusinitiating
another pulse.

It isfeasible in ametal system for fuel to melt and slump as a shutdown mechanism, but usually
heat transfer to surrounding mediawill preclude this from happening. However, in lieu of these
effects, the system will continue to generate fissions. As heat is slowly transferred out of the
system, it could go super-prompt critical again, and generate another pulse.

For either type of system, these oscillatory cycles may well continue, resulting in agradual
increase in power until it stabilizes at some power level commensurate with heat transfer from
the system. Therefore, such a system could continue indefinitely, or until enough solution has
boiled away to take it subcritical. This effect was clearly observed in both the recent Japanese
accident and in the second Russian criticality accident of 1997. In both cases, direct action was
necessary to physically disrupt the system before the chain reaction could be terminated.

Obvioudly, the fission yield of acriticality accident is highly dependent on the configuration of
the system and the circumstances of the situation. However, it isimportant to note that one can
establish arange for the fission yield based on both past experiences and first principles. Whilel
will not go into details, the normal range for theyield from a criticality accident is between
10™ and 10? fissions, with 10"’ fissions as a nominal mean value.

Tools for analyzing the critical state of fissionable systems

There are some simple techniques for estimating the critical state of a system, but this would not
be recommended for anything beyond an exercise. Remember that the difference between being
just subcritical and super-prompt critical is a positive change of only 0.7% for a uranium system,
and even less when plutonium isinvolved. Therefore, accuracy is vitally important.

There are several computer codes that can do criticality calculations. The most popular are the
Monte Carlo-based codes like MCNP from Los Alamos or KENO from ORNL. However, al of
these codes are quite complicated to use with steep learning curves, so | would suggest getting a
criticality safety engineer involved if you have areal situation to evaluate. [In thisdiscussion |
will use results from MCNP to demonstrate various aspects of criticality events. Remember that
each situation is quite unique, and the results shown here are for informational purposes only,
and should not be accepted as general conditions.]
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As an alternative to computer codes, there are avariety of references that can be used to
determine criticality limits for awide range of materials and conditions. The most widely known
are the ANSI/ANS 8.xx series. This series discusses various aspects of criticality safety,
including design of criticality safe containers, criticality alarm systems, critical masses for
various geometries and forms, and operation and management of criticality safety programs.

To some extent the same comments apply to the neutron kinetics analysis, although the equations
are much more straightforward and easy to use. The problem hereisthat some of the parameters
such as the temperature feedback coefficient are difficult to predict, and the models are very
sensitive to that term. However, there is not as great of a need to perform kinetics calculationsin
practice. Generally, most criticality analyses are conducted by normalizing to a value of total
fissions for the excursion. Thisis often broken into the total for theinitia pulse, and the total for
continued operations. Therefore, it is only necessary to consider the detailed kinetics when
conducting a post-mortem of an actual event.

Radiation hazardsfrom critical systems

Now that we have some understanding as to the physics and dynamics of a criticality event, we
can discuss the personnel hazards involved.

One point to make at the beginning, and one that we will keep returning to, comes from the
discussions of the last section on kinetics. Criticality accidents are characterized by a very
short, very intense pulse of radiation, which may be following by additional pulsesleading to a
continuous steady-state power level. Thisisakey concept to remember. For personnel in the
vicinity of such an occurrence, there is no way to avoid theinitial exposure from the pulse.
Theinitial pulseisgenerally over in much less than a second, and cannot be anticipated. All they
can do isto evacuate (or be evacuated from) the area as quickly as possible to avoid further
exposure from the system. Entry into the area after the event should be done very cautioudly, if

at all, until the status of the system can be determined.

Under normal conditions, the primary radiation hazards from a criticality accident are the direct
emissions of neutrons and photons from the system. These emissions can be extremely intense
during the excursion, and can extend to large distances from the system, depending on the
amount of intervening shielding. Following the excursion there will continue to be gamma
radiation from the decaying fission products and activated materials in the surrounding area, but
typically at much lower intensities. Depending on the situation, there is a potential for significant
localized contamination, and some possibility of environmental releases of radioactive materials.

This section will discuss the characteristics of each of these hazards, and consider the situation
specific influences on them.

Before going further, it should be noted that to demonstrate the various types of critical systems
and their characteristics, we would consider six hypothetical systems. These systems may not
represent real situations, but they do illustrate the principles discussed in thisreport. All systems
are designed to be super-prompt critical. These systems are:
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1. A sphere of U3Og, enriched to 97% 2**U, and packed to about 50% theoretical density
(8.3 gm/cm®). This sphereissitting in the corner of aroom with walls of 10 cm thick
concrete. (Thiswill bereferred to as* 3-sided reflection”.)

2. A sphere of uranium metal, enriched to 97% #*°U, at adensity of 17 gm/cm®. This
sphere is sitting in the corner of aroom with walls of 10 cm thick concrete.

3. A sphere of U;Os, enriched to 97% U, and packed to about 50% theoretical density
(8.3 gm/cm®). This sphereissitting in the corner of aroom with walls of 10 cm thick
stedl.

4. An unreflected sphere of uranium metal, enriched to 97% ?*°U, at a density of 17
gm/cm?. (Imagine aball floating in mid-air.)

5. A spherical aluminum tank with a diameter of 48", filled with Pu(NO3),4 solution to a
height of 40”. The plutonium is the “reactor-grade’ isotopic mix.

6. Eight plutonium metal cylinders, 3 kg each, ina2 x 2 x 2 array in awater-flooded
storage container.

These systems will be used throughout this discussion for comparison purposes. Obviously, one
should not consider these as generic systems, nor use them to represent real configurations. In
fact, the point of much of thisis to demonstrate the uniqueness of each situation. As| continue
to stress, each system should be analyzed individually.

Neutron flux characteristics

In this section we will discuss the characteristics of the neutrons being emitted from a criticality
event. There are three primary factors that should be considered in understanding the
characteristics of the neutron field. These are the neutron leakage probabilities for the system
(the same probabilities as discussed in the six-factor formula above), the presence of neutron
reflectors near the system, and the energy spectra of the emitted neutrons. Besides these primary
factors, one should also consider the potential impact that any intervening material, such aswalls
or shields, may have on either the total flux or the energy spectrum.

Neutron Leakage Probabilities
The neutron leakage probability is the probability that a neutron will escape the boundary of the
fissionable system and not return. In the six-factor formula, this was broken into two parts for
the fast and thermal components. Since the energy spectrum of the escaped neutron flux can vary
from the spectrum in the system, we will not concern ourselves with these separate components,
but only consider the overall leakage. The energy spectrum at the receptor location will be
discussed below.

13



The percentage of neutrons that leak from a system is highly dependent on the specifics of the
system. The size of a system can affect the leakage significantly. Larger systems such as
solution tanks will generally have lower leakage, since the volume-to-surface arearatio is high
and the fission density isfairly low. On the other hand, highly enriched metal systems are
usually quite small, with ahigh fission density, resulting in higher leakage rates.

The leakage probability for afissile system is difficult to estimate from first principles, asitis
highly dependent on the physical composition of the system. The composition will also have a
strong impact on the neutron spectrum within the assembly. Therefore, we will not go into
determining either of these further in this document, but only demonstrate some values cal cul ated
for the example systems shown. Thisis not acomplication for this report, as the spectrum in the
assembly will not necessarily be representative of the spectrum at the receptor locations, and the
leakage probability is the main parameter of the system that will be needed for later use. Spectral
effects will be discussed further below.

Table 2 shows the results of |eakage probabilities for some of the critical systems, as calculated
by MCNP:

Table 2: Examples of Neutron L eakage Probabilities

System Description Neutron L eakage
(Out — In = Net)
Bare Uranium Metal (97% U-235) 56% - 0.02% = 56%
Concrete Reflected (3-sided) Uranium Metal (97% U-235) 65.6% - 10.1% = 55%
Pu(NQOs)4 Solution in 48” Dia. Tank (97.4% Pu-239) 10.7% - 0.05% = 10.65%
3kg Pu-239 Pieces in 2x2x2 Flooded Storage Array 42.8% - 7.1% = 35.6%
(Leakage to outside of array)

If thereis no basis for estimating the neutron leakage, then one can make a simple assumption for
afirst-order approximation. We know that there are roughly 2.7 neutrons created per fission for
uranium and it takes dlightly more than one to keep the chain reaction going. If we assume that
non-fission absorption isfairly low (if it were not, it would poison the system), then one can
easily envision aleakage probability of around 50% for a small metal system. Thisis consistent
with the results of table 2. For larger and more complex systems, such as those with non-
fissionable components, then one would expect alower |eakage probability. Reflectors would
tend to increase the apparent |eakage of a system, asit will increase the fission density above the
unreflected condition. Arrays go critical based upon the interaction of leakage neutrons between
the individual units, which would imply the potential for high |eakage probabilities, especialy
for accessible areas within the array.

Presence of Reflectors
For materials within afissionable system, one is concerned with both the absorption and the
scattering properties of the material. For materialsin the proximity of the system, the scattering
properties become the main concern. While reflectors will scatter neutrons back into the system,
they will also scatter neutrons into the surrounding area, and may act to enhance the neutron flux
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in occupied areas. Also, the scattering by reflectors can reduce the energy of the neutron
spectrum of the radiation field. For example, the concrete reflected uranium system intable 2 is
based on a subcritical quantity of material being put in acorner of aroom. In this case the floor
and the two intersecting walls reflect neutrons back into the uranium (note the 10% in-leakage in
table 2), and also reflect neutrons back towards a person standing in theroom. Inthe
particular case from table 2, the neutron flux at the receptor location, one meter from the
centerline of the system was 3 times higher than the flux at the same point for the unreflected
system, for the same number of fission neutrons.

Also, the effect of external reflectorsisto reduce the amount of fissionable material necessary to
go critical. Therefore, reflected systems are generally smaller, with higher leakage probabilities,
than their unreflected counterparts.

Neutron Spectral Effects
As discussed, there are various factors that can affect the spectrum of the neutrons at a receptor
location external to the fissionable system. Self-absorption within the system can resultin a
higher average energy, as demonstrated in figure 2. This exampleis a hypothetical unreflected
metal system, composed of a 19.8 cm diameter sphere of 97% enrichment uranium metal. Since
it isunreflected, it would be expected to have essentially a fission spectrum, as confirmed by the
MCNP calculations. Note that the spectrum at the receptor location, one meter from the
centerline of the sphere, clearly displays a shift towards the higher energy neutrons, as can also
be seen by the average energy values. Since there are no other features present in this
calculation, self-absorption induced hardening can be the only explanation.
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Figure 2: The internal and external neutron spectra for a bare, unreflected assembly
of 97% enriched uranium metal.
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Figure 3isaplot of the spectra at the receptor location for severa of the hypothetical systems
listed intable 2. One can clearly see that for various types of systems, the spectra can vary by
large amounts. It can also be seen that even for systems of identical internal composition, there
can be significant differences in the spectra based on the presence and composition of reflectors.

As can be seen from figure 3, the neutron spectrum can change dramatically with only subtle
changesin the configuration. Note for example, the differences between the unreflected and
concrete-reflected uranium metal spheres, and between the concrete-reflected and steel -reflected
U30g systems. The average neutron energies are listed in table 3 below.

Table 3: Average Neutron Energy at Receptor L ocation

System Description Average Energy (keV)
Concrete Reflected 97% U305 Sphere 0.55x 107
Concr ete Reflected 97% Uranium Metal Sphere 0.43x 10°
Sted Reflected 97% U3Og Sphere 440
Unreflected 97% Uranium Metal Sphere 833.
Pu(NOs), Solution in 48” Diameter Tank 0.18 x 10°
Pu Metal in 2x2x2 Array, Flooded 0.41 x 10°°

Note that Table 3 demonstrates a range of energies that spans six orders of magnitude. Aswill
be seen later, thiswill trandate into a range of two orders of magnitude in the dose conversion
factors for determining the neutron dose to avictim. Consequently, this demonstrates the
importance of being able to determine the neutron spectrum for the exact situation under
study. Itisdifficult to estimate the neutron spectrum without detailed information regarding
the exact condition of the system and its surroundings.
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reflectors.
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Gamma flux characteristics

There can be several sources of gamma radiation during and after a criticality event, again
depending on the exact configuration of the system and its surroundings. Contributorsto the
gammaflux at the receptor location are fission gamma rays, fission-product-decay gamma rays,
capture gamma rays, inelastic-scatter gamma rays, reaction-product gamma rays, activation-
product gamma rays, annihilation radiation, and bremsstrahlung®. While thislist pretty much
covers the entire range of possible sources, we can reduce the discussion somewhat by dividing
them into groups based on the timeframes in which they are significant. For the purpose of this
discussion, let’s define the following groups:

* Prompt gamma rays are those which are produced during the fission process. This
would include both fission gamma rays, and those produced during neutron interactions
with matter, such as capture, reaction-product, and neutron scatter gammarays. Once the
fission process is terminated, these would not be present.

» Early decay gamma rays are those emitted during the decay of short-lived fission and
activation products that contribute to the gamma radiation field immediately after the
event. Thisgroup will contribute to the acute doses to the victims before they can be
evacuated from the area. Whileit isdifficult to define a universally applicable
timeframe, one convenient value would be the first 45 seconds, as this has been evaluated
in the literature (ref. D).

» Late decay gamma rays are those emitted from the decay of longer-lived fission and
activation products. This group will contribute to the residual radiation field after an
event, resulting in doses to rescue and recovery personnel.

Due to the processes involved, the gamma radiation field associated with any criticality event
will be highly dependent on the exact physical arrangement involved. Thisis apparent from the
various mechanisms for creating the photons described above. Therefore we cannot create a
detailed estimate of the dose that one would receive, but we can discuss and estimate major
contributors to the doses from the event itself.

Prompt Gamma Rays
Gamma rays emitted simultaneously with the fission process have been extensively studied for
%1, and much less so for other fissionable materials (at least at the time ref. D was published).
Therefore, we will assume “*Pu to yield similar results. These emissions have been found to
produce afairly continuous spectrum of energies from 10 keV up to about 10 MeV. For those
gamma rays emitted during the first 50 nanoseconds after fission, thereis an average of 8.1
photons per fission, carrying off 7.25 MeV per fission event. In addition, another 0.98 MeV of
energy is emitted during the rest of the first second after fission. Short-lived fission products
contribute another 0.3 MeV/fission of gamma radiation in the first second (ref. D). The number
of photons emitted per fission in the last two cases is not given in the reference, but for our
purposes we can assume that each is represented by one photon carrying the total energy per
fission.
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Capture and neutron scattering gammarays can also be significant contributors in thisinitia
phase, but are harder to estimate. Materialsin the immediate area of the event emit them, and
therefore one must know the specifics of the physical layout of the event. Photons from capture
events can be very energetic, ranging from 2.2 MeV up to about 11 MeV, with neutron scattering
photons being typically lower in energy. Both types of emissions depend on theinitial neutron
energy, but in opposite directions. Capture gammarays will be higher for lower energy neutrons,
where capture cross-sections are higher, but neutron scattering photons will increase with higher
neutron energies.

Reaction-product gamma rays are produced in events similar to inelastic neutron scatters, but a
particle other than a neutron is emitted from the absorbing nucleus. For example, the *°B(n,a)’Li
reaction emits agammaray of 0.5 MeV. However, since only relatively few isotopes react in this
way, we will ignore them for now.

Early Decay Gamma Rays
According to reference D, about 6.65 MeV per >*U fission is emitted by fission products as
delayed gammarays. Over 75% of thisis released within the first 1000 seconds. This has been
broken down further, as shown in table 4:

Table 4: Gamma Emissions Between 0.2 and 45 Seconds after Fission (ref. D)

| sotope Photons/fission MeV/fission MeV/photon
23y 2.02 1.97 0.975
25U 3.31 3.18 0.961
28y 5.50 5.08 0.924
29y 3.26 2.86 0.877

As with capture gammarays, the quantity of activation gammarays emitted in the first 45
seconds will be strongly dependent on the specifics of the physical layout. However, one must
be sure to include consideration for the *°0O(n,p)*®N reaction in air and water, which emits 6.1
and 7.1 MeV photons with a half-life of 7.13 seconds.

Late Decay Gamma Rays
Late decay gamma rays will be composed of contributions from both longer-lived fission
products and activation products. The long-term fission product contribution can be estimated
directly from the total number of fissions, but the quantity and type of activation products will be
specific to the situation. Therefore, we will not discuss these further in this document, other than
to note that they are important to consider when evaluating rescue and recovery operations.

Environmental concerns

The primary environmental concerns for a criticality accident are the intense, energetic neutron
and gamma radiation fields accompanying the event itself. Depending on the presence or
absence of shielding, these can extend for large distances from the source. While doses
exceeding thresholds for acute injury and fatality will typically be limited to the immediate
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vicinity of the event, significant doses can be received by collocated personnel, potentially
exceeding annual regulatory limits. In addition, depending on the situation, members of the
public could aso be exposed.

Environmental releases of radioactive material can also occur, and should be considered for
completeness. Depending on the exact situation, these may or may not have significant impact
on the situation. Both DOE and the NRC have discussions of techniques for evaluating these
releases in their accident analysis handbooks. DOE’ s version is Airborne Release
Fractions/Rates and Respirable Fractions for Nonreactor Nuclear Facilities, DOE-HDBK-3010-
94, volume . Itisavailable online at http://tis.eh.doe.gov/techstds/standard/appframe.html (be
forewarned, thisisthe full document, and is over 3.9 megabytesin size).

In either case, the approach isthe same. First, the airborne source term is determined from

Airborne Source Term = 2(MAR; x DR; x ARF; x RF))
where

MAR;= Material-at-Risk, the inventory of fissionable material or radionuclide of
speciesi available in the system or generated in the excursion;

DR;

Damage Ratio, the fraction of the MAR; actually impacted by the accident-
related conditions;

ARF= Airborne Release Fraction, the coefficient used to estimate the amount of
material suspended in air as an aerosol and thus available for transport due to
the mechanical stresses of the event; and

RF= Respirable Fraction, the fraction of the airborne radionuclides that can be
transported and inhaled into the human respiratory system (typically assumes
10-um AED and less).

After the airborne source term has been determined, then it is dispersed to the environment using
the normal atmospheric dispersion models generally used for radioactive material releases.

The DOE handbook assumes that RF is always 1.0 for criticality accidents. Valuesfor MAR are
expected to be evaluated from either a computer code such as ORIGEN2 or using tables provided
in the handbook or NRC Reg. Guides 3.33, 3.34, or 3.35, depending on the fissionable material.
[It should also be noted that there is a potential for very short-lived gases and halogens to be
released into the local area around the accident. These isotopes would not normally be
considered in estimating environmental consequences since they would decay before transported
any significant distances, however they could contribute significantly to personnel dosesin the
immediate area. Be careful, because these isotopes may not be included in some tabulations such
asthosein the DOE handbook.] The other values used in the equation are summarized below:
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Table5: Summary of DRsand ARFsfor Airborne Source Terms

Scenario MAR Type DR ARF
Solution Systems Noble Gases gener ated by event 1.0 1.0
Radioiodines gener ated by event 1.0 0.25
Non-volatilesin quantity evaporated 1.0 0.0005
Radioruthenium in reprocessing solutions 1.0 0.001
Fully Noble gases gener ated by event 0.1 0.5
M oder ated/Reflected
Solids (metal pieces) Radioiodines gener ated by event 0.1 0.05
Fully Noble gases gener ated by event 1.0 0.5
M oder ated/Reflected
Solids (fines, powders) Radioiodines gener ated by event 1.0 0.05
Bare, Dry Solids Noble gases gener ated by event 0.1 0.5
(metal pieces) Radioiodines gener ated by event 0.1 0.05
Large Storage Arrays Noble gases gener ated by event 1.0 0.5
(Upper Bound Only) Radioiodines gener ated by event 1.0 0.05

Past experiences have also shown that criticality accidents are often accompanied by significant
localized contamination. Thisis most likely resulting from a combination of the material
releases discussed above in this section and activation of dust and loose material in the vicinity of
the event. Whilethisisahazard for the personnel involved in rescue and recovery operations, it
can also be a source of environmental releases. While not a criticality accident, it was observed
at the plutonium glovebox fires of the 1950's and 1960’ s at Rocky Flats that a primary
environmental release was due to the spread of contamination during firefighting and recovery
operations. This can be evaluated using typical resuspension models. For example, DOE-
HDBK-3010-94 recommends a bounding value of 4 x 10™ /hour as an airborne release rate, with
arespirable fraction of 1.0, for afreshly deposited, homogeneous bed of powder exposed to
ambient conditions.

When dealing with the environmental releases from acriticality accident, it must be recognized
that alarge fraction of the noble gases and hal ogens produced have short halflives. Within the
realm of a normally operating system, these radioisotopes would rarely be present since they
would decay before release. However, in the case of many criticality accident scenarios, one
cannot assume that a ventilation system is designed and optimized for dealing with such releases.
Therefore, there are two basic approaches to evaluating doses from these shortlived isotopes.

The first approach would be to assume that the criticality accident directly releases the material
into the ambient airstream, resulting in immediate dispersion to the environment. Radioactive
decay could be accounted for during the transit time to the target of interest if desired. This
assumption would tend to overestimate the resulting doses, and would therefore be conservative.

However, it would be desirable and sometimes necessary to consider the more realistic case

where the system disperses the material into aroom at one characteristic rate, and the material is
removed from the room at a different rate characterized by the flow of the ventilation system.
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Thisresultsin atime delay between production and release to the environment. While this
approach isin general a much more complex system than the first, there is a method for
approximating the fraction of material that would decay during the time delay versus the fraction
that would be released outside the room. From Appendix B of ICRP 37, the concentration of
radioactive materia in aroom as afunction of time (the “ventilation equation”) is

C) = — A [1- e (@mmk) 4 (@
Q+Ap

where

C(t) isthe concentration in the volume at timet (activity/volume);
isthe activity entering the volume per unit time (activity/second);
isthe ventilation flow rate (volume/second);
is the radioactive decay constant (sec™); and
is the room volume.

= >0>

If the contaminant is stable, that is, does not decay radioactively, then the equation reduces to
Qm) -(@Qm)t
cm-—@ +C e @k

Also, if one assumes that the ventilation flow rate is expressed in the room exchange rate (room
changes per unit time) rather than based on unit volumes, then p becomes 1, and C(t) becomes
the total quantity of activity intheroom at timet. (Thisisconvenient in that it reduces the
amount of information necessary in order to evaluate a postulated scenario.)

Now, assume that the concentration in the room reaches equilibrium between production and
removal (in effect, letting t approach infinity) in both equations, and take the ratio of the two.
The resulting expression,

.. Q _ 1
Rat|0—Q+)\— 1+%

isthe fraction of material that is removed by the ventilation system after decay. Thisresult yields
asimple relationship that alows the estimation of the fraction of a shortlived radioisotope that
would escape from the room into the environment. While this ratio does not account for the
time-dependency of the release, it should provide a reasonable approximation for the purpose of
this document.
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Figure 4: Room release fraction as function of radioisotope halflife.

The result of this estimation is shown in figure 4 for severa possible room exchange rates. Note
that for halflives of less than 1 second, essentially all decay occursin the room, and for those of
greater than about 1 day (86,400 s), essentially al escape without decay. This relationship can be
used directly to modify the airborne release fractions discussed above to provide amore realistic
estimate of the radiation doses to individuals outside of the building where the criticality accident
OCCurs.

Tools for determining radiation hazards

Besides the computer codes already discussed for determining neutron radiation fields, there are
several tools available for evaluating the hazards present from a criticality accident. In the hands
of aknowledgeable person, MCNP may also be able to provide adequate information regarding
the gamma radiation fields (sorry, no tips from me - | am not that much of an expert with
MCNP).

Also of usefor neutronsis IAEA Technical Report 180, Compendium of Neutron Spectrain
Criticality Accident Dosimetry, 1978, which contains measured and cal cul ated neutron spectra
for awide variety of fissionable systems. This document also included spectra from reflected
sources and through various shields.
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For environmental impacts, the methodology of the accident analysis handbooks will only
provide an estimate of the airborne source terms. Additional tools are necessary for estimating
the dispersion of this material into the environment. While simple dispersion calculations can be
performed with the basic Pasquill-Gifford dispersion models=, computer codes such as
HOTSPOT from LLNL, or MACCS2 can perform more detailed evaluations of environmental
and population impacts from such an accident.

Operational experienceswith critical systems

There have been about 60 criticality accidents since 1945. In the Free World there have been 9
nonreactor process accidents, including the recent one in Japan, and 33 accidents involving either
reactors or critical experiments. There have also been at least 14 criticality accidentsin the
Former Soviet Union, athough details on those are somewhat sketchy.

By my count (not official by any means) this has resulted in about 48 fatalities and more than 69
significant non-fatal exposures. This breaks down as follows:

Non-Soviet:
» 3fatadlitiesin process accidents (LASL 1958, Wood River Junction 1964, JCO 1999)
» 3fatdlitiesin critical experiments (LASL 1945, LASL 1946, Russia 1997)
* Afatalitiesin reactor accidents (SL-1 1961 (3), Brazil, 1980)
* 69 non-fatal significant exposures ranging from 3 to ~500 rem

Former Soviet Union (pre-1997):
» 6 fatalitiesin 12 accidents (3 in one solution-based critical experiment accident)
* lindividua blinded
* 1 amputation of both legs
e 17 casesof “radiation sickness”
» ~30-33acute fatalities at Chernobyl
« ???non-fatal significant exposures at Chernobyl

These accidents have been discussed extensively in the literature”, and this document will not try
to repeat the descriptions here. However, in Knief’ s book (seeref. E, first bullet) thereis an
analysis of the frequent elements and factors for criticality accidentsin U.S. processing plants
that does bear repeating here:
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Table 6: Frequent Elementsand Factorsin Criticality
Accidentsin U.S. Processing Plants (K nief 1996)

Causal Element or Contributing Factor Number of Criticality
Accidents I nvolved
Critical configuration of liquids 7
Bulk transfer to unsafe vessel 6
Unintended transfer 3
I gnorance of concentration in intended transfer 3
Valve problems S
Motive force dueto high-pressure air 2
Poor operational communication >2
Lack of current knowledge of system configuration >2
Development of dangerousroutine practices > 2
Errorsof commission by operators >2
Errorsby supervisorsand managers >2
Existence of “abnormal” conditions >2

Although afew years old, the datain table 6 still provides valuable insight into the types of
factorsthat have led to criticality accidents in process systems. One can easily insert the recent
Russian solution accident of 1997 and the latest accident in Japan. Both would fit into the
categories of “bulk transfer to unsafe vessel”, “ignorance of concentration in intended transfer”,
“lack of current knowledge of system configuration”. The Japanese accident would also fit
“development of dangerous routine practices’, and both of the “error...” categories.

Note that asimple review of this table would suggest essentially all of these accidents resulted
from administrative and conduct of operations type errors. Even though the “bulk transfer to
unsafe vessel” category would suggest potential design problems, most of these accidents
involved actions that took the configuration outside of the established safe design of the vessels,
although some did involve the use of unapproved vessels.

If one were to assemble a similar table for the reactor and critical assembly accidents, it could be
expected to yield asimilar result. Therefore, it isimportant to remember that the most important
factor in achieving a safe operation with fissile materialsisthe formality of the operation and
the degree of rigor with which those operations are conducted. The operating staff must be
fully knowledgeable of the design envelope within which they operate, and be fully aware of
therisksinvolved. They must always respect the hazard. There are multiple examples where
the mindset of the employeesinvolved strongly influenced their behavior, leading to the
development of dangerous practices.

While | have not tried to compile them, there are also many examples of failures of criticality
controlsthat could feasibly have led to accidents also. These should always be considered as
precursor events and treated very seriously. Too often (at least in DOE) it appears that these
situations are dealt with casually, because the mindset seems to conclude that there was never an
unsafe condition.
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It is often observed that criticality safety controls are dominated by administrative rather than
physical controls. Whileit isrecommended that systems be designed to physically control at
least two independent parameters (see table 1), it is often difficult to do in practice. Therefore,
systems often depend on multiple controls of single parameters, and frequently administrative
controls are used in combination with physical controls. This should always be done with
caution, as the experience base indicates that administrative controls are often the weakest link in
the operation.

One other point to be made regarding the past experience base. The most common characteristic
of these accidents is that each is quite unique and unanticipated, and obviously not predictable.
On the opposite hand, it is occasionally observed that safety analyses of fissile material processes
assume that the criticality safety controls result in dropping the accident frequency down to the
“incredible” or “extremely unlikely” probability bins (i.e., afrequency of less than 10° per year).
From this discussion, one can see that this should aways be done with great caution, since it will
affect the mindset of the operating staff.

Radiation doses from criticality accidents

Up to this point, this discussion has attempted to provide a fundamental understanding of the
physics, behavior, and characteristics of critical systems. Given that basis, we can now discuss
the human consequences from such an event. We have seen that critical systems have basic
commonalities in the behavior of the system and the types of radiation fields. However, itisalso
obvious that the specifics of each situation will have a strong impact on the relative significance
of each of these factors in determining the consequences from an event. Thereforeit is obvious
that each situation must be evaluated separately, but the tools used are generally common to all
situations.

In this section we will discuss the basic techniques for eval uating the consequences from a
criticality accident. It should be noted that, once the characteristics of the radiation fields are
established, the techniques for estimating radiation doses are the same as would be applied for
any other health physics application.

Estimation of doses for postul ated accidents

The first thing to remember is that for the directly involved victims of a criticality accident,
radiation doses will likely exceed thresholds for the onset of acute injury or death. [While we
have not discussed the biological effects of high doses of radiation, they are well documented in
the literature, and should be familiar to practicing health physicists.®] These deterministic effects
are based on the absorbed dose to the individual, and not the dose equivalent, which is intended
to estimate stochastic effects like cancer induction. Therefore, it is customary and appropriate
that doses be evaluated in terms of absorbed doseinrad or gray. For collocated workers and
other incidental exposures, it will still be appropriate to determine the dose equivalent, but we
will not concern ourselves with that here, asit will typically only involve the inclusion of the
quality factor (QF) into the dose calculations.
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Aswith any radiation field, the important characteristics to know for dose assessment are the
type, intensity, and energy spectrum. Once these are determined, then the appropriate dose
conversion factors can be applied. In the case of criticality accidents, thisis not always
straightforward without detailed information, as has been stressed previously. However, one can
make some assumptions that simplify matters for first order estimates. While this may not be
recommended in general practice, these assumptions help to gain an appreciation for the relative
contributions from the different components of an exposure to a criticality event. The basic
assumptions that we will apply in this section are:

1. Theradiation fields (both neutron and photons) will be assumed to follow the inverse-
square law with distance from the critical system. The effects of room scattering and
spectral changes will be ignored for photons.

2. Scattering of neutrons outside of the system will only be considered if the scenario
suggests that there is a partial reflector near the system, such as awall, that will
scatter neutrons towards the receptor. In this case, the reflected neutrons will be
treated as a simple multiple of the source neutrons.

3. There are no secondary sources of neutrons, such as photoneutron production, that
will increase the number of neutrons from the system. Consequently, the total
number of neutrons generated is a direct function of the number of fissions.

4. The energy spectrum of the neutrons at the receptor will be the same as the spectrum
of the neutrons leaking from the system. No corrections for in-transit spectral
changes will be made.

Neutron Dose
The accurate calculation of the neutron dose depends on the degree of knowledge available
regarding the neutron spectrum. Thisis due to the fact that the dose conversion factors for
neutrons are dependent on energy and the neutron spectrum can range over eight orders of
magnitude, depending on the situation. Therefore, the conversion factors must be ‘folded’
together with the spectrum to arrive at an accurate dose estimate. While one can in principle
assume an average energy for the neutrons and use a single-point estimate, it will be seen that
these are of somewhat limited value.

For neutron conversion factors, | elected to create them from the table of quality factors for
neutronsin DOE’s 10CFR835 (I have not compared these to 10CFR20, but would expect them to
be the same, since they are both based on ICRP 38). Table 7 contains the relevant information
for creating these factors.
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Table 7: Neutron Absorbed Dose Conversion Factors

Energy (MeV) Quality n/cm’-s rem rad
Factor 100 mrem/40 hrs n/cm? n/cm?
(Note 1) (Note 1) (Note 1) (Note 2) (Note 3)
1x 108 2 680 1.02 x 10° 5.1x101°
1x 107 2 680 1.02 x 10° 5.1x10%°
1x10° 2 560 1.24 x 10° 6.2 x 101°
1x10° 2 560 1.24 x 10° 6.2 x 101°
1x 10 2 580 1.2x 10° 6.0x 10
1x 103 2 680 1.02 x 10° 5.1x101°
1x10? 25 700 9.92x 101° 3.97x 100
1x10* 75 115 6.04 x 10° 8.05x 100
1.0 11 19 3.65x 108 3.32x 10°
10.0 6.5 17 4.09x 108 6.28 x 10°
20.0 8 18 6.31x 108 7.89x 10°

D Vaue taken directly from 10 CFR 835.2.
2 Value rem/(n/cm?) obtained by dividing column 3 into 6.944 x 10”7 rem/s.
3 Value rad/(n/cm?) obtained by dividing column 4 by the quality factor.

[It should be noted that the energies selected in table 7 were chosen to correspond with energy
ranges that | used in calculating neutron energy spectrawith MCNP. One could certainly use a
different approach, depending on the form of the conversion factor necessary for the application.]

Using these conversion factors and the neutron spectrum from a modeled scenario, one can
directly estimate the neutron dose at some receptor location. Following the examples that have
been previously discussed and graphed in figure 3, one obtains the results shown in table 8.

Table 8: Neutron Absorbed Dose per Fission Neutron at Receptor L ocation

System Description Average Energy Absorbed Dose

(keV) rad/(fission neutron)
Concrete Reflected 97% U3Og Sphere 0.55 x 10°° 4.1x 10
Concrete Reflected 97% Uranium Metal Sphere 0.43x 107 4.2 x 10
Steel Reflected 97% UsOg Sphere 44.0 5.43 x 10
Unreflected 97% Uranium Metal Sphere 833. 2.24 x 10
Pu(NO3)4 Solution in 48” Diameter Tank 0.18x 107 9.54 x 10%°
Pu Metal in 2x2x2 Array, Flooded 0.41x 107 4.18x 10"

From table 8 one notices the broad spread between the different values of absorbed dose, varying
by as much as afactor of 56 between the highest and lowest values. This demonstrates the
accumulation of the effects we have discussed previously. Doses will tend to go down as neutron
energy goes down, but partial reflectors such as walls would increase the flux at the receptor. |If
we use row 4 as areference point (no reflectors and essentially a fission spectrum), then one can
make the following observations:
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* Rows 1 and 2 were higher due to the effects of the ‘wall’ reflector, but this was
reduced somewhat by the significant moderation of the neutrons.

* Row 3 was higher due to the ‘wall’ also, but with the steel reflectors there was less
moderation, so the average energy was higher than rows 1 and 2, resulting in a higher
dose.

* Row 5islower dueto the lower |eakage probability of the larger volume system, and
the low average energy due to moderation.

* Row 6isnot aslow asrow 5 due to somewhat higher leakage from the compact, fully
reflected array configuration.

One would be tempted to use the average neutron energy to calculate a dose rather than
spectrum-weighting the conversion factors as done above. This could be based on asimple
formula

_ LFp,
Dneutrons - AT 2 XDCF(E&VG) ' 0
where
) = number of neutrons per fission;
F = number of fissions;
p = total |eakage probability;
DCF(E..) = Dose Conversion Factor for average neutron energy; and
r = Distance to receptor in centimeters.

For first order estimates, one could use the |eakage probabilities and average energies determined
in this document, as long as they were appropriate for the system under study.

Note though that this should be resisted unless there is no other information available, since as
seen from figure 3, many of these spectratend to be bimodal. The average energy is not
necessarily representative of the full spectrum. In order to demonstrate this effect, table 9
contains the resulting values.
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Table 9: Point Estimates of Neutron Dose per Fission Neutron

System Description Average Energy Absorbed Dose

(keV) rad/(fission neutron)
Concrete Reflected 97% U305 Sphere 0.55 x 10°° 6.8x 10
Concrete Reflected 97% Uranium Metal Sphere 0.43x 107 6.7 x 10
Steel Reflected 97% U3Og Sphere 44.0 8.2x 10
Unreflected 97% Uranium Metal Sphere 833. 1.4 x 10"
Pu(NO3), Solution in 48" Diameter Tank 0.18x 107 1.7 x 10™°
Pu Metal in 2x2x2 Array, Flooded 0.41x 107 5.94 x 10*°

These results demonstrate dose estimates that are up to 7 times lower than the spectrum-weighted
results of table 8. Note that row 4, the bare metal sphere, isonly afactor of 1.6 lower, as one
would expect due to the minimal spread in the spectrum since there was no moderator or
reflector. All other cases ranged from 5.6 to 7.0 times lower.

Finally, we can arrive at an estimate of absorbed dose from neutrons for alikely criticality
accident scenario. The doses listed in tables 8 and 9 above are normalized to 1 fission neutron.
If one assumes an event resulting in 1 x 10" fissions, and using 2.5 neutrons/fission for 2°U and
3.0 neutrons/fission for 2*°Pu, then one can estimate the neutron doses as shown in table 10.

Table 10: Neutron Dose at 1 meter from 10 Fissions

System Description Absorbed Dose

(rad)

Concrete Reflected 97% U3Og Sphere 10,250

Concrete Reflected 97% Uranium Metal Sphere 10,500

Steel Reflected 97% U3Og Sphere 13,575
Unreflected 97% Uranium Metal Sphere 5600
Pu(NO3)4 Solution in 48" Diameter Tank 286

Pu Metal in 2x2x2 Array, Flooded 1254

As an alternative approach, one might consider using An Updated Nuclear Criticality Slide
Rule, NUREG/CR-6504". This document provides a‘cookbook’ style process for evaluating
criticality safety accident situations and provides estimates of doses for a variety of basic
configurations of fissionable systems. Of particular interest are the appendices of volume 1 (the
technical basis document) that contain several procedures for initial response considerations
should an event occur. Volume 2 contains a number of sliding graphs for estimating doses from
the evaluated systems. Note that this document only deals with uranium systems of various
enrichments, and no plutonium systems. Unfortunately (for me, at least) NUREG/CR-6504
looks at different systems than those considered in this document. However, oneis similar
enough to allow comparison. For a 93.2% enriched sphere of uranium metal, the slide rule yields
adose of about 2400 rad neutrons at 1 meter. Thisis comparable to the 97% metal system
above. The difference of the factor of 2 could be due to the higher enrichment of our system,
which would result in asmaller physical system with a higher leakage probability.
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Gamma Dose
The estimation of the gamma dose rate from an accident is complicated due to basically the same
reason the neutron dose is difficult to determine — one should have detailed information about the
physical configuration of the system, and the layout and characteristics of the location. In this
discussion, we have ignored photons generated by capture, neutron scattering, and reaction-
product interactions both within the fissionable system and the surrounding area. Thisis not due
to the fact that they are negligible, but rather due to the fact that they cannot be determined for a
generic situation. They should certainly be considered to the extent possible for an actual
evaluation.

Given thislimitation, we can still estimate the gamma doses from the prompt gamma rays
generated during the fission process and the early decay gamma rays from the fission products.
We will ignore the late gamma rays from fission product decay (those after the first 45 seconds),
but not because they are indeterminable as the others discussed above. But rather, in most past
accidents the personnel involved have generally evacuated or been removed from the room very
quickly after thefirst pulse. Therefore, we will assume that they are only exposed to the system
for the first 45 seconds, and that the later radiation levels would only be of concern for
rescue/recovery operations.

Recall from our previous discussion on the photon radiation fields the following results:

*  Prompt gammarays. 7.25 Mev per 8.1 photons (average energy 0.895 MeV) within
the first 50 nanoseconds; 0.98 MeV per 1 photon additional up to first second; and 0.3
MeV per 1 photon from very short-lived fission products in first second.

 Early decay gammarays: For 2°U, 3.18 MeV per 3.31 photons (average energy 0.961
MeV) in first 45 seconds. For **°Pu, 2.86 MeV per 3.26 photons (average energy
0.877 MeV) in first 45 seconds.

For photon flux-to-dose conversion factors, | generally use atable from ANS-6.1', although there
are probably newer tables that should be considered. Pulling only the values necessary for the
appropriate energies and converting to proper units:

Table 11: Appropriate Photon Flux-to-Dose Conversion Factors

Photon Energy (MeV) rad per photon/cm?
0.3 2.11x 10%°
0.877 4,99 x 101°
0.895 5.06 x 101°
0.96 5.33x 101°
0.98 5.41x 101

For photons we can use an equation similar to equation 7. Aswith neutrons, there will be some
scattering and spectral softening that occurs with photons. However, since we do not have
sufficient information (even less than what is available for the neutron case), we will ignore these
issues and apply asimple inverse-square law approximation.
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where
F = number of fissions;
&E..) =number of photons of average energy E.. per fission;
DCF,(E.) = Dose Conversion Factor for photons of average energy E..;, and
r = Distance to receptor in centimeters.

Applying this method to the previous scenarios yields the following estimates of gamma doses.

Table 12: Gamma Dose at 1 meter from 10' Fissions

System Description Absorbed Dose
(rad)
Concrete Reflected 97% U3Og Sphere 5263
Concrete Reflected 97% Uranium Metal Sphere 5263
Steel Reflected 97% U3Og Sphere 5263
Unreflected 97% Uranium Metal Sphere 5263
Pu(NO3)4 Solution in 48" Diameter Tank 5153
Pu Metal in 2x2x2 Array, Flooded 5153

These numbers are clearly higher than one might expect, by comparison with both NUREG/CR-
6504 and with doses determined from actual events when personnel were within this range of the
system. Comparison with the Side Rule suggest that the bare metal sphere gamma dose above
could be 17 — 20 time high, and the solution system dose could be afactor of 5 high. Therefore,
let’s consider what may have led to this situation:

* From table 12, note that gamma doses are the same for al systems of the same fissionable
material. Thisisalimitation of the simplifications that we took in arriving at the
estimates. In reality, the doses would vary based on system configuration, mainly due to
self-absorption within the system. The effectiveness of self-absorption would be based
on the density and volume of the fissionable system. Thiswould certainly be highest for
the four uranium case studies (rows 1 —4). The uranium metal density is about 17
gm/cm?, and the U,O, density is about half of that. The solution systems are much lower.

» This estimate assumed a point-energy value for the gammarays. However, in reality
these photons will cover a broad range of energies, and a spectrum-weighted conversion
factor should be used, similar to that applied to the neutrons. For example, the major
contributors to table 12 are the prompt fission gamma rays.
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Using amore detailed approach based on the spectral data provided in reference D, a spectrum-
weighted conversion factor for the prompt fission gamma rays was cal culated to be 4.48 x 10°*°
rad/(photon/cm?). This only lowered the prompt dose contribution by about 12%, resulting in an
overall decrease of less than about 9%. Therefore, one can conclude that self-absorption is
probably the main reason for the discrepancy. This conclusion would be supported by the
comparison with the Side Rule discussed above, the difference was higher for the denser systems
than those less dense.

Let us consider the effect of self-absorption alittle further to try and improve these estimates.
The sdlf-absorption correction factor for large spherical gamma ray sources can be estimated by’

|/ - 3 U opa_ 1 ~2ua)d
%o 4(ua)° %1a+e Zua(1 © )E ©

where J isthe linear attenuation coefficient and a is the radius of the sphere.

In a spreadsheet, this equation was used to recal cul ate the spectrum-weighted dose conversion
factor discussed above to include self-absorption correction for the U3sOg and the uranium metal
systems. Corrections were also applied to the other gamma ray contributors based on the average
energy of the photon. These correction factors are significant reductions from the origina
estimates. Table 13 demonstrates the magnitude of the corrections.

Table 13: Corrected Gamma Dose at 1 meter from 10 Fissions

System Description Original Corrected
Absorbed Dose | Absorbed Dose
(rad) (rad)
Concrete Reflected 97% U3Og Sphere 5263 323
Concrete Reflected 97% Uranium Metal Sphere 5263 323
Steel Reflected 97% U3Og Sphere 5263 323
Unreflected 97% Uranium Metal Sphere 5263 253

The valueslisted in table 13 are very similar to values expected from comparison with the other
sources discussed above. The relative contributions from the two main gamma ray groups are
shown in table 14, demonstrating that the predominant contributor are the prompt fission gamma

rays.

Table 14: Relative Contributions of the Gamma Ray Groups

Gamma Ray Group U3Og System U-metal System
Prompt Fissson Gamma Rays 69.6% 69.4%
Early Fission Product Decay 30.4% 30.6%




The dlight differences between the two systems are most likely due to the effects of the spectral
weighting of the lower energy prompt fission gammarays in the denser system (U-metal) versus
the higher energy early fission product decay gammarays.

Determination of doses from actual accidents

In the event of an actual criticality event, it is very important to attempt to estimate the dose of
the victims as quickly as possible to aid in their medical treatment. However, thisis extremely
difficult to do accurately, because of the need for detailed information regarding the radiation
fieldsinvolved. For the neutron doses, the energy spectrum must be determined, and this will
take some time, as the techniques are rather complex. However, some traditional techniques are
available to help with the initial estimates, as discussed in reference G, and some new techniques
are becoming available.

Initial Screening of Potential Victims
When an event occurs, it isimportant to screen all personnel that could have been in the general
area, as some, especially those with lower doses, may not display any symptoms immediately.
Thisistraditionally done by using a simple direct survey with a Geiger-type survey instrument to
monitor for neutron activation within the body of the personnel. The detector should be
calibrated to indicate a response of 3200 cpm in a1l mR/hr gammaradiation field. Hold the
detector against the abdominal area and record the response. If there is aresponse, segregate the
individual for further monitoring. The neutron dose can be estimated by the equation

D =11 (10)

where K isthe count rate in com, M is the body weight of the individual in kilograms, and D is
thefirst collision neutron dosein rad. Immediately after an accident there is a 50% margin of
error due to *Cl, but after 4 hours the error margin reduces to 1%. Typical sensitivity is
estimated to be about 1 rad in a standard man. Be cautioned that external contamination on the
body or clothing may confound the results, and should be checked for.

In general, contamination is a secondary concern when acute injuries are involved. Therefore,
aways make sure that the victim’s medical concerns are dealt with first. Contamination control
can be re-established after rescue operations are concluded, if necessary.

Once the potential victims have been identified, then further work can be conducted to improve
the neutron dose estimates. This could include measuring the quantities of **Nain the blood, *?P
in the hair, and activation of metalsin jewelry, belt buckles, and other personal effects on the
individual’s body at the time of the exposure. The formula for converting *Naactivity in the
blood is

D = 1.6x10°Ce?0%62 (11)

where D isthe neutron dosein rad, C is the concentration of *’Nain the blood in pCi/cc at timet,
and t isthe time in hours between the accident and the analysis.
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If the victim was wearing a dosimeter, then obviously that should be processed as soon as
possible for the gammadose. If not, then evaluation of the gamma dose may be more
complicated. Some recent work“ has developed techniques for rapidly determining doses from
the kinetics of lymphocyte depletion in the victim’s blood within the first 8 hours of the
exposure. However, this work was based on accidents involving whole body gamma irradiation
only, and it is not clear whether the same technique will work for neutrons or whether it will
allow amethod for separating the two components.

Evaluating the Neutron Spectrum
Onceinitial screening, triage, and recovery have been completed, then efforts can be started to
attempt to determine the neutron spectrum. Hopefully, the facility will have Nuclear Accident
Dosimetry (NAD) in place. These are dosimetry packages containing a variety of activation foils
and filters for unfolding the neutron spectrum from the measured activation. Thiswill provide
good information regarding the general fields. However, it isimportant to try to determine the
exact field the victims were in, since it can vary widely with location. Ideally, the individual
would be wearing a personal nuclear accident dosimeter (PNAD), but this may not be the case.
Therefore, one should consider trying to analyze objects collected from the individuals for
activation products that may help unfold the neutron spectrum.

Unfolding a neutron spectrum requires a significant understanding of the cross-sections for the
various materials and reactionsinvolved. By selecting the reactions properly, one can build up
the spectrum by comparing the various responses to each other. Thiswill require some expertise,
and so aspecidist in activation analysis should be tasked to conduct the effort. 1 will not try to
provide any guidance on this, asit is beyond the scope of this work.

Caring for the Victims
Once the victims have been turned over to medical personnel, the health physicist should provide
any support necessary, as would be done with any other radiation-related injury. It is beyond the
scope of this document to discuss the medical treatment further, although reference G provides a
good basis for further study if desired.

Emergency Preparedness

This section will discussin agenera way the preparations that a facility should consider before
conducting activities with significant quantities of fissionable material. First and foremost would
obviously be to have qualified criticality safety personnel conduct an extensive evaluation of the
operation for potentia criticality safety concerns. This document will not address this, and
please do not attempt to use this document as a substitute for such an analysis. It isonly intended
to provide abasic review of the considerations involved in criticality safety, and to provide the
health physicist with an understanding of the radiological hazards involved when dealing with a
criticality accident. Nevertheless, there are some basic considerations that should be addressed.

36



It would be expected that any facility dealing with significant quantities of fissionable material
would have an emergency response program in place. However, there are aspects of criticality
safety that should be included in these programs.

Criticality alarm systems are usually installed in these facilities to detect such an event.
Bear in mind that the alarm will not protect individuals from theinitial pulse of
radiation, but will only warn that one has occurred. Do not allow the personnel to
cometo rely on these systems as a protective measure! Theseaarmsact asan aidin
rapidly activating the emergency response, and should initiate an evacuation of the
facility. Criticality alarms are usually specially designed systems in order to detect the
rapid transients associated with an inadvertent criticality event which might be lost in the
time constants of normal radiation monitors. To minimize false alarms and increase
reliability, these systems will normally involve multiple detectors with logic systems that
require signals from multiple detectors before signaling an dlarm. Refer to ANSANS-
8.3, Criticality Alarm Systems for the criteriafor these systems.

Alarms from criticality alarm systems are usually intended to be unigue from other
facility alarms, and should automatically trigger an evacuation of personnel in affected
areas. Evacuation routes should be clearly marked, and should be designed to minimize
the possibility of directing personnel through any high radiation areas that might be
generated by the event. In other words, lead the personnel in a direction away from the
location of the event as quickly as possible. This may well require limiting fissionable
material operations to particular areas so that evacuation routes can be effectively planned
ahead of time. The personnel should be trained to be aware of the potential for
continuing operation or recurring pulses from such an event, so that they realize the
importance of evacuating the facility. Since the time between pulsesis generally on the
order of minutes, evacuations should be conducted in an orderly manner. Panic and
“break-neck” speed is not helpful, and may lead to more seriousinjuries. Generally,
acute doses are only incurred within the first few meters of the system.

The emergency plan should include procedures for the rapid screening of personnel to
identify potential victims, and equipment should be calibrated and pre-staged to facilitate
this process. Since these events are very rare, the plan should include regular verification
of the operability and availability of this equipment.

Nuclear Accident Dosimetry (NAD) should be positioned in and around the facility in
locations that will provide a representative sampling of the neutron radiation fields. They
should also allow easy access and removal by emergency response personnel without
overly exposing them to any residual radiation hazards. Procedures should also be
prepared and equipment and personnel available to quickly evaluate the results of this
dosimetry. This same consideration should also be applied to personnel NADs. ANS
N13.1 provides criteriafor anuclear accident dosimetry program. Also, IAEA Technical
Report 211, Dosimetry for Criticality Accidents: A Manual, 1982, provides a great deal
of information regarding methods for the dosimetry of such accidents using physical and
biological media
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» Ashas been emphasized previously, a super-prompt critical system can oscillatein
power, producing multiple pulses and may achieve a steady-state power level. Therefore,
response and recovery personnel should always take great caution before approaching
such a system until its status is determined. After recovery of any victims, the state of
the system is the most important question that must be answered by the emergency
personnel.

All aspects of the emergency program are expected to be drilled against annually. Refer to
ANSI/ANS-8.19, Administrative Practices for Nuclear Criticality Safety for overall criteriafor
the management of a criticality safety program.

Conclusions

Criticality accidents are very rare, but have the potential to cause significant injury and possible
death to involved personnel. They are complicated systemsto fully evaluate in general, and
require detailed information of the system and the facility in order to adequately predict results.
Unfortunately, many of the necessary details will not be available until after the event occurs,
which requires the criticality safety expert and the health physicist to depend on assumptions and
estimations in order to prepare for such an event.

This document has demonstrated techniques that should allow the health physics practitioner to
better understand the potential hazards involved, and to make basic estimates of the order-of-
magnitude of the potential consequences. The influences of various factors have been discussed
with reference to how they may affect the radiation fields generated, and techniques are
demonstrated for how to evaluate those influences. While there are much more advanced tools
and techniques that should be relied upon when dealing with areal operation, the simple
techniques discussed here are designed to help the practitioners better understand the
fundamental aspects of such systems, and the concepts that would be applied to their study.
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Problemsin Criticality Safety

. Which of the following values of k-effective does not represent a self-sustaining chain
reaction?

A. 1.000

B. 1.0065

C. 1.0005

D. 0.9998

. Above what reactivity level is afissionable system considered to be uncontrollable by active
control systems?

Subcritical

super-prompt critical

super critica

critical

oCow>

. Which of the following properties does not have an effect on the critical state of afissionable
system?

criticality alarm system

enrichment

container geometry

moderators

oCow>

. Which of the following best describes theinitial hazard from a criticality accident?
A. A steady-state emission of neutrons and gamma rays.

B. Anintense pulse of neutrons and gamma rays.

C. A sustained release of radioactive material.

D. A bright blue flash of light.

. Which of the following does not provide protection from a criticality accident?
A. Administrative procedures to control enrichment.

B. Ciriticality safety analysis of a system.

C. Criticality alarm systems.

D. Criticality-safe geometry.

. A criticality accident has occurred at your facility. Which technique would you use to
identify potentially exposed personnel ?

A. Send all personnel dosimetersin for processing and eval uate the results.

B. Interview personnel asto their location when the alarms sounded.

C. Screen personnel with a Geiger counter reading of their abdominal area.

D. Pull thefacility’s nuclear accident dosimeters and send in for processing.
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7. What isthe primary concern in responding to a criticality accident after recovery of potentia
victims?
A. Assessing contamination levelsin the area.
B. Securing ventilation to reduce environmental releases.
C. Establish a mechanism for cooling the system.
D. Determining the potentia for re-achieving acritical state.

8. What is normally the primary contributor of gamma rays for a criticality accident?
A. Prompt fission gamma rays.
B. Early fission product decay gammarays.
C. Activation-product decay gamma rays from neutron capture in surrounding materials.
D. Skyshine.

9. What isthe main purpose of acriticality alarm system?
A. Towarn personnel of an inadvertent accumulation of fissile material.
B. Towarn personnel of an impending super-prompt critical pulse.
C. To alert personnel that a criticality event has occurred.
D. To monitor general radiation levelsin aroom.

10. Recently acriticality accident occurred at afuel processing facility in Tokai-mura, Japan.
The accident involved a solution of uranyl nitrate, enriched to 18.8% *U, in a precipitation
tank. Thetank was cylindrical with a diameter of 45 cm, and had a5 cm thick cooling-water
jacket on the outside of the tank. The estimated yield of the excursion was 2.5 x 10*
fissions, with roughly half of the yield from the initial pulse, and the rest from continuing
steady-state operation of the system for about 18 hours.

Assume the following:

* Theneutron leakage probability from the system was 20%;

* assume an average neutron energy of 0.2 eV;

» self-absorption of photons in the system can be ignored;

* ignoreall attenuation of photons and neutrons in the surrounding air;

« meteorological conditions resulted in a X/Q of 9 x 10 at 100 meters from the release;
» theroom ventilation rate is 8 changes/hour;

* ignoreall intervening shielding;

» use other data and equations as necessary from this module; and

* if other assumptions are necessary, please identify and justify.

For an individual standing at a distance of 100 meters from the system, but in direct line-of-sight
and directly downwind:

a) Estimate the neutron and gamma deep dose equivalents due to the direct radiation from
theinitia pulse;



b)

Estimate the neutron and gamma deep dose equivalent rates due to the direct radiation
from the steady-state operation of the system;

C) Estimate the total neutron and gamma dose equivalents due to the direct radiation, for the
duration of the event;

d) Estimate the total deep dose equivalent to the same individual from the passage of a
plume of radioactive gases and hal ogens from the system, using the table below, for the
duration of the event;

e) Discuss any impact on the results obtained from the assumptions listed above; and

f) Discuss what implications these results would have on the design of a building within
which asimilar process will take place (note — building design, not process design).

Fission Product Noble Gas and Halogen Data (see notes)
| sotope Fission Yield Half-life Immersion Dose
(Ci/fission) Conversion Factor
(mrem/yr)/(uCi/m?)
Kr-85m 15e17 4.4 hr 817
Kr- 87 9.9e17 76 m 4470
Kr-88 6.5e17 2.8 hr 11300
Kr-89 4.2 e-15 3.18m 10200
1-131 8.7¢e19 8.05d 1910
1-132 1.1e16 2.26 hr 11900
1-134 45e-16 52m 13800
1-135 4.7e17 6.68 hr 8340
Xe-135 3.6e17 9.14 hr 1250
Xe-135m 2.2e-16 156 m 2150
Xe-137 49e15 39m 955
Xe-138 1.3e15 175m 6270
Notes:

1. Fissionyield datafrom DOE Release Fractions Handbook, DOE-HDBK-3010-94.

2. Dose Conversion Factors from External Dose-Rate Conversion Factorsfor Calculation of
Dose to the Public, DOE/EH-0070, 1988.

3. Notethat thislisting is not intended to be comprehensive, but was selected to include the
most significant contributorsin order to demonstrate the magnitude of the concern without
overcomplicating the problem.
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