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Evaluation of Triage Methods for Criticality Accident Dosimetry 

Abstract

Studies indicate that early identification of persons involved in and receiving high doses of 

radiation in accidents is key to providing life-saving medical treatment. Although the risk of 

criticality accidents is low the potential impact to workers is significant. For facilities that employ

large numbers of workers a key element in the response to a radiological emergency is identifying 

personnel that received significant, and potentially harmful, doses. Also important is having the 

ability to screen large numbers of workers to identify persons that did not receive significant 

exposure so as to reduce the impact on emergency response efforts. At the Y-12 National Security 

Complex the focus on criticality accident response is the rapid triage of personnel in order to 

identify persons exposed to large radiation doses and to prioritize those persons receiving the 

highest exposures. Once identified personnel are transported to local medical facilities including 

the Radiation Emergency Assistance Center/Training Site (REAC/TS) for medical evaluation and 

treatment. The Y-12 external dosimetry program utilizes a number of techniques to identify and 

prioritize workers and these methods were evaluated at a criticality dosimetry intercomparison 

exercise. The methods used were shown to perform as intended and other sites may 
consider
incorporating these methods into their accident dosimetry response procedures.  

Final Manuscript (Abstract, Text, References, Footnotes, List of
Figure Captions)
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 2 

Evaluation of Triage Methods for Criticality Accident Dosimetry  

 

Introduction 

 

The Y-12 National Security Complex (Y-12) performs operations involving various chemical and 

physical forms of enriched uranium and, although unlikely, the possibility of a nuclear criticality 

does exist. Experience from past criticality events indicates that prompt medical attention to 

persons receiving greater than 0.5 Gy of whole body absorbed dose can significantly increase their 

chance of survival (Andrews and Auxier 1965; Goans et al. 1997; Farese et al. 1998). Further, a 

review of past criticality accidents (McLaughlin et al. 2000) reveals that in most accidents a small 

number (i.e. <10) of persons receive a medically-significant dose. At Y-12, special monitoring 

stations and emergency response teams are designated to perform rapid triage-style assessments 

to identify persons potentially exposed to high doses from criticality accident radiations and these 

teams are equipped with portable monitoring equipment to be used to determine personnel 

contamination, to detect the neutron activation of items worn by personnel (belt buckles, watches, 

jewelry, etc.), and to assess the presence of activated sodium atoms in a person's blood. 

Historically, simple hand-held Geiger-Mueller (G-M) probes were used for these purposes 

although it was recognized that, since these instruments contain no information on incident photon 

energy, it was impossible to determine if the activity was from contamination or from activation. 

When available, more exotic techniques such as laboratory analysis of hair samples could be used, 

although the chemistry and measurement equipment required for these complex studies can be 

difficult and expensive to maintain. Y-12 workers determined to have received significant doses 
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 3 

are immediately sent to the Radiation Emergency Assistance Center/Training Site (REAC/TS) for 

further evaluation and treatment.  

 

Personnel entering areas at Y-12 where there is the potential for a criticality accident to occur are 

required to wear a criticality accident dosimeter. These accident dosimeters are based on 

thermoluminescent dosimetery (TLD) and may be the routine dosimeter worn for occupational 

dose monitoring. Some personnel are also required to wear additional neutron dosimetry if they 

have the potential to receive 1 mSv of neutron dose per year.  

 

For emergency response purposes a method is needed to rapidly identify personnel that have been 

exposed to significant doses. It is also desirable to very roughly estimate the relative doses to which 

the workers were exposed so that those receiving the highest doses receive priority from medical 

personnel. In general, the workers on site that would be exposed during a criticality accident can 

be grouped into one of three categories. The first group are those personnel that received a 

significant (greater than 0.5 Gy) whole body dose. These personnel must be identified quickly and 

routed for immediate medical care. If possible, these persons should be sorted so that personnel 

receiving the highest doses are evaluated before those receiving lower doses. The second group 

are persons that received an elevated, but not life-threatening, dose. These persons should be 

monitored and their personnel dosimeters processed quickly to verify they did not likely receive a 

dose in excess of 0.5 Gy. At this point simply reading a TLD may not provide accurate dosimetric 

results as detailed knowledge of the neutron spectra would be required. Finally, the third group are 

those personnel that did not receive a significant dose. It is important that these workers be 
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identified and removed from the area so they do not hamper emergency response actions. At some 

later time their dosimeters should be processed to verify no significant dose was received. 

The Y-12 dosimetry program participated in a criticality dosimetry intercomparison conducted at 

the Flattop critical assembly at the Design Analysis Facility (DAF) Nevada Test Site in May, 2018. 

The intercomparison included irradiations of whole-body beta/gamma and neutron 

thermoluminescent dosimeters (TLDs) and humanoid (BOMAB) phantoms filled with reference 

man concentrations of sodium. Electronic dosimeters were also exposed during the exercise. 

This paper will focus on triage techniques used during the testing and results of these tests. Results 

from sodium activation measurements in the BOMAB phantom and activation of TLD holder 

materials will prove useful for triaging of personnel following an accident. Spectral analysis 

indicates that the TLD holder activation will be a useful method days after the accident and sodium 

activation can be used as a means to triage personnel. 

This work is intended to evaluate the performance of various triage methods related to radiological 

exposures. The overall emergency response actions should include evaluations and treatment of 

physical injuries as noted in HPS/ANSI N13.3 (HPS 2013). In fact, treatment of physical injuries 

may take precedence over radiological injuries. The delivered dose is assumed to be from prompt 

radiations emitted during a criticality. The triage dosimetry in this work are based on neutron 

activation and thus apply to the neutron (and secondary photon) dose and do not include 

contributions from prompt photons, airborne radioactivity, or radiations from residual activation 

or contamination.  
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 5 

 

Facility and Equipment Description  

 

Flattop Facility 

 

The Flattop critical assembly was first constructed in 1958. The assembly consists of a nearly 

infinitely thick spherical natural uranium reflector surrounding a central cavity where various 

fissile cores can be placed. Flattop-25 (or just Flattop) is the most commonly used configuration 

using a highly enriched 235U core; Flattop-Pu and Flattop-23 use plutonium (6% 240Pu) and 233U 

cores. Three large control rods and multiple mass adjustment buttons allow for substantial 

variation in reactivity control. A glory hole traversing one side of the reflector and the full width 

of each core enables access to many neutron spectra. One of the primary roles of this assembly has 

been to provide standard neutron fields for activation irradiations.  

 

Facility Characterization 

 

A dose characterization of the standard (235U) configuration was performed by personnel from the 

Lawrence Livermore National Laboratory (LLNL) (Hickman et al. 2017) in 2017. This 

characterization utilized a rotating neutron spectrometer (ROSPEC) and personnel neutron 

accident dosimeters (PNADs). Personnel dosimeters were utilized to determine the photon dose 

contribution. Personal ionization chambers (PICs) were also used, but the results were inconsistent 

with passive dosimeter results (the report notes that “PIC readings provide predicted gamma dose 

results that were approximately 0 to 150% higher than CaF2 (Mn) predictions."). The results of the 
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 6 

characterization were applied to the input parameters of the accident testing (i.e. pulse power and 

run-time) to determine the reference doses to be used in criticality intercomparisons.  

 

The characterization measurements were used to determine neutron fluence rates and dose 

contributions at various distances from the reactor core. Fits were then performed to the kerma 

rates at each distance (and for several reference positions at each distance) for four energy regions: 

thermal, 1 eV to 1 MeV, 1 MeV to 3 MeV, and greater than 3 MeV. The reference neutron spectra 

for three distances are shown in Figure 1 (Hickman et al. 2017). 

 

Intercomparison Test Plan 

 

The intercomparison exercise was designed as a blind test - that is participants would not initially 

be provided information on dosimeter location, geometry (orientation), neutron spectra, etc. As 

time passed following the irradiations more information would be passed along to the participants. 

This information might include positioning of dosimeters on phantoms (i.e. front, back, etc.), 

rotation of phantoms, and the distance of phantoms from the source. Two irradiations were planned 

with each occurring about one day apart. This would allow participants time to make initial 

measurements and to observe decay in some shorter-lived activated materials. 

 

Triage Dosimetry 

 

For purposes of determining appropriate medical response a precise estimate of the whole body 

dose is not necessary. Rather, an indicator of whether a person received a significant dose is 
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 7 

critical, since person-specific doses must be determined on an individual basis. Typically these 

person-specific dose estimates are performed by analyzing biological indicators such as 

lymphocyte depletion or chromosome aberrations using blood or tissue samples taken from the 

person. These measurements are much better indicators of biological insults created by radiation 

than are dosimetric quantities designed to be applied to a representative population or simple 

phantoms under very specific and controlled conditions. In the event of a criticality accident at Y-

12 persons determined to have been significantly exposed would be sent to the Radiation 

Emergency Assistance Center/Training Site (REAC/TS) for evaluation and treatment. Thus, the 

goal for Y-12 responders is to quickly identify those workers that have been exposed to significant 

radiation doses and route them to REAC/TS for more detailed evaluation and treatment. 

 

Human tissue and blood contain a number of elements that can be transformed by neutron 

activation. Of particular interest is sodium which absorbs neutrons and transforms to the unstable 

24Na via an (n, ) reaction. Sodium-24 beta decays to 24Mg with a half-life of 15 hours emitting 

several photons in the process. A 1.37 MeV photon is emitted with a yield of 100% and a 2.75 

MeV photon is emitted with a yield of 99.9%. These photons provide a convenient indicator of 

exposure to neutrons since they are sufficiently energetic to penetrate the body and are easily 

detected by common radiation instruments. 

 

Neutron Activation Response 

 

The amount of activation of sodium in a person's blood will depend on a number of factors 

including the incident neutron energy spectrum, orientation in the field, neutron fluence, body 
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 8 

shape, and variations in an individual's biological composition. It is impossible to pre-determine 

individual responses for any radiation or other probabilistic quantity, however, responses for 

reference standards can be calculated and measured. The probability of a neutron absorption by 

23Na is defined as its absorption cross section and is shown (McLane 1995) in Figure 2. This cross 

section is the probability of a neutron having energy E being completely absorbed by the 23Na 

atom thus transforming it to 24Na. Since the absorption cross section is strongly dependent on 

neutron energy and neutrons can vary over a wide energy range, the total probability of an 

absorption reaction can be defined by the total response function ܴ = න ா೘ೌೣா೘೔೙ܧ݀(ܧ)ߪ(ܧ)߮ ܥ  (1) 

where R is the response (number of transformed atoms), C is the number of available 23Na atoms, 

(E) is the neutron fluence with energy E, (E) is the energy-dependent cross section, and Emin 

and Emax bound the neutron energy range considered. The total response, R, can be calculated or 

measured for a given incident neutron spectrum or the energy-dependent response for a specific 

geometry can be generated and folded with a neutron spectrum to determine the total response. 

 

Historically, Y-12 used activated blood sodium measurements to segregate exposed workers by 

monitoring these personnel with G-M detectors. Since workers would be exiting process facilities 

they may be contaminated with various radioactive compounds. It is therefore important to be able 

to discriminate between the photons emitted by 24Na atoms and those emitted by any other 

radionuclide. It should be assumed that workers immediately exiting a process area could have 

varying levels of contamination present on their skin and clothing. While showering and removing 

clothing might eliminate much of this contamination this would waste valuable time. The inability 
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 9 

of a G-M detector to distinguish energies of incident photons makes discerning the various sources 

of the photons impossible. 

 

The ability to distinguish surface or internal contamination of uranium isotopes and fission 

fragments from activated sodium in the blood can be accomplished using gamma spectroscopy. 

Additionally, the spectrometer should be portable and easy to use. Although there are a number of 

possible solutions available Y-12 has opted to use the Identifinder1 handheld gamma spectrometer 

(Veinot et al. 2009). The following descriptions are based on the Identifinder, although the 

methods described can be applied to any portable gamma spectrometer. 

 

The Identifinder is a digital handheld gamma spectrometer that utilizes a small sodium iodide or 

lanthanum bromide detector along with an internal Geiger-Mueller detector. Both NaI and LaBr 

models are used at Y-12, but only the LaBr model was used in this intercomparison. The instrument 

provides spectral analysis capability via an LCD display and contains a library of common photon 

emission lines which are used to determine likely isotopes once a spectrum is acquired. Although 

not contained in the default libraries, the 1.37 and 2.75 MeV photons emitted from 24Na decay can 

be added in units with older software to existing libraries for easier identification. Unfortunately, 

more recent firmware versions do not include this capability to add nuclides to the search library. 

The default energy calibration utilizes 1024 channels with a channel-to-energy ratio of 3 keV per 

channel resulting in a maximum detectable photon energy of about three MeV. 

 

Identify Mode 

                                                           
1 FLIR Systems, Inc. Wilsonville, OR, USA 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



 10 

 

The Identifinder can be used as a survey instrument or as an interrogation instrument. When used 

in the Identify mode the instrument acquires a spectrum for a user-defined time. Once the 

acquisition is completed a peak search algorithm is initiated. Returned peaks are compared based 

on their centroid channels (energies) to photon emissions from nuclides in the selected library. If 

photon energies match those in the library the nuclides are listed along with a likelihood estimator 

for each returned nuclide. The probability estimator ranges from one to ten with ten being the 

highest likelihood. Once a measurement is complete the user can opt to view and save the 

spectrum. A representative 24Na spectrum is shown in Figure 3. 

 

The Identifinder contains a number of specialty libraries (medical, nuclear, security, etc.) which 

contain various photon emission lines from radionuclides of interest to that category. As noted 

earlier none of the libraries contained the 1.37 MeV or 2.75 MeV photons from 24Na. These 

emission lines were created manually based on the resolution of the detector and added to a pseudo 

spectrum containing randomly generated background counts in each channel. This pseudo 

spectrum was then imported to the Identifinder via the SLIBSPEC function, the 24Na peaks 

identified, and the isotope manually added to the Security library, thus enabling the detector to 

include 24Na in the Identify mode. 

 

Handheld Survey Instruments 

 

Additionally, a Geiger-Mueller detection system consisting of a Ludlum Model 3 instrument and 

Model 44-9 probe were tested. These G-M detectors have historically been used for these 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



 11 

measurements at Y-12 and are commonly available. Also included in the tests were the Ludlum 

Model 2224 paired with a Model 43-93 dual alpha-beta scintillation detector. The REAC/TS 

recommended conversion to estimate whole body dose is 70 cpm rad-1 (7000 cpm Gy-1) neutron 

dose (Goans et al. 1997). Obviously, this single conversion is only an estimate and strongly 

dependent on the neutron spectrum, but it is useful nonetheless, provided any dose values based 

on this conversion are understood to be only an estimate. Given the significant energy dependence 

on both dose and 24Na activation the dose per incident neutron will vary from spectrum to 

spectrum. An additional goal of this test was to determine a similar factor for the Model 43-93 

probe since its response to photons differs from the G-M detector. 

 

The instruments used underwent standard calibrations using procedures in place at Y-12 and these 

calibrations are summarized here. The Ludlum Model 3 with 44-9 detector is calibrated using a 

90Sr/90Y electroplated source positioned at a distance of about 0.25” (about 0.6 cm) from the probe 

entrance window. The operating voltage is set to 900 V and the instrument ratemeter is tested on 

each available scale. Ratemeter linearity is also verified using calibrated pulsers at 20 and 80% of 

full deflection on each scale. The efficiency to 90Sr is 22% and 17% to depleted uranium. 

 

The Ludlum Model 2224 with 43-93 probe is calibrated using both alpha and beta emitters. Since 

the beta/gamma portion is used for 24Na it is of interest here. The minimum acceptable efficiency 

for 90Sr is 13%, will vary based on operating voltage, but is generally around 16%. Alpha-to-beta 

crosstalk is limited to 10% while beta-to-alpha crosstalk is limited to 1%. Potentiometers are 

adjusted during calibration to meet these requirements. Acceptable background is less than 300 
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 12 

cpm in a low-background environment. The probe facial response is tested for equal response 

across the 100 cm2 probe area. 

 

TLD Holder Activation 

 

The TLD used for testing was the Harshaw model 8800 whole-body dosimeter. The holders 

contain materials, including a thin copper filtration disk positioned over one of the sensitive 

elements, that may become activated when exposed to a high fluence of neutrons. A goal of the 

intercomparison was to examine the potential to use this activation as a triage method both for 

personnel and for dosimeter processing. The Y-12 dosimetry program utilizes Harshaw 8800 

automated readers for TLD processing that heat the TL material and process the signal through 

photo-cathodes and photo-multiplier tubes (PMTs). Dosimeters that have been exposed to high 

levels of radiation dose must be processed using darkening filters on the readers to avoid damaging 

the PMTs. These filters (both 1% and 10% transmission filters are available) are used during 

accident dosimeter processing. Using a filter on a dosimeter that has not been exposed to high 

radiation doses would increase the potential missed dose and could lead to the loss of potentially 

useful data for personnel not directly involved in the accident. For this reason, it would be 

beneficial to predict the level of dose to which a dosimeter was exposed before processing. Field 

instruments (Model 44-9 and 43-93) are used to perform activation surveys following irradiations. 

 

Electronic Dosimetry 
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 13 

Five Mirion DMC-3000 electronic dosimeters were shipped to the test site. These electronic 

dosimeters utilize silicon-diode detectors and are approved for criticality accident alarm 

contingency monitoring. The dosimeters were calibrated according to normal operating procedures 

and alarm setpoints (0.75 mGy hr-1) that were the default values used at Y-12 were employed. 

 

Testing Methodology 

 

ANSI/HPS N13.3 “Dosimetry for Criticality Accidents” (HPS 2013) specifies performance 

criteria for criticality accident dosimetry programs. Since triage doses were of primary concern 

that section of the standard is summarized here for the benefit of the reader. 

 

Quick Sort Performance Requirements 

 

The requirement for quick-sort performance in ANSI/HPS N13.3 is: 

 

The system shall be capable of providing positive indication of total absorbed doses 

exceeding 0.5 Gy (50 rad) during the initial incident response. The system should be 

capable of sorting individuals by estimated total absorbed dose.  

 

To achieve these requirements Y-12 uses field instrument measurements of the body (for 24Na) 

and TLD (neutron and beta-gamma) holders. For evaluation of the intercomparison exercise, Y-

12 set the test criteria as follows: 
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- Triage methods for personnel should provide a positive indication of exposure to a high 

fluence of neutrons via 24Na measurements.  

- These triage measurements should be capable of detecting exposures to > 0.1 Gy  neutron 

dose, but must be capable of detecting neutron exposure > 0.5 Gy. 

- Measurements should have a signal-to-noise ratio high enough to be used in a high 

background area.  

- The triage measurements should be capable of prioritizing personnel based on their 

received neutron dose.  

- The triage measurements should be capable of categorizing neutron exposures to TL 

dosimeters. These measurements should provide information on required filtration to be 

used during dosimeter processing.  

- The triage measurements should provide the capability to reliably distinguish 24Na from 

contaminants (i.e. uranium).  

- The triage measurements should provide a means to provide a preliminary estimate neutron 

dose. 

 

Intercomparison Test Irradiations 

 

Two irradiations were performed during the intercomparison exercise. The irradiation room is 

small and limited the number of positions and detector orientations. Complicating matters was a 

limitation on the number and size of phantoms allowed within the irradiation vault. As a result, 

both on-phantom and “in-air” irradiations were performed. Humanoid phantoms filled with 

Reference-man levels of sodium (Ringer's Lactate) were present during both irradiations. These 
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 15 

BOMAB phantoms were also used for mounting dosimeters during the testing. Reference doses 

were determined using data contained in the facility characterization report (Hickman et al. 2017).  

 

DMC-3000 electronic dosimeters were included in both tests. Two DMC-3000 units were 

irradiated in the first test, however, the units were not activated by the test coordinators before the 

irradiation so no data was retrieved from these units. During the second test, three dosimeters were 

included in the testing. However, two of the units had inadequate batteries and no data was 

retrieved from these units, but a third unit was successfully irradiated and contained readable data. 

 

Results 

TLD Holder Surveys 

 

The TLD holders were surveyed using the Model 44-9 and 43-93 probes following both tests. To 

determine decay rates multiple measurements were performed. Because of time limitations only 

the 43-93 instrument was used for some later measurements following the second irradiation. The 

results of these tests are given in Tables 1 and 2. Gamma spectrometer measurements of the holder 

were performed using the Identifinder. A representative spectrum is shown in Figure 4. 

 

Sodium-24 Measurements 

 

Results from 24Na measurements on the BOMAB phantom are listed in Table 3 for both 

irradiations. Included are estimated doses using a conversion of 7000 cpm Gy-1 (Goans et al. 1997) 

for the 44-9 probe and 37000 cpm Gy-1 for the Model 43-93 probe. The value of 37000 cpm Gy-1 
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 16 

was inferred during testing. Simultaneous measurements made using the Model 44-9 and the 

Model 43-93 consistently produced count rates on the Model 43-93 that were 5.3 times those of 

the Model 44-9. Thus, a factor of 5.3 × 7000 = 37000 was used for Model 43-93 measurements. 

Delivered neutron doses (at the BOMAB phantom) were reported by the organizer as 0.92 Gy for 

the first irradiation and 3.81 Gy for the second irradiation.  

 

Identifinder 24Na Measurements 

 

Results of Identifinder measurements performed on the BOMAB phantom following irradiations 

one and two are listed in Table 4. The decayed dose provided in Table 4 was calculated from the 

initial reference dose and the 15-hour half-life of 24Na. The count times were varied in an attempt 

to establish detection capability and the acquisition times are listed in Table 4. Each BOMAB 

spectrum obtained following the two shots reported 24Na as the isotope. Table 4 lists the nuclides 

identified and the associated confidence for each spectrum obtained. A representative spectrum is 

shown in Figure 5. 

 

Electronic Dosimetry 

 

The lone DMC-3000 that was able to record data was irradiated in the second test to a gamma dose 

of 0.76 Gy. The indicated dose on the unit was 1.13 Gy. There was a delay of approximately three 

hours between the end of the irradiation and retrieval of the dosimeter for reading. The unit showed 

significant activation and this may have contributed to the integrated dose on the unit. A gamma 

spectrometer reading of the unit indicated the presence of 56Mn and possibly 197mHg.  
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Discussion 

Determination of Significant Neutron Exposure 

 

The Model 44-9 and the Model 43-93 both performed exceptionally well when monitoring for 

activated sodium. The count rates from these measurements (see Table 3) were significantly higher 

than typical background count rates (for the Model 44-9 this is about 60 cpm and for the Model 

43-93 it is about 100 cpm). Thus, it is clear that either instrument could be used for 24Na screening. 

The Identifinder also performed well and was able to capture spectra that showed the primary peak 

energies of 24Na decay (1.37 MeV and 2.75 MeV). 

 

Dose Estimates Using the Model 44-9 

 

The Model 44-9 conversion of 7000 cpm Gy-1 for 24Na measurements was applied to the readings 

in Table 3. The average neutron dose bias for the first irradiation was about 3% and about 25% for 

the second irradiation. These initial estimates were remarkably accurate and demonstrated the 

ability to screen potentially exposed persons and provide an initial estimate of neutron dose. Of 

course, the delivered dose is strongly dependent on the neutron spectrum, so a value of 7000 cpm 

Gy-1should only be used for order-of-magnitude dose estimates and for sorting of exposed 

personnel. 
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Response of Model 43-93 to 24Na 

 

The response of the Model 43-93 probe to 24Na was evaluated and compared to that of the Model 

44-9. On average the net count rate of the Model 43-93 was 5.3 times higher than the Model 44-9. 

Thus, a conversion of 7000 × 5.3 = 37000 cpm Gy-1 was determined for neutron dose. Using this 

conversion the average bias for initial estimates of neutron dose was 3% for the first irradiation 

and about 25% for the second irradiation. Again, given the strong dependence on neutron spectra 

this dose estimate should be considered very preliminary and contains a very large uncertainty. 

Also, the dose estimate only applies to neutron dose and does not account for photon contributions.  

 

Measurements and Triage of TLD Holders 

 

In general, the holder activation measurements provided an accurate sorting criteria and count rates 

were high enough to be easily distinguishable from background. The activation is energy-

dependent, so some variation would be expected, but counting the holders using the 44-9 or the 

43-93 detectors should provide a means to broadly categorize the TLDs.  

 

Analysis of TLD Holder Activation 

 

The Identifinder spectra of the TLD holders (see Figure 4) provides insight into the usefulness of 

the holders as screening for neutron exposure. The holders showed evidence of copper isotopes (in 

particular 64Cu) and manganese (56Mn). These activation products are useful since their half-lives 

are sufficiently long to allow for their detection in the hours after irradiation (64Cu has a half-life 
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of 12.7 hours and 56Mn has a half-life of 2.6 hours). Analysis of the decay in count rates is 

consistent with the half-lives of these isotopes. 

 

DMC-3000 Electronic Dosimetry 

 

There were obvious disappointments in the lack of useful data from the DMC-3000 units. 

However, the bias of the unit that was irradiated during the second test was +49% (1.13 Gy 

indicated versus a delivered photon dose of 0.76 Gy). There was a delay of about three hours 

between the end of the irradiation and retrieval of the dosimeter for reading. Since the DMC-3000 

showed significant activation this may have contributed to the integrated dose. Gamma 

spectrometry measurements of the electronic dosimeters indicated multiple activation products 

including 56Mn. 

 

ANSI/HPS N13.3 Performance Criteria 

 

Triage Measurements 

 

The ability to triage, segregate, and prioritize personnel for treatment can be satisfactorily met by 

the use of the portable instrumentation including the Model 44-9, Model 43-93, and the 

Identifinder. The detection sensitivity of each of these instruments is adequate to ensure detection 

at low levels of neutron dose. Although a detection limit for the Identifinder was not explicitly 

calculated it would appear from the data that it should be capable of detecting doses below 0.1 Gy. 

Using the cpm-to-Gy conversions for the Model 44-9 and Model 43-93 the detectable dose is much 
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less than 0.1 Gy. The signal-to-noise ratios for all the instruments is sufficient to allow their use in 

relatively high background areas. 

 

Conclusion 

 

Efficient and reliable means of identifying exposed (and unexposed) persons following a criticality 

is of the utmost importance. Given the confusion and panic that will almost certainly ensue a 

simple, fast, and reliable method for identifying exposed personnel, prioritizing them, and 

preventing unexposed persons from expending medical resources is critical. The methods 

described in this work have been demonstrated to work effectively. At Y-12 persons evacuating 

facilities are first screened using portable survey instruments that most technicians use on a daily 

basis. If activity is detected the personnel are then screened using the Identifinder. Exposed 

personnel are then prioritized for medical treatment and sent to the REAC/TS for expert evaluation. 

 

The triage methods in use at Y-12 were demonstrated to perform adequately and to reliably identify 

sodium activation levels from neutron doses below 0.1 Gy. Screening of TLD holders for 

activation was also demonstrated and this method may be used to assist in the determination of 

appropriate reader filtrations or for personnel triage. 

 

Sodium-24 is not included in current versions of the Identifinder and firmware no longer supports 

adding it to the detection libraries. Other commercially available gamma spectrometers may 

include 24Na in their libraries. Optionally, trained spectrometrists should be able to easily discern 

the peaks. 
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The Flattop intercomparison exercise provided an opportunity to further develop the criticality 

accident dosimetry program. Factors to convert count rate to neutron dose were calculated and 

verified for the Model 44-9 and Model 43-93 instruments, though these should not be considered 

accurate estimators of neutron dose. These factors should prove useful to the program and 

demonstrate that the instruments can be used to detect relatively low neutron doses. 

It is important for first responders and program managers to recognize that a primary goal of a 

criticality accident response is to quickly and reliably identify those persons that were most 

exposed. Although occupational dosimetry may be of interest it is unlikely to be significantly 

beneficial to medical personnel responsible for determining appropriate treatment plans for 

persons exposed to high levels of radiation.  It is also important to recognize that operational and 

protection quantities defined by various organizations are based on representative phantoms, 

radiation field characteristics, and specific endpoints (i.e. dose at a depth in a phantom or to a 

specific organ or tissue). These quantities may have little resemblance to actual dose-effects in 

persons of various body shapes, masses, and individual sensitivities to radiation.  
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List of Figures: 
 
Figure 1: Flattop reference neutron spectra for 2m, 3m, and 4m. Measurements were made using 
the ROSPEC neutron spectrometer and are described in the site characterization report (Hickman 
et al. 2017). 
 
Figure 2: Total Neutron Absorption Cross Section for 23Na (McLane 1995). 
 
Figure 3: 24Na Spectrum acquired using a NaI-equipped Identifinder. Note the peaks at 1370 keV 
and 2750 keV as emissions from 24Na. The 662 keV peak is a result of an internal 137Cs source 
used for calibration. Peaks at 1730 keV and 2240 keV are single and double escape peaks from the 
2750 keV photon. 
 
Figure 4: Gamma spectrum of activated HBGT holders. Present are 511 keV annihilation photons 
(likely from 64Cu) and keyline energies from 56Mn. 
 
Figure 5: 24Na spectrum obtained from the BOMAB phantom. Note the peaks at 1.37 and 2.75 
MeV. 
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Table 1: TLD holder measurements following irradiation 1. Because of time restraints some 
measurements were only made with one meter/probe combination. Dose values are based on the 

neutron dose reported by the testing coordinator and have not been decay-corrected. FIA 
indicates free-in-air. 

 

  Model 44-9 Model 43-93 
TPost  HBGT HBGT 

(Hrs.) Orient. CPM Gy-1 CPM Gy-1 
4 Front 1100 1740 

4.5 Front 820 1620 
4.5 Back 400 610 
5.5 FIA 340 620 
7.5 Front --- 860 
7.5 Back --- 380 
23 Front 80 170 
23 Back 10 160 

 

 
 

 

Table 1



Table 2: TLD holder measurements following irradiation 2. Because of time restraints some 
measurements were only made with one meter/probe combination. Dose values are based on the 

neutron dose  reported by the testing coordinator and have not been decay-corrected. FIA 
indicates free-in-air. 

 
  Model 44-9 Model 43-93 

TPost  HBGT HBGT 
(Hrs.) Orient. CPM Gy-1 CPM Gy-1 

4 Front 980 1680 
4.25 45o 690 1180 
4.25 225o 370 630 
4.5 Front 870 1620 
4.5 Back 410 670 
5 FIA 280 510 

7.5 45o --- 630 
7.75 225o --- 330 
22.5 45o --- 140 
22.5 225o --- 90 
22.5 Front --- 200 
22.5 Back --- 110 
23 FIA --- 80 

 
 

Table 2



Table 3: Sodium-24 measurement results using the 44-9 and 43-93 probes. The Net CPM (t = 0) 
is the decay-corrected count rate using a half-life of 15 hours for 24Na. 44-9 readings were made 
using the ratemeter indication while 43-93 results are one-minute scaled counts. The cpm Gy-1 

conversion was 7000 for 44-9 and 37000 for the 43-93 probe. Delivered neutron doses as 
reported by the organizers were 0.92 Gy for the first irradiation and 3.81 Gy for the second 

irradiation.  
 

 
TPost  CPM Net CPM Pred. Dose % 

(Hrs.) Inst. (Net) (t=0) (Gy) Bias 
Irradiation 1 

5 44-9 5000 6300 0.9 -2.2 
7.5 44-9 4500 6364 0.91 -1.2 
7.5 43-93 23337 33004 0.89 -3.0 
7.5 43-93 23641 33433 0.90 -1..8 
7.5 43-93 23303 32955 0.89 -3.2 

22.75 44-9 2300 6581 0.94 2.2 
22.75 43-93 11255 32204 0.87 -5.4 

Irradiation 2 
3 44-9 20000 22974 3.28 -13.9 
3 43-93 96662 111035 3.00 -21.2 
4 44-9 17000 20451 2.92 -23.3 
4 43-93 90547 108930 2.94 -22.7 
5 44-9 16000 20159 2.88 -24.4 
5 43-93 84802 106844 2.89 -24.2 
6 44-9 15000 19793 2.83 -25.8 
6 43-93 79859 105375 2.85 -25.3 
7 44-9 14500 20038 2.86 -24.9 
7 43-93 76135 105212 2.84 -25.4 

21.75 44-9 7000 19125 2.73 -28.3 
21.75 43-93 38791 105980 2.86 -24.8 
23.5 44-9 7000 20735 2.96 -22.3 
23.5 43-93 35527 105238 2.84 -25.3 
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Table 4: Identifinder 24Na measurement results for both irradiations. The initial neutron dose and 
time-decayed neutron doses are listed along with the count time and nuclide ID confidence level. 

  
 Initial Decayed Count  Nuclide 

TPost Dose Dose Time Nuclide ID 
(Hrs.) (Gy) (Gy) (Sec.) ID Conf. 

Irradiation 1 
6 0.92 0.70 60 Na-24 9 
8 0.92 0.64 60 Na-24 10 

22.75 0.92 0.32 60 Na-24 9 
Irradiation 2 

3.25 3.81 3.28 60 Na-24 10 
6.5 3.81 2.82 60 Na-24 10 
22 3.81 1.38 60 Na-24 10 

24.25 3.81 1.24 120 Na-24 9 
24.25 3.81 1.24 60 Na-24 10 
24.25 3.81 1.24 30 Na-24 10 
24.25 3.81 1.24 15 Na-24 10 
24.25 3.81 1.24 10 Na-24 7 
24.25 3.81 1.24 5 Na-24 9 
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