
 

 

52

 
 

 

 

        vol.2 issue 1, 2013, pp.52-57                                                                                                   

 

 

METHODOLOGY TO ASCERTAIN CORE RECRITICALITY 

 FOLLOWING A SEVERE FISSION REACTOR ACCIDENT 
J. J. Bevelacqua 

Bevelacqua Resources, USA 

Corresponding author: bevelresou@aol.com 
  

Received: 30 May 2013; accepted: 2 September 2013 

 
 

 

Abstract 

Recriticality concerns have been expressed following 

severe power reactor accidents, involving fuel melt-

ing and possible core relocation out of the reactor 

vessel. Analyses of reactor coolant liquid samples 

must carefully evaluate fission isotope activities 

when assessing the possibility of a recriticality. As-

sessments should consider the criticality duration, 

sampling time, sampling location, and core operating 

history to provide an accurate determination of a re-

criticality. By considering these factors, the 
131

I/
137

Cs 

activity ratio can lead to a determination if a recriti-

cality occurred.  
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1.0 Introduction 

 

Following the Three Mile Island Unit-2 (TMI-2) 

[1, 2] and Fukushima Daiichi [2, 3] accidents, 

concerns were raised regarding recriticality fol-

lowing the loss of well-defined core geometry. 

The United States Nuclear Regulatory Commis-

sion (NRC) also reviewed the possibility of a 

recriticality following a core damage event [4]. 

These references acknowledge the possibility of 

a recriticality, but do not evaluate sampling 

methods to verify its occurrence. 

 

The loss of core geometry was severe at TMI-2, 

but the reactor vessel remained intact and re-

criticality was prevented using high boric acid 

concentrations in the reactor coolant system to 

maintain adequate shutdown margin (keff ≤ 0.98) 

[1]. The boron concentration was maintained by 

requiring double valve or equivalent isolation to 

ensure no lower concentration boric acid or de-

mineralized water reached the damaged core [2]. 

Since TMI-2 defueling activities  

 

were dynamic, these isolation barriers changed 

as defueling progressed and various flow paths 

were required to support the various defueling 

methods. The defueling methods changed as the 

various layers of core damage (e.g., loose rub-

ble, fused fuel assemblies, melted fuel, melted 

fuel/steel eutectics, and melted fuel adhering to 

reactor vessel structures) were excavated and 

removed from the reactor vessel. 

 

At the Fukushima Daiichi Nuclear Power Sta-

tion (FDNPS) Units 1, 2, and 3, core geometry 

was not only lost, but reactor pressure vessel 

(RPV) and containment vessel (CV) integrity 

may have been compromised [5]. Fuel appar-

ently melted through the bottom of the RPV and 

CV. It is believed that quantities of fuel reside 

on the bottom of the RPV, bottom of the CV, 

and possibly on the reactor building floor [5]. 

 

The loss of core geometry and loss of fission 

product barrier integrity enhances the possibility 

of core recriticality, and complicates it detection. 

This condition is exacerbated because the status 

of the control rods is uncertain, the core cooling 

flow paths are dynamic, fuel may have been re-

located out of the reactor vessel, and changing 

plant conditions permit the potential for debora-

tion of the water cooling the fuel. Each of these 

events could result in a subsequent recriticality 

[2]. 

 

A criticality would normally be detected by the 

neutron count rate, but the loss of well-defined 

core geometry with fuel relocation in a severe 

accident may limit the effectiveness of nuclear 

instrumentation [1]. This instrumentation may 

have been damaged during the accident or be-

come inoperable as defueling proceeds [1]. The 
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unavailability of nuclear instrumentation would 

require an alternative method to determine if a 

recriticality occurred. This paper outlines an al-

ternative approach to determine if a recriticality 

occurred and its effectiveness in assessing the 

nature of the event 

 

2.0 General approach 

 

A recriticality could be recognized from the pro-

duction of short-lived fission isotopes (e.g., 131I) 

if the event occurred during recovery operations 

after the core’s fission product inventory of 

short-lived nuclides had decayed. In the case of 

TMI-2, in core instrumentation was damaged 

when the fuel melted [1]. As such, recriticality 

detection depended upon other measurements 

such as reactor coolant samples and temperature 

measurements. 

 

Gas samples could also detect a recriticality, but 

these samples might not be definitive since fis-

sion gases will be trapped in undamaged fuel as 

well as melted fuel. Noble gases were liberated 

during TMI-2 defueling operations, particularly 

during plasma arc cutting operations [1]. In view 

of the potential issues with nuclear instrumenta-

tion and possibility of noble gas emissions dur-

ing defueling operations, this paper examines the 

analysis of liquid samples and their potential to 

determine if a recriticality occurred. 

 

Matsui [3] performed an analysis of Fukushima 

Daiichi liquid samples to ascertain the possibil-

ity of a recriticality following the accident. 

However, the analysis only considered radioac-

tive decay as a fission product removal mecha-

nism and did not examine details of the core op-

erating history. Based on experience at TMI-2, 

other removal mechanisms and the specific 

sampling location must be also addressed to de-

termine if a recriticality occurred. 

 

3.0 Formalism  
 

A criticality results in a nuclear reaction that 

produces neutrons and fission products. For the 

purpose of this paper, neutron detection is as-

sumed to be unavailable or unreliable. This is a 

reasonable assumption, because the neutron 

count rate determination is affected by core al-

terations that occur during defueling operations 

and original nuclear instrumentation and associ-

ated systems may have been damaged during the 

accident or recovery activities [1]. In addition, 

fuel may have been relocated out of the reactor 

vessel, which limits the usefulness of original 

nuclear instrumentation. 

 

The quantity of fission products produced in a 

criticality depends on a number of factors in-

cluding the number of fission events, nuclide 

that fissions, the duration of the criticality, time 

the liquid sample is drawn following termination 

of the criticality, and the sampling location. The 

number of atoms of isotopes i following the fis-

sion of nuclide k created from time tq to tf is 

given at a subsequent sampling time t by the re-

lationship: 

 

 
 

where Nb
i is the number of atoms of isotope i 

present before the criticality, No is the number of 

fissions per unit time during the recriticality, fik 

is the fraction of isotope I produced per fission 

of nuclide k, and ξi is the total removal rate of 

isotope i, which can be written as: 

 

 
 

where λi is the removal rate of isotope i from 

radioactive decay, and αi, βi, …represent other 

removal rate processes that have an exponential 

behavior [6, 7]. These processes are not utilized 

in this paper. B N
b

i is obtained from previous 

sample analyses performed before the suspected 

criticality. 

 

The activity of isotope i is given by: 

 
Aik(t) = λiNik(t)                                  (3) 

 

In addition to radioactive decay, other processes 

reduce the activity in a fluid stream. These re-

moval mechanisms depend on the isotope pro-

duced and its chemical properties within the liq-

uid being sampled. During accident conditions, 

these removal terms are time dependent (e.g., 

depend on the chemical composition of the liq-

uid and associated pH). Other reduction terms 

from processes such as filtration and deminerali-

zation must also be considered [7, 8]. 

 

The sampling location reduction terms are anal-

ogous to the chemical efficiency factor applied 

to a radiopharmaceutical isotope generator. For 

example, 99mTc is extracted from a 99Mo genera-

tor by elution and the efficiency of this chemical 

removal of about 95% [7]. Similar reduction 

terms have been observed in previous reactor 
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accidents, and will be illustrated by data derived 

from the TMI-2 accident [8]. 

 

The important consideration is that only consid-

ering radioactive decay is not always sufficient 

to determine the activity of isotope i following a 

fission event. Table 1 illustrates the removal of 

fission isotopes as TMI-2 reactor coolant was 

transferred to other plant locations [8]. 

 

Table 1 illustrates the removal of TMI-2 fission 

products from the reactor coolant during the 

1979 accident. At TMI-2 fission products were 

transferred from the fuel pellet/clad in the fol-

lowing sequence: 1) from the pellet/clad into the 

reactor coolant; 2) from the reactor coolant into 

the reactor containment basement sump; 3) from 

the containment sump to the auxiliary building 

sump; and 4) from the auxiliary building sump 

to the environment [7]. At TMI-2, minimal ac-

tivity of cesium and strontium were released to 

the environment in spite of the loss of the fuel, 

reactor coolant system, and containment fission 

product barriers. The reader should note that the 

containment building remained intact, but reac-

tor coolant was transferred to the auxiliary build-

ing sump where radioactive material, primarily 

noble gases, were released through the waste gas 

system to the environment [7]. For example, on-

ly a fraction (3 /40) of the soluble Cs reached the 

auxiliary building from reactor building. Much 

of the Cs removal was due to chemical reactions, 

which removed the fission product from the liq-

uid transported to the auxiliary building. Similar 

reactions occurred for other fission products. 

These results support the author’s contention 

that reduction mechanisms other that radioactive 

decay affect the sample results. 

 

The values summarized in Table 1 also illustrate 

the conservatism that was inherent in the reactor 

safety analysis utilized at the time of the TMI-2 

accident [9]. In particular, the actual TMI-2 io-

dine release fraction was significantly overesti-

mated by a factor much greater than 10 in the 

WASH-1400 analysis [9]. One of the lessons of 

the TMI-2 Accident is the significant overesti-

mate of the release source term, and the need to 

account for inherent physical and chemical re-

moval mechanisms. This lesson is reflected in 

current NRC regulations that permit a facility 

specific source term instead of a conservative 

default accident source term. These considera-

tions must also be included in analyses of sam-

pling data. 

 

 

Table 1. Location specific reduction factors in reactor 

coolant samples from the TM-2 Accident 

Percentage of fuel isotope  

activity at the specified location 

Fission       

product and 

associated 

form 

   Reactor 

 vessel 

Reactor 

building 

Auxiliary 

building 

Environ- 

ment 

Cesium 

- liquid 

- gaseous  

 

50 

- 

 

40 

<< 1 

 

3 

- 

 

- 

- 

Strontium 

 - liquid 

 

2 

 

1 

 

- 

 

- 

Noble gas 70 70 5
a)
 5

a)
 

Iodine 

- liquid 

- gaseous 

 

30 

- 

 

20 

0.6 

 

3b) 

0.0001 

 

-b) 

0.00001 
a)
 WASH-1400 [9] predicted a 100% value; 

b) WASH-1400 [9] predicted a 50% value; 

Derived from Knief [8]. 

 

The experience from the TMI-2 accident re-

flected in Table 1 suggests that the activity equa-

tion Eq. 3 must be modified to account for the 

sampling location (j) within the plant: 

 

Aikj(t) =  gij λi Nik (t)                              (4) 

 

where gij represents the fraction of the theoreti-

cal activity of isotope i present at the jth sam-

pling location. This is effectively an isotope spe-

cific sampling location reduction factor (SLRF). 

At a given sampling location, the ratio of the 

activities of two isotopes (I and m) is given by: 

 
In the case of the TMI-2 accident, the gij values 

are provided in Table 1. The Table 1 values have 

a significant impact on the sampled activity 

since they alter the usually assumed activity ra-

tio based on Eqs. 1 and 2 and require the utiliza-

tion of the more general relationship of Eq. 5. 

 

The problem of isotopic composition is not yet 

complete because Eq. 5 assumes that only a sin-

gle nuclide fissions. In a commercial light water 

reactor, fission dominantly occurs in three sepa-

rate processes. These are the thermal fission of 
235

U and 
239

Pu and fast fission of 
238

U. As noted 

in Ref. 10-12, the yields of the various fission 

products depend on the specific nuclides that 

fission. Accordingly, Eq. 5 must be modified to 

account for the individual nuclides that undergo 

fission: 
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where k labels the nuclide undergoing fission, ak 

is the fraction of total fissions resulting from the 

fission of nuclide k (k = 1 for 235U, k = 2 for 
238U, and k = 3 for 239Pu), and fik and fmk are the 

fission yields of isotope i and m from the fission 

of nuclide k. In principle, the removal rates ξij 

and ξmj are dependent of the sampling location j. 

 

However, in this paper, that flexibility is not 

utilized and these removal rates are just the 

physical decay constant for isotopes i and m. 

The ak values for 235U, 238U, and 239Pu depend 

on the reactor operating history, fuel enrichment, 

burnup, and initial isotopic compositions. 

 

To complete the model specification, the ak fis-

sion fraction values are defined in terms of read-

ily available nuclear data [10-14]: 

 

 
 

where Nk is the number of atoms of nuclide k 

per unit fuel volume that fissions [13], fission k 

s is the microscopic fission cross section for nu-

clide k [12, 13], and k f is the core thermal neu-

tron fluence rate (flux) for 235U and 239Pu and the 

fast neutron flux rate for 238U [14]. In Eq. 7, r 

labels the same three fissioning nuclides as de-

fined in Eq. 6 

 

In applying Eq. 6, specific operating conditions 

must be assumed. The results depend on the core 

operating history, but this paper can be suffi-

ciently illustrated by assuming a specific set of 

core conditions. For specificity, the TMI-2 vin-

tage core parameters [12-14] are used to derive 

the calculational assumptions. This paper as-

sumes: 

• 235
U and 

239
Pu fissions occur predominantly 

by thermal neutrons and 
238

U fissions are in-

duced by fast neutrons [12, 13]; 

• Core average thermal and fast neutron flu-

ence rates are 3×1013 and 5×1013 n/cm2-s, re-

spectively [14]; 

• In the beginning of life (BOL) core case, the 

fuel has the following composition: 
235

U 3 

wt% and 
238

U 97 wt% [11]; 

• In the middle of life (MOL) core case, the 

fuel has the following composition: 235U 1.9 

wt%, 236U 0.2 wt%, fissile plutonium 0.33 

wt%, nonfissile plutonium 0.13 wt%, fission 

products 1.5 wt%, and 238U 96 wt% [11]; 

and 

• In the end of life (EOL) core case, the fuel 

has the following composition: 235U 0.8 

wt%, 
236

U 0.4 wt%, fissile plutonium 0.65 

wt%, nonfissile plutonium 0.25 wt%, fission 

products 2.9 wt%, and 238U 95 wt% [11]. 

 

4.0 Results and discussion 

 

The model of Eq. 6 and 7 was verified by repro-

ducing the results of Matsui [3] for the simpli-

fied case of 235U thermal fission, which was in-

dependent of the sampling location and only in-

cluded radioactive decay in deriving the removal 

term. This is demonstrated by comparing Eq. 6 

to the equivalent equation of Ref. 3. These re-

sults are equivalent in the limit ak→ 1, gij→ 1, 

gmj→ 1, Nbi → 0, and Nb
m → 0. Since Ref. 3 

only presents a semi-log graph and not specific 

numerical values, the calculations of this paper 

were compared to Ref. 3 by scaling values from 

the Ref. 3 graph. The resulting calculations re-

produced the values and trends of the calcula-

tions published in Ref. 3. The comparison was 

sufficient to verify that the model was perform-

ing as desired. 

 

In order to assess a recriticality via liquid sam-

pling, this paper focuses on two radionuclides 

with abundant fission yields. 131I and 137Cs meet 

this criterion and have half-lives of 8.023 d and 

30.07 y, respectively. Given these half-lives, 

their activity ratio decreases on a timescale on 

the order of days after termination of a fission 

reaction. Comparing the calculated 
131

I/
137

Cs 

activity ratio to sample results permits determi-

nation of when the criticality terminated. In ad-

dition, the magnitude of the ratio indicates the 

duration of the criticality. These are useful fac-

tors in assessing and mitigating a recriticality in 

a damaged light water reactor core, and their 

time variation is illustrated in subsequent discus-

sion. 

 

Eq. 6 was used to calculate the ratio of 131I/137Cs 

activities for a variety of conditions. These con-

ditions include the criticality duration, sampling 

location, SLRF, sampling time relative to the 

termination of the criticality, and core operating 

characteristics. These parameters complicate the 

use of sampling data to ascertain a criticality 

event. To illustrate their importance, the TMI-2 

specific sampling locations and SLRF values are 

utilized in subsequent discussion. 
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The sensitivity of the 
131

I/
137

Cs activity ratio to 

the criticality duration is provided in Fig. 1 for 

BOL conditions and sampling of the reactor ves-

sel. Criticality durations of 1 d (top curve), 7 d, 1 

mo, 3 mo, 6 mo, and 12 mo (bottom curve) were 

utilized. In the calculations of Fig. 1, sampling 

times of 1 to 100 days after the criticality dura-

tion are illustrated. These assumptions are arbi-

trary, but illustrate the inherent difficulties in 

investigating a possible criticality event based 

solely on liquid sample analysis. 

 
Figure 1. Calculated 131I/137Cs activity ratio for an 

assumed BOL criticality based on reactor vessel sam-

ples. Criticality durations of 1 d, 7 d, 1 mo, 3 mo, 6 

mo, and 12 mo are assumed. The criticality durations 

of the calculated events from the top to the bottom 

curve are 1 d, 7 d, 1 mo, 3 mo, 6 mo, and 12 mo, re-

spectively. 

 

 
Figure 2. Calculated 131I/137Cs activity ratio for an 

assumed BOL criticality based on three sample loca-

tions with SLRF values derived from Table 1. A crit-

icality duration of 7 d is assumed. The upper, middle, 

and lower curves are based on sampling the auxiliary 

building sump, reactor vessel, and reactor building 

sump, respectively. 

 

The results illustrate that the criticality duration 

has a significant impact on the 
131

I/
137

Cs activity 

ratio. This ratio increases as the criticality dura-

tion decreases. A measurement of the magnitude 

of the 
131

I/
137

Cs ratio provides an indication of 

the criticality duration. The results of Fig. 1 pro-

vide a natural calibration curve that would de-

termine the criticality duration, but specific de-

tails of the criticality would be difficult to infer 

from the sampling data. 

 

Figure 2 examines the influence of the sampling 

location for a 7 d BOL criticality using the TMI-

2 SLRF values summarized in Table 1. In par-

ticular, the influence of sampling the reactor 

coolant in the following locations: reactor vessel 

(middle curve), reactor building sump (lower 

curve), and auxiliary building sump (upper 

curve) is illustrated. The results of Fig. 2 suggest 

that the sampling location has a significant im-

pact on the 
131

I/
137

Cs ratio. A proper assessment 

of a recriticality must consider the influence of 

the sampling location when comparing meas-

urements and calculations. 

 

 
Figure 3. Calculated 

131
I/

137
Cs activity ratio for an 

assumed criticality based on reactor vessel samples 

and a criticality duration of  7 d. The upper, middle, 

and lower curves are based on EOL, MOL, and BOL 

core operating histories, respectively. 

 

The influence of the core operating history is 

illustrated in Fig. 3. Three operating configura-

tions are assumed and include the BOL (lower 

curve), MOL (middle curve), and EOL (upper 

curve) fuel compositions described previously. 

A 7 d criticality duration and reactor coolant 

sampling in the reactor vessel are assumed to 

permit comparison to the Fig. 1 results. The re-

sults demonstrate that the core operating history 

affects the calculated ratio, but the effect is not 

as significant as the sampling location or the 

duration of the criticality. In addition, the effects 

of core operating history become minimal after 

about 30 d post criticality 

 

For completeness, other isotope ratios are re-

viewed. In particular, 131I/90Sr (upper curve), 
131

I/
137

Cs (middle curve), and 
131

I/
134

Cs (lower 

curve) isotope ratios are provided in Fig. 4 for 

reactor vessel samples. The 90Sr and 134Cs calcu-

lations provide a comparison to the previous 
137

Cs results. The trends in Fig. 4 are under-
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standable based on the physical half-lives and 

SLRF values noted previously. The 131I/90Sr ratio 

has the largest value since the Sr SLRF for the 

reactor vessel (Table 1) is a factor of 25 times 

smaller than the Cs factor. The 131I/137Cs ratio is 

larger than the 131I/134Cs ratio because the 134Cs 

half-life is shorter than the 
137

Cs half-life. 

 

 
Figure 4. Calculated 

131
I/X activity ratio for an as-

sumed BOL criticality based on reactor vessel sam-

ples and a criticality duration of 7 d (X = 
90

Sr, 
137

Cs, 

and 
134

Cs). The upper, middle, and lower curves are 

the 
131

I/
90

Sr, 
131

I/
137

Cs, and 
131

I/
134

Cs isotope ratios, 

respectively. 

 

The 
131

I/
90

Sr, 
131

I/
137

Cs, and 
131

I/
134

Cs isotope 

ratios provide additional information to analyze 

a recriticality event. Using samples from a vari-

ety of locations and evaluating various isotopic 

ratios can provide insight into the nature of a 

recriticality following a severe reactor accident. 

However, the analysis must be carefully per-

formed and consider a variety of factors to de-

termine if a recriticality occurred. 

 

5.0 Conclusions 

 

Recriticality concerns have been expressed fol-

lowing the TMI-2 and Fukushima Daiichi acci-

dents. These severe accidents complicate recriti-

cality analysis because fuel melting and core 

relocation limits the effectiveness of nuclear in-

strumentation. If neutron detectors are unavail-

able or inoperable, a recriticality can be evalu-

ated by considering fission product isotope ac-

tivity ratios. However, the analysis must con-

sider the sampling location, core operating his-

tory, criticality duration, and sampling time post  

 

 

 

 

 

 

 

criticality to provide the most accurate assess-

ment of the event. 
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