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ABSTRACT: Under the current climate of increasing regulation and decreasing budgets, 
DOE nuclear facilities are forced to become more efficient in operations aimed at satisfying 
regulatory requirements. Efficiency necessitates increased cooperation between the 
regulator (DOE) and facility management, and often a mutually agreeable innovative 
solution. 

At Argonne National Laboratory-East (ANL-E), one issue that required such an innovative 
solution and cooperation between contractor and regulator was the determination of 
whether the risk associated with an inadvertent criticality event justified the purchase and 
maintenance of a Criticality Alarm System (CAS) meeting ANSUANS-8.3-1986 
requirements. According to DOE Order 420.1, the need for a CAS is based on the 
probability of occurrence of a criticality accident. If the probability is <lO“/yr (Le., 
incredible) as determined by “commonly accepted engineering judgment,” then a CAS is 
not necessary. Installation of a CAS after such a conclusion would be a conservative 
decision and an unnecessary expense. 

This paper discusses the use of “commonly accepted engineering judgment” to show that 
the probability of an inadvertent criticality at a nonreactor nuclear facility (e.g., the Alpha- 
Gamma Hot Cell Facility) is < 1 O“/yr, and is theEfore an incredible event. 

INTRODUCTION: In the 1970s, many facilities at ANL-E required the use of a 
criticality alarm system (CAS), and the economies of scale led to the development, 
installation, and maintenance of a site-wide system, which was described by Fergus and 
Moe.’ Because of decreased fuel research in the DOE community by the beginning of FY 
1996, only two facilities continued to use the site-wide system: the Alpha-Gamma Hot Cell 
Facility (AGHCF‘) and the New Brunswick Laboratory W L ) ,  the latter a reference 
materials laboratory. Each had to bear the cost of operation and maintenance. Without the 
broad base to support the operation of the site-wide system, the decision faced by the two 
remaining facilities as to whether to keep a CAS was not trivial. In addition, installation of 
a new stand-alone system paid for by the facilities would be necessary in the very near 
future because the 20-year-old site-wide system was outdated and difficult to maintain. 
Rather than commit immediately to spending the money to maintain the current site-wide 
system and/or install an upgrade, the facility and DOE representatives agreed that an 
assessment should be performed to determine whether the expense of obtaining and 
maintaining a CAS that met ANSJ/ANS-8.3-19862 requirements would be justified by the 
risk of an inadvertent criticality. 

THEORETICAL BACKGROUND: DOE Order 420.1, “Facility Safety,” discusses 
the requirements for installing a CAS. Essentially, if a facility can contain greater than a 
critical mass of fissile material (i.e., 450 g of Pu-239,700 g of U-235,520 g of U-233, or 
a mixture of the above three), then a CAS that meets the requirements given in ANSYANS- 
8.3-1986 shall be installed in occupied areas unless the potential exposure to workers can 
be shown to be c12 rads in free air, or the probability that an inadvertent criticality occurs 
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can be shown to be incredible (Le., P < lO“/yr). DOE Order 420.1 further states that the 
probability shall be documented in an approved safety analysis report. 

In determining the probability of a given event, the spectrum of possible methodologies 
ranges from fully quantitative to fully qualitative. A formal probabilistic risk assessment 
(PRA) using appropriate computer-based models would be considered totally quantitative 
and would involve very little judgment, while a purely qualitative analysis would rely 
totally on judgment in applying “hand-waving” arguments. Semiquantitative analyses 
would fall somewhere in the middle of the spectrum and would include rough calculations 
to support an essentially qualitative argument. The cost to perform a formal PRA is 
prohibitive, especially because for nonreactor nuclear facilities, such as the two subject 
A N L  facilities, no qualified models are readily available for determining probabilities at 
such facilities. However, according to DOE Order 420.1, a formal PRA is not necessarily 
required to show that an inadvertent criticality is an incredible event; a methodology using 
“commonly accepted engineering judgment” (Le., semiquantitative analysis) can be used to 
establish “reasonable grounds for incredibility.” 

What is meant by “commonly accepted engineering judgment” and “reasonable grounds for 
incredibility,” and what point on the spectrum of analyses will satisfy the requirements? 
No guidance exists to answer these questions, and in fact for nonreactor nuclear facilities, 
the answers to the questions must be situation-specific and based on the opinions of the 
facility management and the regulator. For these reasons, it is important for the facility 
management and the approval authority in the DOE to coordinate their efforts and establish 
a mutually agreeable methodology to define the necessary degree of quantitative and 
qualitative analysis. Such a meeting of the minds should be made prior to actually 
performing the safety analysis in order to avoid the current mentality of independently 
preparing safety analyses and then submitting the analyses for review and approval 
(“throw-it-over-the-fence”). Coordinating the effort before proceeding minimizes the 
delays in the subsequent approval process and eliminates unnecessary analyses. 

At ANL-E, the management of the AGHCF met with representatives of the DOE Argonne 
Group and the DOE Chicago Operations Office to establish an acceptable methodology for 
determining the probability of an inadvertent criticality. Although several months were 
needed to complete and document the analyses and receive approval, the payoff has been 
the elimination of the CAS and the unnecessary expense at the AGHCF. A similar analysis 
is being completed for the NBL and if approved, will lead to the elimination of the site- 
wide system. The methodology and an example are discussed in the following sections. 

METHODOLOGY: The overall objective of the analysis is to derive a probability for the 
occurrence of an inadvertent criticality. This requires three steps: determine all necessary 
initiating events and paths to achieve a criticality, assign probabilities to individual events, 
and compare the overall probability of a given path to the incredibility threshold of 10d/yr. 
If the probability of all paths is below the incredibility threshold, then the occurrence of an 
inadvertent criticality can be considered an incredible event. The methodology included a 
systematic determination of the scenarios and individual events to achieve an inadvertent 
criticality, (similar to a fault-tree approach) but a simplified process for assigning a 
probability to individual events. Each step in the analytical process is discussed below. 

Many facilities may have existing documentation that discusses an inadvertent criticality event 
(e.g., Safety Analysis Report or a criticality safety evaluation), but the focus is usudly 
different than that soughtin the frst step of this analysis. The AGHCF h a  a document tifled 
the Criticality Hazsrd Control Statement (CHCS), which describes the engineered md 
administrative controls established to maintain asubcritical configurntion and also d o c m a t s  
analyses to show how the controls maintain the subcritical confguration m the facility under 
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normal operations. However, in determining the probability of an inadvertent criticdty, 
consideration must be given to the accidental violation of the administrative and engineered 
controls necessary to achieve criticality. In other words, the analysis should conskier which 
administrative and engineered controls need to fail, and how many human mistakes and other 
indepadent events need to occur to achieve a critical configuration. 

In determining the scenarios, or chain of events, that yield an inadvertent criticality, four 
factors must be considered: (a) the amount of available fissionable material (critical mass), 
(b) the form and purity of the fissionable material, (c) the availabddy of moderator/reflector, 
(d) and the geometry. The four factors may be considered in any order, but each should be 
applied to as many scenarios as necessary until the realistic possibilities have been exhausted. 
For example, dekmine all of the ways (e. g., initiating events) in which acritical mass can be 
accumulated in each physical area of the facility or during each step of a process, and then for 
each of those events, detgmine how the proper geometry can be achieved. Conclude by 
establishing the paths for introducing the moderator and reflector. 

Analyses should always err on the conservative side and assume that criticality could occur 
with an optimal combination of factors. Such atack often simplifies the analysis and results 
in a conservative probability. For example, if asignificmt amount of moderator and reflector 
is available, it can be a s s u d  that the amount is sufficient to yield full nmderation and 
reflection. 

The second part of the methodology determines a probability fbr each step in the establishxi 
scenarios. For administraive contml failure (Le., human errors), an estimate can be based 
on facility-specific empirical data, published reports on human reliability analysis, or 
probabilities published in accepted industry standards. If detailed facility records exist, then 
the probability can be derived from the available data Facility-specific empirical data are 
generally not available. However, some guidance does exist. In Section 3.3 of DOE-STD- 
3009-94, DOE suggests a simple numerical basis for judgments that can be used for such 
ana lyse^.^ The standard eslablishes a guileline that assigns a probability of 1 for 
nonindependent events, 0.1 fix human mors, andO.O1 for genumely independent events. 
The pmbability of O.Ol/yr really applies to genuinely independent events that are consickred 
unlikely events. Highly unlikely events should be assigned a pobability of <104/yr, and as 
mentioned, < lO"/yr can be assigned to incredible events. Certainly, if documnted studies 
provide a more accurate estimate of a specific independent event occurring and this estimate is 
more conservatix than thase described above, the documnted probabilities should be used. 
However, the estimates giwn in the DOE standard are generally conservative. For exaqle, 
the probability for human error is given in the standard as 0. l/yr, but that value is 
conservative conpared to the mean probability of O.O3/yr for human error in a nuclear facility 
given by Swain and Guttman4 or the value of 0.005 for failure of an administrative control 
given by Benhardt, et aL5 

The final step, although trivial, is in fact the m s t  important. An overall probability of 
achieving an inadvertent criticality by the paths identified is calculated by multiplying the 
probability associated with each contingent event necessary to create an inadv2rtent Criticality. 
The resulting product is compared with the incredibility threshold value of 10 /yr given in 
DOE M e r  420.1. If the overall probabilities of all scenarios are < lO"/yr, then an 
inadvertent criticality is considered an incredible event. It was concluded that an inadvertent 
criticality was an incredible event at the AGHCF. 

The analyses for the AGHCF we= then reviewed and approved by the DOE Argonne 
Group, the approval authority. However, because much of the groundwork for the 
methodology had been established in partnershq, with DOE prior to the analyses, the review 
and approval process flowed very smoothly and was completed fairly quickly. A sindar 

3 



analysis for the NBL has been performd and is in review by NBL Management; approval by 
DOE for eliminating the need for a CAS at NBL is expected by the end of FY 1997. 

After concluding that an inadvertent criticality was an incredible event, the facility was no 
longer required to operate a CAS that satisfies ANSUANS-8.3-1986, althoughit was 
certainly an option. In fact, DOES decision to approve the analysis for the AGHCF was in 
part based on the presence of an “alternate” system. High-gamma detectors are installed 
around the periphery of the hot cell to monitor for loss of shielding or gamma streaming. 
In the event of a criticality, the detectors would sense the resulting high gamma field and 
signal an evacuation of the area. The system consists of off-the-shelf Ludlum detectors and 
is inexpensive to install and maintain. While these detectors do not satisfy the requirements 
of the ANSI standard, they allow the facility to save significant, unnecessary expense while 
still providing detection and alarm capability. 

EXAMPLE S CENARIO: An example of a specific scenario at the AGHCF is described 
below to show how h analytical process was employed. The same type of analysis as that 
given below was used for all scenarios. 

The AGHCF has anitrogen mosphere hot cell designed for destructive metallurgical 
examination of irradiated, plutonium-bearing, reactor fuel elements. The example mnerns 
the small sections of reactor fuel elements that are mounted for examination in Bakelite and 
epoxy (referred to as “met mounts”);B&elite can be considered asolid moderator b m s e  it 
contains hydrogen. Achieveing a critical mass and geometry requires a combination of fssile 
mated loading in each rmt mount and an appmpriate anangement of these met mounts in 
the hot cell; met mounts of irradiated fuel elemnt samples can have radiation readings of 
several hundred IUh and must be handled remotely. Itwas determined thatthe minimm 
achievable combination would have 704 met mounts with an average loading of 2.3 g of 
plutonium (or equivalent fissile material) in each mount arranged in a cylinder seven mounts 
in diameter and eight mounts high. A cylinder of that size would approximate a sphere with a 
critical mass of fissile merial, and a cylinder can be stacked Rmotely, albeit with great 
difficulty, whems a sphere can not 

Constructing su& a cylinder requires, a) having 704 met mounts with >2 g of plutonium- 
equivalent in tk hot cell, b) accurmlating the necessary number of met mounts at one 
location in the hot cell, and c) stacking the met mounts in the desired geomtry. Based on 
some 30 years of historical records, loading of 704 met munts with >2 g of plutonium 
equivalent was estimated to have a probability of O.Ol/yr. Generally, met mounts have a 
loading of 0.5 g of plutonium-equivalent or less, and none in the current inventory h a  a 
loading of >1.5 g of plutonium-equivalent. 

Administrative controls limit the number of met mounts at a given work station to 400; 
typically, fiveis the maximum number of met munts being worked on at one time, but up to 
500 old mounts may be stoEd in a storage rack Ammulation of the additional 204 met 
mounts would have a probability of 0. l/yr because it would involve a human enor in 
violaling a wenestablished administrative control. It is conceivable that a storage can 
containing the necessary additional met mounts could be moved to a given wok station that 
already contains a full storage can, but both cans would then have to be emptied of their 
contents. It should be noted that he  maximum size of the storage cans is ddministratively 
limit& to the 1-gal paint can, and no more than 250 met mounts of a typical size could be 
placed in one such can. 

Operations in tk hot cell are performed Emotely with masterslave manipulators and a robot 
It is estimated that with such equipment, it would take >50 hours of continuous work to 
successfully stack the neessary number of mounts the fist time, To accomplish this, even 
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with malicious mtent, given the clumsiness of remote manipulators would have a p r o b a t y  
of 0. Uyr. Because the AGHCF is secured in the evening, security personnel would not 
allow an operator to work continuously for >50 hours. Further, health physics persoml 
continually monitor operations in the hot cell and would not allow this continuous stacking to 
occur. If a probability of 0. Vyr is assigned to the fact that both the security and health 
physics personnel ignore the operata, then the probability of coqlethg the stacking would 
becomeO.Ol/yr. Combined, the probability of stacking the necessary met mounts in the 
optimal array would have aprobability of lO4’/yr (ie., the result of mltiplyingthe 
probabilities from the last three paragraphs). 

In addition to m s  and geometry, the configuration must also be surrounded by a significant 
amount of refledor to achieve criticality. The most probable source of reflector in the hot c d  
is the liquid from the zinc-bromide shielding window tanks, which would all have to bie& 
and dump their contents &Q the hot cell. Simultaneous destruction of six shieldmg window 
tanks would require an eaahquake (P < O.Ol/yr) or a plane crash (P <104/yr). Ignoringthe 
probability thit some liquid will fall outside the hot ell and the fact that either an earthqudce 
or a plane crash that destroys the window tanks would also disperse the delicately 
constructed cylinder of met mounts, the combined probability of &eving t l ~  necessary 
mass, geometry, and reflector for achieving acriticality with metmounts is already <lOd/yr 
(i. e., incredible). 

CONCLUSIONS : When faced with a decision to upgrade the current CAS, the 
AGHCF, a nonreactor nuclear facility at ANL-E, used a combination of qualitative 
judgment and semi-quantitative analysis to establish the probability for an inadvertent 
criticality event and determine that an operating CAS was not required. The probability of 
an inadvertent criticality event was shown to be less than 10d/year (i.e., an incredible event). 

It was not necessary to paform a formal probzbilistic risk assessment to show that an 
inadvertent criticality exnt  was incredible. Meeting with representatives from DOE’S 
Argonne Group prior to the analysis helped establish the reasonabk grounds for incredibility 
and haw best to proceed. Essentially, a coordinated effort between facility management and 
the approval authority helped define what was meant in DOE Order 420.1 by commonly 
accepied engineering judgmnt for a non-reactor nuclear facility. The effort was well 
worthwhile it because the AGHCF has avoided an U M ~ X S S ~  expense associated with 
continuing to operate or upgrade the CAS, and it is expected that the NBL analysis will lead 
to a similar result. 
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