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" I C A L  BASIS FOR NUCLEAR ACCIDENT DOSIMETRY 
AT THE OAK RIDGE NATIONAL LABORATORY 

George D. Ken' and Gloria T. Mei 

ABSTRACT 

The Oak Ridge National Laboratory (ORNL) Environmental, Safety, and 
Health Emergency Response Organization has the responsibility of providing 
analyses of personnel exposures to neutrons and gamma rays from a nuclear 
accident. This report presents the technical and philosophical basis for the dose 
assessment aspects of the nuclear accident dosimetry (NAD) system at ORNL. 
The issues addressed are regulatory guidelines, O W  NAD system components 
and performance, and the interpretation of dosimetric information that would be 
gathered following a nuclear accident. 

The O W  Environmental, Safety, and Health Emergency Response Organization has 

the responsibility of providing analyses of personnel exposures to neutrons and gamma rays from 

a nuclear accident. A nuclear accident is defined here as an unplanned and uncontrolled reaction 

in a critical mass of fissile materials. 

Procedures and techniques for preventing nuclear accidents have reached very high 

standards, but the occurrence of a nuclear accident cannot be disregarded entirely. The 

individuals involved in a nuclear accident may be exposed to both neutrons and gamma rays 

from trivial to lethal levels. The principal concern is for a person who has received an absorbed 

dose to the whole body or to a major part thereof in excess of 0.25 Gy (25 rad). The use of 

equivalent dose (Sv or rem) is not appropriate at the high doses and dose rates of most concern 

in a nuclear accident, because a quality factor for acute effects of neutrons has not been 

established (and it is probably between 1 and 3). 

'Health Sciences Research Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee. 
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A nuclear accident dosimetry system should incorporate features that will allow the rapid 

identification of personnel exposures in descending order from most-to-least severe. This initial 

assessment is needed to: (1) prevent unnecessary overloading of medical facilities by lightly 

exposed individuals; (2) provide reassurance to individuals who have received small or negligible 

radiation doses; and (3) provide an immediate indication of the seriousness of the nuclear 

accident to management. 

This report is intended to provide a technical and philosophical discussion of the dose 

assessment aspects of the ORNL NAD system. This system provides a rapid identification 

method and estimates of the total gamma-ray and neutron dose using several different techniques. 

Through this comprehensive program, the adequacy of the nuclear accident dose assessments are 

validated, thus ensuring that regulatory guidelines are met. 

2. REGULATORY GUIDELINES 

The first standard for nuclear accident dosimetry was issued in 1969 by the American 

National Standards Institute (ANSI) and was reaffirmed by ANSI in 1988 (ref. 1). This ANSI 

document calls for a lower limit of detection of 100 mGy (10 rad), a neutron and gamma-ray 

dose accuracy of f2596, and a rapid identification method or "quick-sort" technique to 

distinguish persons who received more than lo0 mGy (10 rad) from those who received less. 

The guidance provided by the International Atomic Energy Agency (IAEA) is essentially 

the Same as that presented above? This guidance advocates a quick-sort technique, a lower limit 

of 100 mGy (10 rad), and an accuracy of *25%. The IAEA suggests that the maximum 

possible accuracy is needed for dose measurements from 2 Gy (200 rad) to 8 Gy (800 rad) 

where lethality is possible but uncertain. 

The regulatory requirements of the U.S. Department of Energy (DOE) are spelled out 

in DOE Order 5480.11, "Radiation Protection for Occupational Workers. "3 This DOE Order 

requires a quick-sort technique, a lower detection limit of 10 mGy (1 rad) for neutrons and 

100 mGy (10 rad) for gamma rays, and a dose accuracy of f20% for gamma rays and f30% 

for neutrons. The upper range for dose measurements is set at approximately 10 Gy (lo00 rad) 

for both neutrons and gamma rays. 
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3. ORNL NUCLEAR ACCIDENT DOSINETER COMP0NZWI"T 

The ORNL NAD system provides a quick-sort technique using an indium foil and 

estimates of the total neutron and gamma-ray dose using several different techniques. These 

latter techniques include: (1) personnel dosimeters, (2) facilities for analysis of neutron activation 

of sodium in blood and sulfur in hair, and (3) area dosimeter units capable of providing 

information such as neutron spectra or the ratio of the neutron dose to the gamma-ray dose at 

fixed locations. Chromosome aberration studies will also be conducted at the Radiation 

Emergency Assistance CentedTraining Site (REAC/TS) of the Oak Ridge Institute for Science 

and Education (ORISE). 

The ORNL personnel dosimeters consist of a blue 6-7 dosimeter for beta particles and 

gamma-rays (and screening of neutrons) and a red neutron dosimeter for neutrons as shown in 

Fig. 1. The blue P-7 dosimeter is issued to all employees, while the red neutron dosimeter is 

issued only to persons who are exposed to neutrons sources. Only the blue j3-r dosimeter is 

necessary to evaluate an accident-level dose. However, additional useful information may be 

derived from the neutron dosimeter or any other personnel monitoring device that may be 

assigned to the exposed individual. 

The absorbed dose from neutrons will also be evaluated using neutron activation of 

sodium in the body, particularly blood serum,4 and information on the orientation of the person 

will be obtained using neutron activation of sulfur in hair samples.2 Orientation is particularly 

important in assessing the neutron dose from blood sodium-activation measurements. For a fast 

neutron spectrum, the sodium activation can vary by more than 50 % , depending on whether the 

neutrons were incident on a person's front (or back) or side, although this effect may be reduced 

to 20% in a highly thermalized-neutron spectrum.2 It is essential, therefore, to question each 

person closely as to their position and movements during the accident and to compare the 

neutron activation ratios of sulfur and sodium for all persons involved in the accident. 
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Flg. 1. Photograph of the security badge and personnel dosixnetem used at Oak 
Ridge National Laboratory. Shown from tap to bottom ate: (1) a security badge with a blue 
j3r dosimeter attached; (2) a red neutron dosimeter which has been opened; (3) a blue fir 
dosimeter which has atso been opened; and (4) the tool used to open the personnel dosimeters. 
The red neutron dosimeter for neutrons and gamma rays is worn on a belt at the waist, and the 
blue j 3 r  dosimeter is attached to the strap of the security badge which is worn on the shoulder 
or chest regions of the body. 
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3.1 QUICK-SORT "IQTJl3 

The security badge, the blue 8-7 dosimeter, and the red neutron dosimeter (if worn) 

should be removed from each potentially exposed or contaminated person, and the location of 

the security badge and each dosimeter on the person's body should be recorded. An indium foil 

is located in the upper left-hand comer of the security badge under the words "Martin" and 

"Energy" of the logo for Martin Marietta Energy Systems, and the count rate of the indium foil 

should be determined by placement of a Geiger-Mueller Survey Meter (GMSM) as illustrated 

in Fig. 2 (ref. 5). This determination can be made by use of a GMSM having an Eberline 

Instrument Corporation Pancake GM Probe (Model HP-260), a Bicron Corporation Pancake 

GM Probe (Model PGM), or a Bicron Corporation Side-Window GM Probe (Model SWGM). 

The measured activity is due mainly to 6-7 decays of '161n (54-min half-life), which is produced 

by thermal neutron capture in "'In, and llSmIn (4.5-h half-life), which is produced by fast 

neutron inelastic scattering reactions.6 Thus, the side window cover of the Bicron SWGM Probe 

should be opened for maximum sensitivity, and the count rate (minus background) from any of 

the three probes should be compared with those shown in Fig. 3. A count rate of the indium 

foil is taken to represent a probable high exposure if it is above Action Level I1 (estimated dose 

greater than 0.25 Cy), an intermediate exposure if it is between Action Levels I and I1 

(estimated dose less than 0.25 Gy, but more than 0.02 Gy), and a probable low exposure if it 

is below Action Level I (estimated dose less than 0.02 Gy). 

Activation of the indium foil may vary by a factor of as much as 10 depending on 

whether the individual was facing toward the sour& or away from the source at time of 

exposure.6 Hence, if an individual is classified as having a probable intermediate or low 

exposure, it is important to make a second quick--sort measurement of the neutron activation of 

the person's body (after decontamination, if necessary) by placing the Bicron SWGM Probe 

against the abdominal area. The side window cover should be opened and the person should 

bend over the probe to increase the sensitivity of the meaSurements.6 The measured body 

activity is due primarily to 8-7 decays of 38Cl (37-min half-life) and 24Na (15-h half-life), which 

are produced by the neutron capture in 37Cl and =Na of the body, respectively. The radioactive 

decay is negligible over post exposure times of less than several hours because of the long %Na 
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Fig. 2. Placement of open sidewindow probe of a Geiger-Mueller Survey Meter for 
direct reading of the indium foil in a security badge. 
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half-life of 15 h, and the Action Levels I and II correspond to count rates (minus background) 

of approximately 25 and 250 cpm, re~pectively.~ 

The personnel dosimeters of all individuals should be assigned a priority for analysis as 

follows: the highest priority should be above Action Level 11 (a probable high exposure), the 

next priority should be between Action Levels I and 11 (a probable intermediate exposure), and 

the lowest priority should be below Action Level I (a probable low exposure). All individuals 

classified as having a probable high exposure (by either screening method) should be escorted 

as soon as possible to the Health Division (via a decontamination facility, if necessary) for 

collection of blood and hair samples and for medical surveillance. These persons should also 

be questioned in detail about their locations and activities at the time of the accident. Other 

persons classified as having an probable intermediate exposure (by either screening method) 

should also be questioned in more detail and escorfed to the Health Division (via a 

decontamination facility, if necessary) for collection of hair and blood samples. Action Levels I 

and II are intended only for rapid identification of personnel exposures in descending order from 

most-to-least severe, and the estimated absorbed doses associated with these action levels are 

considered too unreliable for use even as preliminary d a h 6 p 8  

3.2 BU)<ID SODIUM ACTIVATION 

Detailed procedures have been developed for the collection and analysis of blood samples 

to determine the specific activity of blood sodium (Le., Rq of %Na per gram of "Na). A blood 

sample of about 20 mL will be collected in two 10-mL vacutainers, allowed to clot for 

25-30 min, and centrifuged. The serum will then be drawn off using a plastic transfer pipette 

and sealed in a 20-rnL scintillation vial using the screw on top. The scintillation vial will be 

weighted to determined the mass of the serum sample (i.e., the mass of both the serum and vial 

minus the mass of the empty vial), and the volume of the sample will be calculated using a 

serum density of 1.03 g/mL (ref. 9). The blood serum is used in the analysis because there is 

less variation in the DNa concentrations than in whole blood. Sodium-23 is contained at 

concentrations of approximately 1.92 mg/mL (&lO%) in whole and 3.25 mg/mL 

(f496) in blood where the uncertainty is based on normal biological variability among 
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healthy adult males and females. The expected yield of blood serum per 20-mL sample of whole 

blood is 10-15 mL (ref. 12, Tables 20-25). 

The specific activity of a serum sample can be measured on two different counting 

systems using high-resolution germanium detectors: one with an active detector volume of 

100 cm3 (and efficiency of 13 %) from TenneledNucleus, Inc. ; or another with an active detector 

volume of 168 cm3 (and efficiency of 44%) from Princeton Gamma-Tech, Inc. These two 

counting systems are maintained under stringent quality assurance standards because they are 

used routinely in the analysis of bioassay, air-filter, and smear samples. Calibrations for all 

sample geometries have been established using an Amersham Corporation QCY.48 mixed- 

gamma-radiation source. The calibration data for a 15-mL sample and the 168-cm3 germanium 

detector are shown in Fig. 4. To avoid contamination of the detectors, samples were placed 

inside a Marinelli beaker and centered over the top surface of the cylindrical detectors. A serum 

sample can be diluted if necessary with distilled water to the calibration volume of 15 mL. The 

specific activity of a serum sample is calculated as a weighted mean using the measurements and 

the standard deviations of the measurements for both the 1369- and 2754-keV gamma rays from 

%Na (ref. 13). Specific activities corresponding to 0.01 Gy (1 rad) can be counted in a normal 

blood serum sample with a statistical accuracy of approximately 10% at counting times of 

10 min for a highly thermalized neutron spectrum and 30 min for a unmoderated fission neutron 

spectrum.'4 The serum sample should be maintained so that the actual uNa concentration can 

be determined later using one of several different feChniques,2*12 

The specific activity, A, of body sodium can be related to the neutron fluence, #, incident 

on the body by use of a quantity, e ,  called the neutron capture probability-the fraction of the 

neutrons incident on the body that are captured within the body. Figure 5 shows the neutron 

capture probability for neutrons incident on the front of a realistic adult-male analogue or so- 

called BOMAB phantom.'s Body sodium is readily activated by incident neutrons of all 

energies, but the neutron energy spectrum must be specified to determine the absorbed dose. 

The absorbed dose, D ,  from neutrons at the surface of the body facing the source can be related 

to the specific activity, A, of body sodium by the equation: 



10 

15 

10 

5 

0 

I 1 1 I 1 

, I I I I I 

0 1000 2000 3000 

PHOTON EF.ciRGY (keV) 

Fig. 4. Calibration data for a 15-mL sample centered on the top 
surface of the cyhdrical 168-cm3 germanium detector. The circles show 
measured points for twelve photon energies between 59.54 and 1836 keV, and the 
solid line shows the results of an empirical fit to a fifthdegree polynomial. The 
results of the emps fit predict detection efficiencies of 1.52 and 1.05 % for the 
1369- and 2754-kek gamma rays, respectively, from "a. 
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where E is the neutron energy, S is the cross-sectional area of the body for neutrons normally 

incident on the front (or back) of the body, Vis the total volume of the body, Cr is the total 

macroscopic cross section for absorption of neutrons in the body, E,,,= is the macroscopic cross 

section for thermal neutron capture in 23Na of the body, CNo is the concentration of =Na in the 

body, and X is the decay constant for "Na (ref. 14). Because the equation is for specific activity 

of body sodium, the results are applicable to both the activation of sodium in the body and in 

the blood that is circulating within the body. The specific activity can be converted to activity 

per unit volume by using the previously cited values of 1.92 mg of =Na per mL of whole blood 

and 3.25 mg of 23Na per mL of blood serum. 

Table 1 gives body sodium-to-absorbed dose conversion factors for a collection of 

98 neutron spectra.'' The absorbed doses are those for the neutron recoil-ion component at the 

surface of the body facing the source as shown in Fig. 6 (Le., the absorbed dose in volume 

element 57 of the cylindrical phantom from the calculations of Auxier et al.19). The use of 

Table 1 in the calculation of absorbed dose from neutrons is simple if the following information 

is available: (1) the form of the fission material such as a metal or solution; (2) the thicknesses 

and types of shielding materials such as iron, lead, or concrete; and (3) the thicknesses and types 

of any moderating or reflecting materials such as water, graphite, or beryllium. If it is 

determined later that the body was irradiated primarily from the side, then the absorbed dose 

calculated by application of the data in Table 1 must be doubled because of the differences in 

S (the cross-sectional area of the body) for irradiation from the side and from the front (or 

back). The capture gamma-ray component of neutron absorbed dose, as shown in Fig. 6, is not 

included in the calculation because it would be measured by the gamma-ray detectors of a 

personnel dosimeter. 
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Table 1. Factors for converting specific activity of blood serum 
(Bq of w a  per gram of 23Na) to absorbed dose (Gy) 

at surface of body facing toward the source" 

~ -- 

Spectrum description" Gy g Bq-I 
Spectra of fission neutrons from selected critical assemblies 

Uncollided fission spectrum 
HPRR spectrum at 3 m with no shielding 
HPRR spectrum at 3 m with 12 cm of Lucite shielding 
HPRR spectrum at 3 m with 13 cm of steel shielding 
HPRR spectrum at 3 m with 20 cm of concrete shieldingb 

Spectra of fission neutrons from critical solutions 

Fissile H,O solution, spherical geometry, 2-cm radius 
Fissile H,O solution, spherical geometry, 5-cm radius 
Fissile H20 solution, spherical geometry, 10-cm radius 
Fissile HzO solution, spherical geometry, 30-cm radius 
Fissile H 2 0  solution, spherical geometry, 50-cm radius 
Fissile D,O solution, spherical geometry, 2-cm radius 
Fissile D,O solution, spherical g e o m q ,  30-cm radius 
Fissile D,O solution, spherical geometry, 50-cm radius 

Spectra of fission neutrons through various shielding materials 

Fission neutrons through 5 cm of H,O 
Fission neutrons through 10 cm of H,O 
Fission neutrons through 30 cm of H,O 
Fission neutrons through 50 cm of H,O 
Fission neutrons through 2 cm of H,O at surface 
Fission neutrons through 2 cm of D,O 
Fission neutrons through 5 cm of D,O 
Fission neutrons through 10 cm of D,O 
Fission neutrons through 30 cm of D,O 
Fission neutrons through 2 cm of D,O at surface 
Fission neutrons through 5 cm of graphite 
Fission neutrons through 10 cm of graphite 
Fission neutrons through 20 cm of graphite 
Fission neutrons through 40 cm of gra~hite 
Fission neutrons through 60 cm of graphite 
Fission neutrons through 10 cm of polyethylene 
Fission neutrons through 20 cm of polyethylene 
Fission neutrons through 40 cm of polyethylene 
Fission neutrons through 60 cm of polyethylene 
Fission neutrons through 5 cm of 1% borated polyethylene 
Fission neutrons through 10 cm of 1 5% borated polyethylene 
Fission neutrons through 20 cm of 1% borated polyethylene 
Fission neutrons through 40 cm of 1% borated polyethylene 
Fission neutrons through 60 cm of 1% borated polyethylene 
Fission neutrons through 2.5 cm of beryllium 

2.262E-4 
1.054E-4 
1.052E-4 
7.601 E-5 
5.545E-5 

1.892E-4 
1 S70E-4 
1.464E-4 
1.427E-4 
1.415E-4 
1.978E-4 
7.994E-5 
7.6 1 OE-5 

1.397E-4 
1.682E-4 
1 .920E-4 
2.1758-4 
1 S99E-4 
1.868E-4 
8.388E-5 
5.1 WE-5 
4.498E-5 
1.754E-4 
2.251E-4 
1.982E-4 
1.328E-4 
6.540E-5 
4.76OE-5 
1.221E-4 
1.270E-4 
1.474E-4 
1.620E-4 
1 .474E-4 
1.423E-4 
1 S56E-4 
1.800E-4 
1.947E-4 
2.136E-4 
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Table 1 (continued) 

Spectrum description" Gy g Bq" 

Fission neutrons through 5 cm of beryllium 
Fission neutrons through 10 cm of beryllium 
Fission neutrons through 20 cm of beryllium 
Fission neutrons through 30 ern of beryllium 
Fission neutrons through 2.5 cm of aluminum 
Fission neutrons through 10 cm of aluminum 
Fission neutrons through 20 cm of aluminum 
Fission neutrons through 4.0 cm of aluminum 
Fission neutrons through 10 cm of concrete 
Fission neutrons through 20 cm of concrete 
Fission neutrons through 30 cm of concrete 
Fission neutrons through 40 cm of concrete 
Fission neutrons through 60 cm of concrete 
Fission neutrons through 5 cm of concrete with 10% iron 
Fission neutrons through 10 cm of concrde with 10% iron 
Fission neutrons through 20 cm of concrete with 10% iron 
Fission neutrons through 60 cm of concrete with 10% iron 
Fission neutrons through 100 cm of concrete with 10% iron 
Fission neutrons through 5 cm of concrete with 50% iron 
Fission neutrons through 10 cm of concrete with 50% iron 
Fission neutrons through 20 cm of concrete with 50% iron 
Fission neutrons through 60 cm of concrete with 50% iron 
Fission neutrons through 100 cm of concrete with 50% iron 
Fission neutrons through 5 cm of iron 
Fission neutrons through 10 cm of iron 
Fission neutrons through 20 cm of iron 
Fission neutrons through 30 cm of iron 
Fission neutrons through 50 cm of iron 
Fission neutrons through 100 cm of iron 
Fission neutrons through 5 cm of copper 
Fission neutrons through 10 cm of lead 
Fission neutrons through 20 cm of lead 
Fission neutrons through 30 cm of lead 
Fission neutrons through 50 cm of lead 
Fission neutrons through 5 cm of depleted uranium 
Fission neutrons through 10 cm of depleted uranium 
Fission neutrons through 20 cm of depleted uranium 
Fission neutrons through 30 cm of depleted uranium 

Spectra of moderated H 2 0  fission neutrons through shielding materials 

Moderated H20 fission neutrons through 2.5 cm of beryllium 
Moderated H 2 0  fission neutrons through 5 cm of beryllium 
Moderated H,O fission neutrons through 10 cm of beryllium 
Moderated H,O fission neutrons through 20 cm of beryllium 
Moderated H,O fission neutrons through 10 cm of aluminum 
Moderated H,O fission neutrons through 20 cm of aluminum 
Moderated H 2 0  fission neutrons through 10 cm of concrete 
Moderated H20 fission neutrons through 20 cm of concrete 
Moderated H20 fission neutrons through 30 cm of concrete 

1.84QE-4 
1.213E-4 
6.754E-5 
5.148E-5 
2.302E-4 
2.0038-4 
1.450E-4 
6.6638-5 
1.441E-4 
1.024E-4 
8.705E-5 
8.7 19E-5 
9.779E-5 
2.021E-4 
1 S86E-4 
1.093E-4 
7.749E-5 
7.3 12E-5 
1.999E-4 
1 S34E-4 
9.927E-5 
6.375E-5 
5.882E-5 
1.828E-4 
1.473E-4 
9.688E-5 
7.2OOE-5 
5.0788-5 
2.947E-5 
1.635E-4 
1.825E-4 
1 A25E-4 
1.120E-4 

1 S48E-4 
1.106E-4 
6.841E-5 
5.133E-5 

7.276E-5 

1.103E-4 
1 -024E-4 
8.191E-5 
5.735E-5 
8.369E-5 
6.025E-5 
8.864E-5 
7.877E-5 
8.177E-5 
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Table 1 (continued) 

Spectrum description" Gy g Bq-' 

Moderated H20 fission neutrons through 20 cm of iron 
Moderated H,O fission neutrons through 50 cm of iron 
Moderated H20 fission neutrons through 5 cm of copper 
Moderated H,O fission neutrons through 10 em of copper 
Moderated HzO fission neutrons through 20 cm of copper 
Moderated H,O fission neutrons through 30 cm of copper 
Moderated H20 fission neutrons through 50 cm of copper 
Moderated H,O fission neutrons through 5 cm of lead 
Moderated H20 fission neutrons through 10 cm of lead 
Moderated H,O fission neutrons through 30 cm of lead 
Moderated H20 fission neutrons through 50 cm of lead 

6.822E-5 
4.357E-5 
8.755E-5 
7.385E-5 
5.367E-5 
4.198E-5 
3.185E-5 
9.745E-5 
9.020E-5 
6.497E-5 
4.97 1E-5 

Spectra of fission neutrons from a small Tf source" 

Fission neutrons from s2cf with no shielding 2.351E-4 
D,O-moderated fission neutrons from znCf 6.06 1 E-5 

'The neutron energy spectra are from tables in the appendices of the report by Ing and Makra,16 

bsee ref. 17. 

'See ref. 18. 

unless noted otherwise. 
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Fig. 6. Neutron recoil-ion and capture gamma-ray components of absorbed dose from neutrons at the 
surface of the body facing the source (Le., the absorbed doses in volume element 57 of the cylindrical phantom 
from the calculations of Auxier et al.19). 
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3.3 HAIR SULFUR ACTIVATION 

Detailed procedures have also been developed for the collection and analysis of hair 

samples to determine the specific activity of ’9 (Le., Bq of 32P per gram of hair). The hair 

contains almost no phosphorus except that contributed by epidermal cell fragments and external 

contamination, and the ’1) activity in hair can be attributed almost entirely to the 32S(n,p)32P 

reaction.M Sulfur is naturally present in hair at a concentration of 45 mg/g of hair with little 

variation from individual to individual or with anatomical distribution.21-22 The 32P activity in 

hair can be used, therefore, to determine: (1) the fast neutron fluence above the effective 

threshold energy of approximately 3 MeV for the ’*s(n,~)’~P and (2) the person’s 

orientation by collecting hair samples with masses of several tenths of a gram to several grams 

from as many anatomical sites as possible (Le., the head, chest, abdomen, pubis, and legs). At 

a minimum, hair samples should be Couected from the top and back of the head and the pubic 

region of the body.2o 

Phosphorus-32 decays with a half-life of 14.3 d and emits only beta particles with a 

maximum energy of 1.7 MeV (ref. 13). Because 3? is a pure beta-particle emitter, the specific 

activity of the hair samples will be determined using Packard Instrument Company’s Tri-Carb 

Liquid Scintillation Counter, Model 2000CAILL. This counting system is maintained under 

stringent quality assurance standards because it is used routinely in the analysis of bioassay, air- 

filter, and smear samples. A hair sample can be prepared for analysis using either of 

two different methods: (1) chemical dissolution of the hair followed by dilution in a liquid 

scintillator; or (2) ashing of the hair followed by suspension in a liquid scintillator. Because of 

the effects of both color and chemical quenching in liquid scintillators, the detection efficiency 

must be determined by 32P spiking of samples prepared in the same manner using unirradiated 

hair. The detection efficiency for beta particles from 32P in hair samples prepared by either of 

the two methods was greater than 95% (ref, 14). 
Hair samples should be washed and dried prior to In the chemical 

dissolution method recommended by Feng et al.,I4 it was found that a hair sample of up to 0.5 g 

could be prepartxi for counting as follows: (1) weigh the dried hair Sample and place it in small 

flask; (2) add Fisher Scientific’s ScintiGest Tissue Solubilizer (14 mL/g of hair); (3) add 30% 

hydrogen peroxide (7 mWg of hair); (3) add Fisher Scientific’s Dithiothreitol(O.12 g/g of hair); 
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(4) heat the solution for 3-4 h at a temperature of 50-60°C; and (5) add liquid scintillator. One 

milliliter of sample can be mixed with 15 mL of @ti-Fluor liquid scintillator (a product of 

Packard Instrument Company), or up to 5 mL of sample can be mixed with Ultima-Gold liquid 

scintillator (also from Packard Instrument), for counting purposes. In the ashing preparation 

method of Feng et al.," the hair sample was weighted, placed in a small crucible, and ash4 in 

a Muffle furnace at a temperature of approximately 800°C. After ashing, 1-g hair was reduced 
to a fine power with a weight of about 0.008 g which was suspended in a liquid scintillator using 

Fisher Scientific's Triton-100. If a hair sample of more than 0.3 g was used, the ashing of hair 

was recommended to obtain less quenching of the liquid ~cintillator.'~ The precision of the 

ashing preparation method depends on the degree of suspension and care of operation because 

the loss of ashed hair from small samples can have a remarkable affect on the specific activity 

(Bq of 32P per gram of hair). A portion of each hair sample should be maintained for later 

determination of the actual concentration of sulfur in the hair from an exposed individuaL2 

Because sulfur is activated by neutrons with energies greater than 3 MeV, the specific 

activity is greatly reduced if the hair was shielded by the body (e.g., the hair on the back of the 

head of an individual facing ?he source). Thus, the hair sample giving the highest specific 

activity, together with other information obtained from the individual, can be used to make a 

determination of the individual's orientation during their exposure. The specific activity, A, of 

in hair on the side of the body facing the source can be calculated by the equation: 

A =  /.,(E) 4(E) dE , 
M 

where h is the decay constant for 32P, C, is the concentration of sulfur in hair, M is the atomic 

weight of sulfur, A, is Avogadro's number, E is the neutron energy, 4 is the neutron fluence 

as a function of neutron energy, and u is the cross section for the 32S(n,p)32P reaction as 

illustrated in Fig. 7 (ref. 25). Table 2 gives ratios for the specific activities of 32P in hair to 

24Na in blood serum (is., AHaiJANa) that were calculated using Eq. (2) and the denominator of 

Eq. (1) (ref. 14). 
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Fig. 7. Illustration uf the cross section of the 32S(n,p)32P reaction as a function of neutron energy.25 
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Table 2. Ratios of the specific activity of sulfur in bair 
(Bq of 32P per gram of hair) to the specific activity 

of blood serum (Bq of ?Na per gram of =Na)" 
- 

Spectrum descriptiom' Ratio 

Spectra of fission neutrons from selected critical assemblies 

Uncollided fission spectrum 
HPRR spectrum at 3 m with no shielding 
HPRR spectrum at 3 m with 12 cm of Lucite shielding 
HPRR spectrum at 3 m with 13 cm of steel shielding 
HPRR spectrum at 3 m with 20 cm of concrete shieldingb 

Spectra of fission neutrons from critical solutions 

Fissile H20 solution, spherical geometry, 2-cm radius 
Fissile H,O solution, spherical geometry, 5-cm radius 
Fissile H20 solution, spherical geometry, 10-cm radius 
Fissile H,O solution, spherical geometry, 30-crn radius 
Fissile HzO solution, spherical geometry, 50-cm radius 
Fissile Dfl solution, spherical geometry, 2-cm radius 
Fissile D20 solution, spherical geometry, 30-cm radius 
Fissile D20 solution, spherical geometry, 50-cm radius 

Spectra of fission neutrons through various shielding materials 

Fission neutrons through 5 cm of H,O 
Fission neutrons through 10 cm of H,O 
Fission neutrons through 30 cm of H20 
Fission neutrons through 50 cm of H,O 
Fission neutrons through 2 cm of H,O at surface 
Fission neutrons through 2 cm of D20 
Fission neutrons through 5 cm of D,O 
Fission neutrons through 10 cm of D20 
Fission neutrons through 30 cm of D20 
Fission neutrons through 2 cm of D,O at surface 
Fission neutrons through 5 cm of graphite 
Fission neutrons through 10 cm of graphite 
Fission neutrons through 20 cm of graphite 
Fission neutrons through 40 cm of graphite 
Fission neutrons through 60 crn of graphite 
Fission neutrons through 10 cm of polyethylene 
Fission neutrons through 20 cm of polyethylene 
Fission neutrons through 40 cm of polyethylene 
Fission neutrons through 60 cm of polyethylene 
Fission neutrons through 5 cm of 1 R borated polyethylene 
Fission neutrons through 10 cm of 1 % borated polyethylene 
Fission neutrons through 20 cm of 1 !% borated polyethylene 
Fission neutrons through 40 cm of 1% borated polyethylene 
Fission neutrons through 60 cm of 1% borated polyethylene 
Fission neutrons through 2.5 cm of beryllium 

2.29E-4 
7.00E-5 
7.87E-5 
2.18E-5 
2.07E-5 

1.86E-4 
1 52e-4 
1.41E-4 
1.42E-4 
1.39E-4 
1.98E-4 
6.49E-5 
6.07E-5 

1.44E-4 
2.06E-4 
2.72E4 
3.97E-4 
1 .50E-4 
1.82E-4 
7.27E-5 
3.7 1 E-5 
3.17E-5 
1 .ME4 
2.45E-4 
1.97E-4 
1.03E-4 
2.84E-5 
1.08E-5 
1.37E-4 
1.63E-4 
2.28E-4 
2.75E-4 
1 A5E-4 
1.70E-4 
2.16E-4 
2.99E-4 
3.51E-4 
2.15E-4 
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Table 2 (continued) 
~~ 

Spectrum description" 

Fission neutrons through 5 cm of beryllium 
Fission neutrons through 10 cm of beryllium 
Fission neutrons through 20 cm of beryllium 
Fission neutrons through 30 cm of beryllium 
Fission neutrons through 2.5 cm of aluminum 
Fission neutrons through 10 cm of aluminum 
Fission neutrons through 20 cm of aluminum 
Fission neutrons through 40 cm of aluminum 
Fission neutrons through 10 cm of concrete 
Fission neutrons through 20 cm of concrete 
Fission neutrons through 30 cm of concrete 
Fission neutrons through 40 cm of concrete 
Fission neutrons through 60 cm of concrete 
Fission neutrons through 5 cm of concrete with 10% iron 
Fission neutrons through 10 cm of concrete with 10% iron 
Fission neutrons through 20 cm of concrete with 10% iron 
Fission neutrons through 60 cm of concrete with 10% iron 
Fission neutrons through 100 cm of concrete with 10% iron 
Fission neutrons through 5 cm of concrete with 50% iron 
Fission neutrons through 10 cm of concrete with 50% iron 
Fission neutrons through 20 em of concrete with 50% iron 
Fission neutrons through 60 cm of concrete with 50% iron 
Fission neutrons through 100 cm of concrete with 50% iron 
Fission neutrons through 5 cm of iron 
Fission neutrons through 10 cm of iron 
Fission neutrons through 20 cm of iron 
Fission neutrons through 30 cm of iron 
Fission neutrons through 50 cm of iron 
Fission neutrons through 100 cm of iron 
Fission neutrons through 5 cm of copper 
Fission neutrons through 10 cm of lead 
Fission neutrons through 20 cm of lead 
Fission neutrons through 30 cm of lead 
Fission neutrons through 50 cm of lead 
Fission neutrons through 5 cm of depleted uranium 
Fission neutrons through 10 cm of depleted uranium 
Fission neutrons through 20 cm of depleted uranium 
Fission neutrons through 30 cm of depleted uranium 

Spectra of moderated H20 fission neutrons through shielding materials 

Moderated H,O fission neutrons through 2.5 cm of beryllium 
Moderated H20 fission neutrons through 5 cm of beryllium 
Moderated H,O fission neutrons through 10 cm of beryllium 
Moderated H,O fission neutrons through 20 cm of beryllium 
Moderated H20 fission neutrons through 10 cm of aluminum 
Moderated H20 fission neutrons through 20 cm of aluminum 
Moderated H20 fission neutrons through 10 cm of concrete 
Moderated H,O fission neutrons through 20 cm of concrete 
Moderated H20 fission neutrons through 30 can of concrete 

Ratio 

1.61E-4 
7.65E-4 

8.99E-6 
2.57E4 
1.94E-4 
1.05E-4 

1.20E-4 

2.26E-5 

2.21E-5 

7.89E-5 
5.82E-5 
5 55E-5 
5.93E-5 
2.31E-4 
1.7 1E-4 
1.02E-4 
5.47E-5 
4.44E-5 
2.17E-4 
1 SOE-4 
7.64E-5 
2.85E-5 
2.12E-5 

6.78E-5 
1.  WE-5 
4.75E-6 
2.56E-7 
8.54E-11 

1.26E-4 

l.lOE-4 
1 .ME4 
3.94E-5 
1.32E-5 
1.85E-6 
1.11E-4 
5.388-5 
1.60E-5 
6.30E-6 

8.59E-5 
6.95E-5 
4.03E-5 
1.46E-5 
5.65E-5 
2.67E-5 
6.88E-5 
5.89E-5 
5.93E-5 
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%able 2 (continued) 

Spectrum description" 

Moderated H20 fission neutrons through 20 cm of iron 
Moderated H20 fission neutrons through 50 cm of iron 
Moderated H20 fission neutrons through 5 cm of copper 
Moderated H20 fission neutrons through 10 cm of copper 
Moderated H 2 0  fission neutrons through 20 cm of copper 
Moderated H20 fission neutrons through 30 crn of copper 
Moderated H20 fission neutrons through 50 cm of copper 
Moderated H,O fission neutrons through 5 cm of lead 
Moderated H20 fission neutrons through 10 crn of lead 
Moderated H20 fission neutrons through 30 cm of lead 
Moderated H20 fission neutrons through 50 cm of lead 

Ratio 
- ~ ~ - ~~- 

1.09E-5 
5 .ME-7 
5.3OE-5 
2.77E-5 
7.38E-6 
1.92E-6 
1.16E-6 
6.93E-5 
4.66E-5 

8.33E-7 
6.69E-6 

Spectra of fission neutrons from a small W f  source" 

Fission neutrons from W f  with no shielding 2.67E-4 
D,O-moderated fission neutrons from Wf ' WE-5 

"he neutron energy spectra are from tables in the appendices of the report by Inb and Makra,16 
unless noted otherwise. 

bSee ref. 17. 

'See ref. 18. 

Figures 8 through 12 show plots of D/A, (the ratio of absorbed dose from neutrons to 

blood sodium activation) versus A,/A, (the ratio of hair sulfur activation to blood sodium 

activation) from previous studie~. '~,~~ In these previous studies, the reciprocal of the ratio of 

absorbed dose to blood sodium activation was used (Le., A,D). It needs to be noted that this 

ratio is now being used directly (Le., D/A,). This make more sense because it emphasizes the 

very simple fact that both the ratios for absorbed dose (D/ANQ) and hair activation (AHai/ANu) 

increase in value for more energetic neutron spectra. Figure 8 provides a comparison of data 

from Feng et al." with that from Hankins.% The curve on the left summarizes Hankins' data 

for accidents where thick metal shields or reflectors were present, and the curve on the right 

summarizes his data for accidents where there were no such shields. If A,/A, has a value 

typical of those for a lightly shielded critical assembly (Le., the value of A,/A, falls in the 

range of values from 5 x lo5 to 1 X lW3), then the procedure for estimating absorbed dose to 

neutrons can be quite simple.26 The factor for converting blood sodium activation to absorbed 

dose from neutrons is simply read from the graph in Fig. 8. This very simple procedure is 



n 

0- 

cn 

r 

m 

I 0-3 

1 0 - 4  

t 

1 

F 

CI 

+ 
+ 

i LIG HTLY S H IELDE D 
3ITICAL ASSEMBLIES 

THICK METAL 
SHIELDS OR 

REFLECTORS 

/ 

10-5 1 I I I I I , l l l  1 1 I , , 1 I I , I l # , l  I 1 1 I & I I l  

10-5 i 0 - 4  10-3 10-7 I O - 0  

AHelr/ANa (Unit less) 

N w 
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data from Hankins26 and the points provide data from calculations for 98 different neutron spectra from Feng et 
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Fig. 9. Plot of data on D/&, versus AH,JAN,. for spectra of fiiion 
neutrons from critical H20 and D,O s01utio1l~" (also see Tables 1 and 2 of 
this report). 
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Fig. 10. Plots of data on D/A, versus AH4JANo for spectra of fission 
neutrons through shielding materials or reflectors of H,O, D,O, graphite, 
polyethylene, borated polyethylene, beryllium, and aluminurnI4 (also see 
Tables 1 and 2 of this report). 
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Fig. 11. Plots of data on D/A, versus A,JA, for spectra of fission 
neutrons through shielding materials or reflectors of concrete, concrete with 
iron, iron, copper, lead, and depleted uraniUm'' (also see Tables 1 and 2 of 
this report). 
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Fig. 12. Plots of data on D/A,, versus A,.,,./A,, for spectra of 
moderated H,O fission neutrons through shielding materials or reflectors of 
beryllium, aluminum, concrete, iron, copper, and lead" (also see Tables 1 
and 2 of this report). 
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recommended, however, when the only available information is that on activation of hair and 

bl00d.l~ If other information is available for a lightly shielded critical assembly (i.e., the type 

and thickness of shielding, etc.) or a critical assembly with a thick metal shield or reflector is 

involved (Le., the value of A,,&, is less than 5 X lo5), then the factor for converting blood 

sodium activation to absorbed dose from neutrons should be obtained from the graphs in 

Figs. 9-12 (also see Tables 1 and 2 of this report). 

3.4 PERSONNEL NUCLEAR ACCIDENT DOSIMETERS 

In 1989, a new Centralized External Dosimetry System (CEDS) was implemented for 

personnel dosimetry at the following DOE facilities managed by Martin Marietta Energy 

Systems: ORNL, the Oak Ridge Y-12 Plant, the Oak Ridge K-25 Plant, and the Paducah 

Gaseous Diffusion Plant. These routinely issued dosimeters will serve as personnel nuclear 

accident dosimeters (PNADs) following a nuclear accident.n Two types of CEDS dosimeters 

are currently in use: (1) a blue 8-r dosimeter, and (2) the red neutron dosimeter. These CEDS 

dosimeters are based an Harshaw/Filtrol thermoluminescent detectors, TLD-600 and TLD-700. 

TLD-700 is the LiF-TLD with 7Li enriched to 99.93%, and TLD-600 is the LiF-TLD with 6Li 

enriched to 95.62%. The TLD-600 is neutron-sensitive with a response mostly in the low- 

energy and thermal region of the neutron spectrum.28 The TLD-700 is relatively insensitive to 

neutrons of any energy. 

Filtration for the 8-7 dosimeter includes one 1-g/cm2 tissue-equivalent filter, one copper 

filter, and one thin Mylar window for beta transmission, over each of three TLD-700 detectors; 

and one 300-mg/cm2 filter, over a TLD-600 detector, as shown in Fig. 13 (ref. 27). Application 

of a complex algorithm allows separation of radiation doses from beta particles, photons, and 

neutrons, and allows some photon discrimination for low-energy X rays. The neutron dosimeter 

has one TL,D-600PIzD-700 pair mounted under 300 mg/cm2 of plastic, and one TLD-600/ 

TLD-700 pair mounted under a cadmium frlter as shown in Fig. 14 (ref. 27). This allows 

discrimination against incident thermal neutrons, to which the TLD-600 characteristically 

overresponds. The readout and calibration of these dosimeters is a complex process. 

Corrections are made for both the individual response of the various TLD elements of each 
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Fig. 13. Diagram of blue 0-y dosimeter showing location of thermoluminescent 
detectors: (1) TLD-700,0.381-mm-thick, with 1-g/cm2 tissue-equivalent plastic; (2) Tu)-700, 
O.SSl-mm-thick, with 242-mg/cm2 plastic and 0.10-mm copper fdter; (3) TLD-700, 0.090-mm- 
thick, with Mylar-covered open window (7.5 mg/cm2); and (4) TL,D-600,0.38l-mm-thick, with 
3Wmg/cm2 tissue-equivdent plastic. 

Fig. 14. Diagram of red neutron dosimeter showing location of thermoluminescent 
detectors: (1) TLD-600, 0.381-mm-thick, with 70-mg/cd plastic and 0.46-mm cadmium 
filter; (2) TLD-700, 0.381-mm-thick, with 70-mg/cm2 plastic and 0.46-mm cadmium filter; 
(3) TLD-700, 0.381-mm-thick, with 300-mg/crn2 plastic; and (4) TLD-600, 0.381-mm-thick, 
with 3W-mg/cm2 plastic. 
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dosimeter and the response of the TLD reader as well as the application of a dose calibration 

correction factor and a spectral correction factor for neutrons.2g 

For nuclear accident dosimetry, it is necessary to limit the output of the reader from very 

highdose readings. This was done by using a 1% or a 10% attenuator between the TLD and 

photomultiplier of the Harshaw/Filtrol Model 8800 TLD reader. Results from the readout of 

the 8-7 dosimeter will normally be used to evaluate the gamma-ray and neutron doses. 

However, if an expo& individual is wearing the neutron dosimeter, then the cadmium-covered 

TLD elements of this dosimeter will be used to evaluate the neutron dose. The neutron readings 

will be c ~ r r e ~ t e d  by applying both a spectral correction factor and a dose calibration factor as 

discussed in the next section (Sect. 3.5). 

It needs to be noted that a PNAD may not provide a reliable estimate for neutron dose 

if a person was not facing directly toward the source. Responses of CEDS neutron dosimeters 

to a 25%f source with incident angles other than zero vary from a few percent smaller to 80% 

smaller than that from a perpendicular A person’s orientation is also needed to 

make a reliable PNAD estimate of the gamma-ray dose but the requirements on orientation are 

less stringent. Figure 15 shows the absorbed dose from gamma rays at the front surface of the 

body for a person facing toward the source (Le., a so-called A-P exposure) and a person facing 

away from the source (Le., a so-called P-A exposure) as calculated by Enz and Murphy.31 

When a broad energy spectrum of gamma rays is involved, the absorbed dose as determined by 

the reading of element #1 in the 6-7 dosimeter will be underestimated by about 50% if the 

person is facing away from the source (Le., a P-A exposure) and 20% if the person is standing 

sideways with respect to the source (Le., a lateral exposure). Hence, the PNAD estimate for 

the gamma-ray dose should be adjusted accordingly using the best available information on a 

person’s orientation during their exposure period. 

3.5 FIXED NUCLEAR ACCIDENT DOSIMETERS 

Figure 16 shows a fixed nuclear accident dosimeter (FNAD) which is a combination af 

the two CEDS dosimeters mounted on a small phantom of Lucite (manufactured by the DuPont 

Corporation). The phantom is needed to assure the proper neutron-albedo response for the 

matched TL.D-600/TLD-700 pairs in the two CEDS dosimetemn To enhance the albedo 
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Fig. 15. Absorbed dose from gamma rays at the front surface of the 
body for a person facing the source (Le., a so-called A-P exposure) and a 
person facing away from the source (Le., a so-called P-A exposure) as 
calculated by Enz and Murphy?' 
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that it can be used to attZLched to a wall with the dosimeters facing in the general dirwtion of the 
potential sources fm a nuclear criticality accident. 
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response, the dosimeters should also be tight against the phantom and oriented toward the 

s~urce.~ Thus, the loops have been removed from the back of the two dosimeters and the 

FNADs have been positioned with the two dosimeters facing in the general direction of the 

potential sources for a nuclear criticality accident. 

Readings of the B q  dosimeter will be used to evaluate the gamma-ray dose, and readings 

of the cadmium-covered TLDs of the neutron dosimeter will be used to evaluate the neutron 

dose.n The formula for evaluation of the gamma-ray dose is: 

Dy = A  x CFy , (3) 

where D is the absorbed dose in Gy (or rad), A is the output of the TLD reader for element #1 

of the B--y dosimeter in nanmulomb (nC), and CF is the calibration factor in Gy per nC (or rad 

per nC). Evaluation of the neutron dose is more difficult because of the severe energy- 

dependent response of a neutron albedo dosimeter." The formula for evaluation of the neutron 

dose is: 

x SC x SF , B, x ECC, B2 x ECC, - 
Dm = ( RCF, RCF, 

(4) 

where Bl is the output of the TLD reader for element #1 and B2 is the output of the TLD reader 

for element #2 of the neutron dosimeter, ECC, and ECC, are the corresponding element 

correction coefficients, RCF, and RCF, are the reader calibration factors for the two positions, 

SC is the factor for converting the equivalent gamma-ray exposure to absorbed dose from the 
D,O-moderated s%f calibration source, and SF is the spectral conversion factor. The spectral 

conversion factor is calculated as follows: 

Y 

where Dn,* is the absorbed dose for the neutron energy spectrum of interest, 0, is the absorbed 

dose for the neutron energy spectrum of the D,O-moderated 252Cf calibration source, and R, and 

R2 are the corresponding dosimeter responses. The same conversion-factor and neutron-dose 
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calculations can be performed for the non-cadmium covered TLD pair of the neutron dosimeter 

(Le., elements #3 and #4). Table 3 gives spectral conversion factors for both non-cadmium and 

cadmium covered TLD pairs from calculations for over 100 different neutron spectra.n 

To ensure that the CEDS TLD-based dosimeters meet the general requirements for 

nuclear accident dosimetry, several steps were taken: (1) The dosimeters were tested for neutron 

and gamma radiations across the range required to ensure that the response was adequate and 

the errors in the measurements were within the required limits. A 137Cs gamma-ray source and 

a ZS2Cf neutron source were used to test the dosimeters at accident-level doses near 0.005,0.01, 

0.05, ,0.5, 1, 5 ,  and 10 Gy. The results are shown in Fig. 17 through 19 (ref. 27). These 

results lndicate that neutron doses can be measured to f3096 and gamma-ray doses can be 

measured to f2096 except at the highest doses, near 10 Gy (lo00 rad). The overresponse at 

very high doses is mostly attributable to the well-known supralinearity of the TLD. (2) The 

spectral correction factors for different neutron spectra expected in a nuclear accident were made 

available to CEDS operators. To assist these operators, a computer code, PNADXPC, was 

developed with a menu that allows the CEDS operator to choose the neutron spectrum for use 

with each 8 7  dosimeter. Training also has been provided for the CEDS operators to ensure that 

they understand these newer system functions for accident-level dosimetry. (3) The neutron 

responses of the dosimeters were tested at the Army Pulse Reactor Facility (Le., Aberdeen 

Reactor), which can be used to simulate a nuclear accident situation.n The neutron response 

of the neutron dosimeter was evaluated using Eq. (4), and the neutron response of the 8-7 

dosimt J was evaluated using the equation: 

x SC x SF , B, x ECC, B, x ECC, - 
D a =  ( RCF, RCF, 

where B, and B, are the outputs of the TLD reader for elements #1 and #4 of the 8-7 dosimeter, 

ECC, and ECC, are the corresponding elemen' correction coefficients, RCF, and RCF, are the 

reader calibration factors for the two positions, SC is the source conversion factor as defined 

previously, and SF is the spectral conversion factor for a non-cadmium covered TLD pair from 

Table 3. 
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Table 3. Spectral correction factor (SF) for matched TLD-600/TLD-700 pairs 
with and without cadmium covers (or 

Spectrum descriptiolf No Cd Cd 
filter filter 

Spectra of fission neutrons from selected critical assemblies 

Uncollided fission spectrum 
HPRR spectrum at 3 m with no shielding 
HPRR spectrum at 3 m with 12 em of Lucite shielding 
HPRR spectrum at 3 m with 13 cm of steel shielding 
HPRR spectrum at 3 m with 20 cm of concrete shielding" 
Aberdeen Reactor spectrum at 1.5 m with no shielding 
Aberdeen Reactor spectrum at 3 m with no shielding 
Aberdeen Reactor spectrum at 9 m with no shielding 
Combination HPRR and Aberdeen Reactor spectrumd 
SHEBA Reactor spectrum-a solution critical assembly 

Spectra of fission neutrons from critical fissile solutions 

Fissile H20 solution, spherical geometry, 2-cm radius 
Fissile H,O solution, spherical geometry, 5-cm radius 
Fissile H20 solution, spherical geometry, l k m  radius 
Fissile H20 solution, spherical geometry, 3O-cm radius 
Fissile H,O solution, spherical geometry, SO-cm radius 
Fissile D20 solution, spherical geometry, 2-cm radius 
Fissile D20 solution, spherical geometry, 5-cm radius 
Fissile D20 solution, spherical geometry, 10-cm radius 
Fissile D20 solution, spherical geometry, 30-cm radius 
Fissile D20 solution, spherical geometry, 50-cm radius 

Spectra of fission neutrons through various shielding materials 

Fission neutrons through 2 em of H20 
Fission neutrons through 5 crn of H20 
Fission neutrons through 10 cm of H20 
Fission neutrons through 30 cm of H,O 
Fission neutrons through 50 cm of H20 
Fission neutrons through 2 cm of H,O at surface 
Fission neutrons through 2 cm of D20 
Fission neutrons through 5 cm of D20 
Fission neutrons through 10 cm of D20 
Fission neutrons through 30 cm of D.,O 
Fission neutrons through 50 cm of D,O 
Fission neutrons through 2 cm of D20 at surface 
Fission neutrons through 5 cm of graphite 
Fission neutrons through 10 cm of graphite 
Fission neutrons through 20 cm of graphite 
Fission neutrons through 40 cm of graphite 
Fission neutrons through 60 cm of graphite 
Fission neutrons through 5 cm of polyethylene 
Fission neutrons through 10 cm of polyethylene 
Fission neutrons through 20 cm of polyethylene 
Fission neutrons through 40 cm of polyethylene 

7.20 
3.61 
1.71 
2.63 
1.58 
4.69 
4.42 
3.81 
3.41 
2.17 

4.90 
3.98 
3.43 
3.24 
3.20 
6.05 
4.57 
3.01 
1.73 
1.42 

4.96 
3.46 
3.71 
2.34 
5.37 
4.42 
5.72 
1.87 
0.76 
0.61 
0.55 
5.32 
6.24 
7.47 
3.10 
0.81 
0.31 
2.05 
1.01 
0.72 
0.85 

7.09 
3.61 
1.91 
2.61 
1.69 
4.58 
4.30 
3.70 
3.66 
2.50 

4.79 
3.93 
3.38 
3.21 
3.17 
5.92 
4.46 
2.96 
1.72 
1.41 

4.88 
3.47 
3.68 
2.35 
5.33 
4.35 
5.59 
1.84 
0.76 
0.62 
0.56 
5.20 
6.10 
7.33 
3.05 
1.01 
0.49 
2.49 
1 S O  
1.18 
1.40 
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Table 3 (continued) 

Spectrum description" No Cd 
filter 

Fission neutrons through 60 cm of polyethylene 
Fission neutrons through 5 cm of 1% borated plyethylene 
Fission neutrons through 10 cm of 1% borated polyethylene 
Fission neutrons through 20 cm of 1 % borated polyethylene 
Fission neutrons through 40 cm of 1 % borated polyethylene 
Fission neutrons through 60 cm of 196 borated polyethylene 
Fission neutrons through 2.5 cm of beryllium 
Fission neutrons through 5 cm of beryllium 
Fission neutrons through 10 cm of beryllium 
Fission neutrons through 20 cm of beryllium 
Fission neutrons through 30 cm of beryllium 
Fission neutrons through 2.5 cm of aluminum 
Fission neutrons through 5 cm of aluminum 
Fission neutrons through 10 cm of aluminum 
Fission neutrons through 20 cm of aluminum 
Fission neutrons through 40 cm of aluminum 
Fission neutrons through 10 cm of concrete 
Fission neutrons through 20 cm of concrete 
Fission neutrons through 30 cm of concrete 
Fission neutrons through 40 cm of concrete 
Fission neutrons through 60 cm of concrete 
Fission neutrons through 5 cm of concrete with 10% iron 
Fission neutr s through 10 cm of concrete with 10% iron 
Fission neutrons through 20 cm of concrete with 10% iron 
Fission neutrons through 60 cm of concrete with 10% iron 
Fission neutrons through 100 cm of concrete with 10% iron 
Fission rceutrons through 5 cm of concrete with 50% iron 
Fission L~. drons through 10 cm of concrete with 50% iron 
Fission neutrons through 20 cm of concrete with 50% iron 
Fission neutrons through 60 cm of concrete with 50% iron 
Fission neutrons through 100 cm of concrete with 50% iron 
Fission neutrons through 5 cm of iron 
Fission neutrons through 10 cm of iron 
Fission neutrons through 20 cm of iron 
Fission neutrons through 30 cm of iron 
Fission neutrons through 50 crn of iron 
Fission neutrons through 100 cm of iron 
Fission neutrons through 5 cm of copper 
Fission neutrons through 10 cm of copper 
Fission neutrons through 20 cm of copper 
Fission neutrons through 30 cm of copper 
Fission neutrons through 50 cm of copper 
Fission neutrons through 5 cm of lead 
Fission neutrons through 10 cm of lead 
Fission neutrons through 20 cm of lead 
Fission neutrons through 30 cm of lead 
Fission neutrons through 50 cm of lead 
Fission neutrons through 5 crn of depleted uranium 
Fission neutrons through 10 cm of depleted uranium 

1.15 
3.45 
3.46 
5.51 
4.14 
4.58 
6.65 

Cd 
filter 

1.80 
3.46 
3 S O  
5.55 
4.17 
4.60 
6.53 

5-55 5.44 
2.39 2.41 
0.75 0.98 
0.29 0.48 
7.30 7.18 
7.03 6.92 
6.23 6.12 
4.42 4.32 
2.01 1.97 
3.81 3.75 
2.07 2 .OS 
1.53 1.53 
1.46 1.46 
1-64 1.64 
5.98 
3.84 
1.54 
0.70 
0.39 
5.98 
3.44 
0.91 
0.79 
0.69 
5 -68 
4.57 
3.13 
2.39 
1.84 
0.60 
5.09 
3.70 
2.20 
1.48 
1.10 
6.44 
5.75 
4.54 
3.65 
2.44 
4.79 
3 -50 

5.88 
3.91 
1.85 
1.11 
0.65 
5.87 
3.41 
1.30 
0.96 
0.86 
5.58 
4.41 
3.03 
2.31 
1.77 
0.60 
4.99 
3.60 
2.13 
1.44 
1.09 
6.34 
5.65 

3. > 
2.36 
4.68 
3.39 

4.4 5 
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Table 3 (continued) 

No Cd Cd 
filter filter Spectrum description" 

Fission neutrons through 20 cm of depleted uranium 
Fission neutrons through 30 cm of depleted uranium 
Fission neutrons through 50 cm of depleted uranium 

Spectra of moderated H,O fission neutrons through shielding materials 

Moderated H20 fission neutrons through 2.5 cm of beryllium 
Moderated H,O fission neutrons through 5 cm of beryllium 
Moderated H20 fission neutrons through 10 cm of beryllium 
Moderated H,O fission neutrons through 20 cm of beryllium 
Moderated H20 fission neutrons through 2.5 cm of aluminum 
Moderated H20 fission neutrons through 10 cm of aluminum 
Moderated H,O fission neutrons through 20 cm of aluminum 
Moderated H20 fission neutrons through 10 cm of concrete 
Moderated H,O fission neutrons through 20 ern of concrete 
Moderated H20 fission neutrons through 30 cm of concrete 
Moderated H20 fission neutrons through 40 cm of concrete 
Moderated H20 fission neutrons through 60 cm of concrete 
Moderated H,O fission neutrons through 2 cm of iron 
Moderated H20 fission neutrons through 20 cm of iron 
Moderated H20 fission neutrons through 50 cm of iron 
Moderated H20 fission neutrons through 5 cm of copper 
Moderated H,O fission neutrons through 10 cm of copper 
Moderated H,O fission neutrons through 20 cm of copper 
Moderated H20 fission neutrons through 30 crn of copper 
Moderated M20 fission neutrons through 50 crn of copper 
Moderated H20 fission neutrons through 5 cm of lead 
Moderated H,O fission neutrons through 10 cm of lead 
Moderated H20 fission neutrons through 30 cm of lead 
Moderated H20 fission neutrons through 50 cm of lead 

2.66 
1.76 
1.38 

0.44 
1.28 
0.88 
0.37 
1.33 
1.26 
0.93 
1.04 
1.65 
1.33 
1.31 
1.72 
1.04 
1.87 
1.88 
1.21 
2.14 
1.70 
1.51 
1.22 
0.77 
1.98 
1.65 
1.49 
1.22 

2.56 
1.68 
1.32 

0.76 
1.66 
1.20 
0.59 
1.58 
1.51 
1.05 
1.14 
1.64 
1.33 
1.32 
1.72 
I .05 
1.86 
1.84 
1.19 
2.12 
1.57 
1.48 
1.19 
0.76 
1.97 
1.63 
1.48 
1.20 

7.38 
1-00 

Spectra of fission neutrons from a small W f  source 

Fission neutrons from W f  with no shielding 7.50 
1 .oo D,O-moderated fission neutrons from 252cf 

T h e  neutron energy spectra are fram tables in the appendices of the report by Ing and Makra,l6 
unless noted otherwise. 

'See ref. 17. 

'See ref. 33. 

dSee ref. 34. 

'See ref. 18. 
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BLUE t3-y DOSIMETER 

GAMMA-RAY DOSE (Gy) 

Fig. 17. Response of blue 0-7 dosimeter to high-level radiation from a 
I3'Cs gamma-ray source. 
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RED NEUTRON DOSIMETER 
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Fig. 18. Response of red neutron dosimeter to high-level radiation from 
a ;Z52Cf neutron source! with no shielding. 
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RED NEUTRON DOSIMETER 

10’ 

100 

10-1 

10-2 

10 
10-3 10-2 10-1 100 107 

GAMMA-RAY DOSE (Gy) 

Fig. 19. Response of red neutron dosimeter to high-level radiation from 
a lS7Cs gamma-ray source. The dashed line is for a linear response and the solid 
line shows a possible correction for supralinearity at the highest doses, near 
10 Gy (lo00 rad). The empirical power-fit equation for the solid line is X + 
(6 X lo3) p, where X is the gamma-ray dose in Gy. 



41 

Two tests were conducted using the Aberdeen Reactor with the dosimeters positioned at 

distances of 1.7-16.4 m from the center of the reactor’s core to obtain neutron doses ranging 

from approximately 0.1-10 Gy. The results are summarized in Tables 4 and 5 (ref. 27). The 

neutron doses at the dosimeter locations and the neutron spectra at several different distances 

were supplied by the Aberdeen Reactor facility. An attempt was made to analyze the data using 

these supplied neutron spectra, but they did not extend below 50 keV in neutron energy where 

the dosimeters have their maximum sensitivity. To fill in the low-energy portion, (1) an 
unshielded HPRR p t r u m  was normalized to the neutron spectrum at 9 rn from the Aberdeen 

Reactor, and (2) the low-energy portion of the HPRR spectrum was added to the Aberdeen 

Rwtor spectrum at 9 m to obtain a more complete neutron-energy spectrum. This so-called 

combination MPRR and Aberdeen Reactor spectrum was then used to calculate the spectrum 

correction factors and the measured neutron responses for the dosimeters. An estimate of the 

additional neutron dose expected from the low-energy neutrons also resulted in a 6% correction 

to the neutrondose values provided by the Aberdeen Reactor facility. The data presented in 

Tables 4 and 5 show that the dosimeters performed adequately with the exception of the 

measured neutron responses at the highest doses, near 10 Gy (loo0 rad). One neutron dosimeter 

and three #3r dosimeters exceeded the 30% performance criterion for dose accuracy for neutrons 

in DOE Order 5480.11 (ref. 3). The overresponse at high doses can be attributed mostly to 

supralinearity of the TLD, but this dues not take into account the uncertainty and error in the 

neutron-dose values provided by the Aberdeen Reactor facility. The minimum uncertainty is 

estimated to be at least lo%, and the error offset may be larger (Le., the errors are always 

positive and are offset on the average by about 15%; see Tables 4 and 5) .  If the DOELAP 

method of evaluating dosimeters is used, then none of the dosimeters fail to respond within 

accepta~le limits.35 Nevertheless, it should be noted that the dosimeters tended to have an 

overresponse rather than an underresponse, and, therefore, the dosimeters tended to error on the 

conservative side as is desirable. 
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Table 4. Summary of the 6-y dosimeter tests at the Aberdeen 
Reactor 

Percent 
error 

Neutron TLD Neutron 
response dose card 

(GY) number (GY) 

0.143 1001 
1003 
1004 
1006 

1.04 1020 
1026 
1029 
1030 

5.58 1033 
1034 
1036 
1037 

11.45 1039 
1040 
1041 
1043 

0.157 
0.174 
0.174 
0.174 
1.11 
1.16 
1.14 
1.07 
5.88 
6.16 
6.07 
5.77 
13.36 
13.93 
13.87 
14.18 

10 
22 
22 
22 
7 
11 
10 
3 
5 
10 
9 
3 
17 
22 
21 
24 

0.132 1044 
1045 
1046 
1048 

0.951 1049 
1050 
1051 
1053 

4.97 1054 
1057 
1066 

10.26 1074 
1075 
1078 
1079 

0.159 
0.164 
0.156 
0.152 
0.968 
1.02 
0.993 
1.05 
4.96 
5.58 
4.83 
13.43 
13.40 
14.27 
11.54 

20 
24 
18 
15 
2 
8 
4 
11 
0 
12 
3 

31 
31 
39 
13 



Table 5. Summary of neutron dosimeter tests at Aberdeen Reactor 

TLD Cd-covered Bare Average 
dose card response response response 

Neutron 
Percent 
error 

(GY) number (GY) (GY) GY) 

0.143 goo001 
900002 
goo007 
900015 

1.04 900016 
900017 
9ooo19 
900020 

5.58 90002 1 
900024 
900026 
900028 

11.45 900034 

0.177 
0.173 
0.183 
0.169 
1.08 
1.26 
1.26 
1.15 
6.73 
6.77 
6.66 
6.39 
14.50 

0.170 
0.158 
0.174 
0.153 
1 .oo 
1.18 
1.13 
1.01 
5.85 
6.08 
6.15 
5.66 
1.260 

0.174 
0.165 
0.179 
0.161 
1.04 
1.22 
1.20 
1.08 
6.29 
6.42 
6.41 
6.03 
1.360 

22 
16 
25 
12 
0 
17 
15 
4 
13 
15 
15 
8 
19 

0.132 900036 
900040 
900054 
900056 

0.95 1 900067 
900074 
900077 
900079 

4.97 9OOO91 
900095 
900148 
900167 

10.26 900173 
900296 
90033 1 
900338 

0.154 
0.152 
0.156 
0.150 
1.04 
1.04 
1.09 
0.964 
5.80 
6.19 
5.70 
6.08 
13.40 
14.70 
13.20 
13.00 

0.144 
0.149 
0.153 
0.137 
0.961 
0.98 1 
1.02 
0.928 
5.29 
6.01 
5.54 
5.65 
12.60 
13.10 
12.00 
11.10 

0.149 
0.150 
0.154 
0.144 
1 .oo 
1.01 
1.06 
0,946 
5.54 
6.10 
5.62 
5.86 
13.00 
13.90 
12.60 
12.00 

13 
14 
17 
9 
5 
6 
11 
0 
12 
23 
13 
18 
26 
36 
23 
17 
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4. NUCLEAR ACCIDENT DOSE ASSESSMENT 

The dose assessment for a nuclear accident can best be illustrated by the use of data from 

an actual accident such as the one that occurred in 1962 at the 234-5 Building of Hanford's 

Recuplex Facility.% When this accident occumed, there were 22 persons inside the 

234-5 Building and two guards were stationed at a nearby gate house for a total of 

24 employees. All of these employees were given a quick-sort examination to determine who 

had been exposed to significant neutron radiation. Contamination surveys were also made, but 

no contamination was found. Three employees were identified as having received significant 

exposures to radiation during the accident (these employees were designated as #1, #17, and 

#23), and the most relevant data for use in our dosin:etric investigation have been summarized 

in Table 6. 

The personnel dosimeters worn by the three employees indicated gamma-ray doses 

ranging from 0-13-0.63 Gy (13-63 rad). Two samples from each employee were also counted 

for sodium activation. The first sample coagulated before it was counted, and the second sample 

was treated with heparin to prevent coagulation. The agreement between the two counts of 

blood sodium activation is reasonably good, and they were simply averaged together for use in 

our study. To convert the Hanford data on blood sodium activation from units of pCi of "Na 

per mL of whole blood to Bq of "Na per gram of 23Na, we used a value of 1.92 mg of uNa per 

mL of whole blOOd,l&ll and to convert Hanford data on hair sulfur activation from units of 

neutron per cmz (n cm-2) to Bq of '9 per gram of hair, we used the Hanford values of 

6.44 X 106 n cm-* per dpm of "P per gram of sulfur and 47.7 mg of sulfur per gram of hair.% 

The gamma-ray doses from the personnel dosimeters are used without correction because 
the hair sulfur activation and interviews of the employees suggest that they were primarily facing 

toward the source during their exposure periods. To estimate their neutron doses, we use the 

ratios for the activation of hair to blood sodium from Table 6. These ratios suggest a factor of 

approximately 1.25 X 104 for converting the specific activity of blood sodium (Bq of per 

gram of 23Na) to absorbed dose (Gy) from neutrons (see Tables 1 and 2 and Figs. 8-12 of this 

report). The neutron doses obtained in our dose-assessment study are about twice those given 
in the Hanford report.24 In spite of the differences, the agreement is considered reasonably 

good. The Hanford neutron doses are so-called first-collision doses in a small tissue equivalent 

detector in air (which is now commonly referred to as kerma in tissue free-hair), and our 

neutron dose estimates are so-called multicollision doses at the surface of the body facing toward 

the source. 
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Table 6. Dosimetric investigation of the Recuplex criticality accident 

Type of information" Employee #1 Employee #17 Employee #23 

Personnel dosimeter: 

Gamma-ray dose (Gy) 

Blood sodium activation 
(Bq of %Na/g of Wa): 

Sample #1 
Sample #2 
Mean valueb 

Hair sulfur activation 
(Bq of "P/g of hair): 

Top of head 
Chest 
Pubic 
Back 
Leg 

Ratio for activation of hair 
to blood sodium" (unitless): 

Absorbed dose at surface of 
body facing toward source: 

Gamma ray# (Gy) 
Neutrons' (Gy) 
Total (GY) 

0.63 

2.89 x lo) 
3.47 x lV 
3.18 x 103 

2.96 x 10' 
3.58 x 10" 
2.22 x lo-* 

1.85 x 10' 

1.13 X 104 

0.63 
0.40 
1.03 

0.23 

1.70 X ICY 
1.41 x 103 
1.56 x 103 

1.73 x 10' 
9.51 x 10-* 
1.12 x 10' 

1.11 x 10-4 

0.23 
0.20 
0.43 

0.13 

3.85 X 102 
4.05 x 102 
3.95 x 102 

5.31 X lo2 

4.69 X lo2 

1.34 x 104 

0.13 
0.05 
0.18 

%e various data are taken from tables in a report by Hanford Laboratories," unless noted 
otherwise. 

Two samples were counted for each employee: the first sample had coagulated before it 
was counted, and the second sample was treated with heparin to prevent coagulation. 

The  ratios were calculated in this study using the largest value for hair sulfur activation 
divided by the mean value of Samples #1 and #2 for blood sodium activation. 

T h e  gamma-ray doses from the personnel dosimeters were used without correction because 
the hair sulfur activation and interviews of the employees suggest they were primarily facing 
toward the source during their exposure period. 

T h e  ratios for activation of hair to blood sodium suggest a factor of approximately 
1.25 X 104 for converting the specific activity of blood sodium (Bq of >Na per g of =Na) to 
absorbed dose (Gy) from neutrons (see Tables 1 and 2 and Figs. 8-12 of this report). 
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5. CONCLUSIONS 

The OR TIL NAD system is capable of providing dose information down 3 about 0.01 Gy 

(1 rad) within 24 h. The errors involved in the evaluation of the dose that a person received in 

a nuclear accident can be significant due to: (1) unknowns in the determination of the 

configuration of the fissile material in the accident assembly; and (2) lack of complete 

information concerning the location, orientation, and possible shielding of the person at the time 

of the accident. The PNAD unit is designed to provide information on the absorbed dose at the 

surface of the bo& facing thi~ source. Body attenuation has the effect of reducing the gamma- 

ray dose by a factor of about 2 and the neutron dose by a factor of about 10 at a personnel 

dosimeter worn on the far side of the body from the source. If data are available from area 

dosimeter units, then it is necessary to recognize that the estimated gamma-ray dose from the 

personnel dosimeter may need to be multiplied by a factor of as much as 2, and the estimated 

neutron dose by a factor of as much as 10 (ref. 2). Thus, the activation of sodium in blood and 

sulfur in ha:- will be used in conjunction with the detectors from both PNAD and FNAD units 

to improve ,ie absorbed dose estimates for individuals involved in the accident. 
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