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PREFACE 

This work is part of the research project "Technical Guidelines for Per

sonnel Dosimetry Cal ibrations ll performed by the Pacific Northwest Laboratory 

for the Office of Nuclear Safety, Office of Environmental Protection, Safety 

and Emergency Preparedness, Department of Energy (DOE). The scope of the 

project is to develop guidelines for radiological calibrations of personnel 

dosimeters and radiation protection instruments used at DOE facilities. A 

voluntary testing program on the performance of DOE personnel dosimetry systems 

provided the data base to develop guidelines for the calibration of personnel 

dosimeters . 
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SUMMARY 

This guide describes minimum levels of acceptable performance for per
sonnel dosimetry systems used at Department of Energy (DOE) facilities. The 
goal is to improve both the quality of radiological calibrations and the 
methods of comparing reported occupational doses between DOE facilities. 

Reference calibration techniques are defined to help improve uniformity of 
dosimeter calibrations. A standard for evaluation of personnel dosimetry 
systems and recommended design parameters for personnel dosimeters are also 
included. Approximate intervals for the radiation energies for which these 
guidelines are appropriate are 15 keY to 2 MeV for photons; above 0.3 MeV for 
beta particles; and 1 keV to 2 MeV for neutrons. 

The procedures specified by the guidelines differ from those of ANSI 
NI3.11-1983 in that they are designed to standardize and evaluate rather than 
test a personnel dosimetry system. The geometries of the calibration tech
niques follow those given in ANSI N13.11 as closely as practical. 

An analysis of ANSI N13.11 was completed using performance evaluations of 
selected personnel dosimetry systems in use at DOE facilities. The results of 
this analysis were incorporated in the recommended calibration guidelines. The 
results are summarized below: 

• The number of test sources and categories was inadequate. Recom
mended additions included a low-energy beta source, a second neutron 
source, and an x-ray/neutron mixture category. 

• The performance algorithm was arbitrarily specified. It was modified 
to meet recommendations of the International Commission on Radiation 
Units and Measurements (Report 20) and the National Council on Radia
tion Protection and Measurements (Report No. 57). 

• The beta-particle specifications were insufficient. Specification of 
the acceptable range of depth dose was required to improve standardi
zation of calibrations. 
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• The exposure-to-dose conversion factors for photons (Cx factors) did 
not match the calibration geometry; therefore, appropriate Cx factors 
were used. 

The recommendations for the design and use of personnel dosimetry systems 
that are included were based on the performance evaluations of selected DOE 
systems. Design features associated with superior dosimeter system performance 
are summarized. 
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1.0 INTRODUCTION 

This guide defines a set of reference calibrations to help establish a 
uniform approach to personnel dosimetry and a standard by which personnel 
dosimetry systems can be evaluated. The guidelines include calibration 
techniques, performance criteria, and recommended design parameters for per
sonnel dosimeters. 

The performance criteria are based on recommendations of the International 
Commission on Radiation Units and Measurements (ICRU) and National Council on 
Radiation Protection and Measurements (NCRP) and are closely related to the 
American National Standard, "Criteria for Testing Personnel Dosimetry Perform
ance", ANSI N13.11-1983 (ANSI 1983). The procedures for the guidelines differ 
from those of ANSI N13.11 in that they are used to evaluate rather than test a 
personnel dosimetry system. Most of the irradiation techniques are consistent 
with ANSI N13.11 although additional calibration points were added for complete
ness and flexibility. 

The guidelines for the design and use of personnel dosimeters are based 
on the performance data of Department of Energy (DOE) dosimetry systems sum
marized in "Performance Comparisons of Selected Personnel Dosimetry Systems in 
use at Department of Energy Facilities" (Roberson et ale 1983). The guidelines 
encompass existing dosimeter system designs and allow for future innovation in 
personnel dosimetry. Design features associated with superior dosimeter system 
performance are summarized. 

1.1 PURPOSE 

The purpose of the guidelines is to describe minimum levels of acceptable 
performance and to enhance comparability of reported occupational doses between 
DOE facilities. 

1.2 SCOPE 

This guide includes technical information and procedures required to 
establish a minimum level of performance and to encourage high-quality uniform 
dosimetry practices for DOE facilities. The focus is uniform response through 
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improved calibration techniques. Recommendations for the design and handling 
of dosimeters are i ncl uded where they materi ally affect dosimetry system 
performance. 

The guidelines apply to whole-body personnel dosimetry systems used to 
estimate dose equ i va 1 ent for the permanent record. Dos i metry performed for 
health protection under normal conditions and accident conditions is included. 

These guidelines apply for specific energy intervals. Approximate 
intervals are 15 keV to 2 MeV for photons; above 0.3 MeV for beta particles; 
and 1 keV to 2 MeV for neutrons. 

1. 3 USE 

Energies, source specifications, and standard irradiation geometries for 
the recommended reference calibration points are given in Section 2.0. The 
performance criteria defined in subsection 3.1 can be used to determine dosim
eter performance for the reference calibration points. Where the performance 
criteria cannot be satisfied, the dosimeter design and dose evaluation pro
cedures should be reviewed. Section 4.0 contains recommended guidelines for 
effective dosimeter designs and dose evaluation methods. 

Calibrations used for the evaluation of occupational doses or dose equiva
lents may differ from the reference calibrations. Where differences exist, the 
dosimeter response-per-unit dose (or dose equivalent) of the optimal cali
bration for the occupational environment (field calibration) should be 
determined relative to a reference calibration. 

A facility should be excluded from compliance with certain portions of the 
guidelines if a technical basis is demonstrated. Compliance should not be 
required for radiation types or energies not present in a specific occupational 
environment. 

1.4 REVIEW OF THE GUIDELINES 

The guidelines shall be reviewed and updated when considered necessary by 
the DOE. Technological advances in both beta and neutron personnel dosimetry 
practices may allow strengthening of the performance specifications. In addi
tion, it may be desirable to broaden the scope of the guidelines. 
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1.5 DEFINITION OF TERMS 

The definition for many of the terms used in this guide are given below: 

Absorbed Dose (D) - The energy absorbed per unit mass at a specified point. 
The special unit is the rad. The SI unit is the gray (Gy). 
1 Gy = 100 rad. 

Dose Equivalent (H) - The product of the absorbed dose (D), the quality factor 
(Q), and any other modifying factors. The special unit is the rem. When 
o is expressed in Gy, H is in Sieverts (Sv). 1 Sv = 100 rem. 

Shallow and Deep Absorbed Dose (Os and Dd) or Dose Equivalent (Hs and H~ - The 
absorbed dose or dose equivalent at the respective depths of 0.007 cm and 
1.0 cm in a material of specified geometry and composition. 

Exposure-to-Dose-Equivalent Conversion Factor for Photons (Cx1 - The numerical 
quantity that relates the exposure in air to the dose equivalent at a 
specified depth in a material of specified geometry and composition. The 
Cx factors change as a function of photon energy, material geometry (e.g. 
sphere, slab, or torso), and composition (e.g. tissue-equivalent plastic, 
soft tissue ignoring trace elements, or soft tissue including trace 
elements). 

Protect i on Dos imetry - Routi ne measurements and estimation of the dose 
equ i va 1 ent for the purpose of determi ni ng and contro 11 i ng the dose 
equivalent received by radiation workers. 

Accident Dosimetry - Determination of high levels of absorbed dose resulting 
from uncontrolled conditions. 

Dosimeter - A combination of absorbers and radiation-sensitive element or 
elements packaged to provide a cumulative record of absorbed dose or dose 
equivalent received when worn by an individual. 

Irradiation Category - Each type and energy (or mixture) of radiation for which 
performance criteria are given. 

_P..:..e ___ rf_o ___ r ___ m..:..a ___ n..;;..ce~Q:>...:u ___ o....:.t-,-i ..;;..en_t ______ ('--P i1 - The fract i ona 1 difference between the determi ned 
and delivered absorbed dose or dose equivalent for the ith dosimeter 
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P. = [Xi (determined) - Xi (delivered)] 
1 Xi (delivered) 

where Dd, Hs ' or Hd can be inserted for X. 

Bias (B) - The average of the performance quotients, Pi' for n dosimeters, for 
a specific irradiation category and depth, 

1 B _ -
n 

n 

L Pi. 
i=1 

Standard Deviation (S) - The standard deviation of the performance quotients, 
Pi' calculated for n dosimeters for a specified irrcdiation category and 
depth, 

s _ [ 
n (P._B)2]! 

i=1 1 

~n-1 

Free-Field Dose Equivalent - The dose equivalent assigned for neutron irradia
tions as if performed in free space. To calculate free-field dose equiva
lent, correct for background due to air and room scattering and for source 
asymmetry (Schwartz and Eisenhauer 1982). 
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2.0 GUIDELINES FOR THE CALIBRATION OF PERSONNEL DOSIMETERS 

The specified calibrations represent the minimum necessary to ensure ade
quate performance for a mUltipurpose personnel dosimetry system. Most of the 
irradiation categories specified in ANSI NI3.11 are included. The range of 
dose equivalents for each category was taken from ANSI NI3.11. 

The geometries specified for the calibrations follow those given in ANSI 
NI3.11 as closely as practical. Major differences are: I} the specified 
exposure-to-dose-equivalent conversion factors for photons (Cx) are more appro
priate for the cal ibration geometry; and 2) the specifications for the beta 
source calibration are more complete. A more comprehensive discussion is 
presented in Appendix A. 

2.1 RADIATION SOURCES 

The response of the personnel dosimetry system shall be determined using 
the following sources: 

• a 137Cs gamma-ray source 

- The dose rate at the shallow tissue depth (0.007 cm) should be 
maintained within 5% of the dose rate at the deep depth (1 cm) . 

• x-ray machine(s} producing continuous spectra using the U.S. National 
Bureau of Standards (NBS) techniques (NBS 1981a) and nearly monoener
getic techniques 

- Low-energy, nearly monoenergetic photon beams (15 to 20 keV, 55 
to 65 keV) apply for work environments containing plutonium. 

- A 241Am source may be substituted for the 55 to 65 keV nearly 
monoenergetic source. 

- The k-fluorescent x-ray technique is described by Larson, Meyers 
and Roesch (1954), Kathren, Rising and Larson (1971), and the 
International Organization for Standardization (ISO 1979) • 

• a sealed 90Sr/90y beta particle source with a 100 mg/cm2 filter 
(nominal) 
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- The in-phantom dose rate at 100 mg/cm2 divided by the dose rate 
at 7 mg/cm2 should be 1.01 ± 0.05. 

- The in-phantom dose rate at 1000 mg/cm2 should be less than 1% 
of the dose rate at 7 mg/cm2. 

• a 204Tl source filtered by 50 mg/cm2 (nominal) 

- The in-phantom dose rate at 20 mg/cm2 divided by the in-phantom 
dose rate at 7 mg/cm2 should be 0.80 ± 0.05. 

• a natural or depleted uranium slab 

In-phantom dose rates at 7 mg/cm2 and 100 mg/cm2 should be 
measured. 

• a 252Cf neutron source used unmoderated and moderated by 15 cm of 020 
(Schwartz and Eisenhauer 1980) 

Use of the unmoderated source is recommended to obta ina 
relative response to the moderated source. 

2.2 CALIBRATION OF RADIATION FIELDS 

The calibration procedures used for the radiation fields shall be refer
enced to source fields standardized by NBS and be consistent with accepted 
national standards and practices. Reference class instruments, as defined in 
Special Publication 603 (NBS 1981b), or sealed radioactive sources should be 
used. A list of calibration services offered by NBS is included in Special 
Publication 250 (NBS 1981a). 

The 1 ist of reference sources is given in Table 1. The rationale for 
selecting the reference cal ibration sources is discussed in Appendix A.1. 
Requirements for beta calibration spectra are included in Appendix A.2. 

2.2.1 Photon Fields 

Photon radiation fields are calibrated in terms of exposure in free air. 
For the NBS techniques and the 137Cs source, a reference class ionization 
chamber calibrated by NBS for the particular techniques specified in Table 1 is 
preferred. Calibrate other photon sources using a free-air ionization chamber 
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TABLE 1. Reference Sources 

Source Energy 

Low-Energy Photons 
NBS Filtered Techniques(a) 

M30 (LG) (b) 
S60 (MFC)(b) 
M150 (MFI)(b) 

H150 (HFG) 
Monoenergetic(c) 

241 Am (c) 

High-Energy Photons 
137Cs (b) 

Beta Particles 
204Tl 

90Sr/90y (filtered)(b) 

Uranium slab 

Neutron 
252Cf (Moderated)(b,d) 

252Cf (Unmoderated) 

20 keV (average) 
36 keV (average) 
70 keV (average) 

120 keV (effective) 
15 to 20 keV 
55 to 65 keV 
59 keV 

662 keV 

0.76 MeV (maximum) 
2.3 MeV (maximum) 
2.3 MeV (maximum) 

(a) NBS Special Publication 250, Appendix (NBS 1981a). 
(b) These sources are specified in ANSI NI3.11. 
(c) These sources were included specifically for work environ

ments containing plutonium. 
(d) Moderated by 15 cm of °20 (Schwartz and Eisenhauer 1980). 
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or an NBS-calibrated, high-quality ionization chamber with a known slowly vary
ing energy dependence. If a free-air ionization chamber is used, check its 
operation using a beam for which NBS referenced calibration is obtained. 

Calculate the dose equivalent assigned to exposed dosimeters using the 
exposure-to-dose-equivalent conversion factors (Cx) listed in Table 2. The 
rationale used for choosing this particular set of Cx is given in Appendix A.3. 
Dose equivalent for sealed source irradiations is calculated: 

where X. is the exposure rate in air calibrated using the above procedure, alr 
and t is the irradiation time. For exposures referenced to an unsealed monitor 
ionization chamber, 

where T is the exposure per charge factor for the monitor chamber at the 
standard temperature and pressure; M is the reading of the monitor chamber in 
units of charge; and CTP is the temperature and pressure correction factor for 
the monitor chamber. 

2.2.2 Beta-Particle Fields 

Beta-particle fields are calibrated in terms of absorbed dose at a tissue 
depth of 0.007 g/cm2 using a thin-window, tissue-equivalent extrapolation 
chamber with the appropriate tissue-equivalent buildup thickness in front of 
the window. Calibrate the extrapolation chamber using a beta-particle source 
with a calibration referenced to NBS standards. 

Calibration depths used for beta irradiations range from a few tenths of 
milligrams per square centimeter to 7 mg/cm2• If a source has been calibrated 

'1 

at depths other than 7 mg/cmL , measurement of a transmi ss i on factor is 
required. Measure the transmission factor with a thin-window ionization 
chamber or extrapolation chamber. Position the chamber with its effective 
center at the calibrated point; measure at the depth of calibration and at 
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TABLE 2. Exposure-to-Dose-Equivalent Conversion Factors for Photons(a) 

NBS Filtered X-ray Technigues 

Technigue 

M30 
S60 
M150 
H150 

K-Fluorescent X-ray Techniques 

Energy, keV 

137Cs 

16 
24 
34 
43 
58 
78 

100 

662 

Conversion Factors, rem/R 
Shallow (0.007 cm) Deep (1.0 cm) 

1. 08 
1.15 
1.41 
1.41 

1.08 
1.07 
1.07 
1.28 
1.47 
1.61 
1.59 

(b) 

0.45 
1.07 
1.47 
1.41 

0.38 
0.74 
0.99 
1.30 
1. 54 
1.72 
1. 74 

1.03 

(a) Data taken from Yoder et al. (1979). 
(b) This value is dependent on source geometry and should be measured. 

9 



7 mg/cm2. If material must be added to reach the required measurement depth, 
place it in contact with the surface of the chamber. The total material 
thickness should be within ±0.5 mg/cm2 of the nominal measurement depth. The 
transmission factor is calculated as follows: 

where X is the relative chamber signal, corrected for temperature and pressure, 
and d is the original calibration depth. 

The dose equivalent assigned to exposed dosimeters is calculated using 

. 
H = Dt(d) • t • Q • Ctrans 

where Dt is the absorbed dose rate at the calibration depth d, t is the time, 
and Q is the quality factor (1 Sv/Gy). 

2.2.3 Neutron Fields 

The 252Cf source(s) are calibrated in terms of neutron emission rate by 

NBS or other qualified laboratory using equipment and techniques referenced to 
NBS standards. Procedures for calculating the dose equivalent for exposed 
dosimeters shall follow NBS Special Publication 633, "Procedures for 
Calibrating Neutron Personnel Dosimeters" (Schwartz and Eisenhauer 1982). In 
this publication the free-field dose equivalent (mrem) for unmoderated 
exposures is defined by: 

H = 
N x CUN x t x 3600 

4nr2 

where N is the neutron emission rate (n/sec), CU~ is the dose-equivalent 
conversion factor for unmoderated 252Cf (3.33 x 10- mrem cm2), t is the time 
(h), 3600 is the number of seconds in an hour, and r is the cal ibration 
distance (from the source center to the front face of the phantom, cm). For 
the moderated source, 
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H = N x CM x t x 3600 x 0.89 

41fr2 

where CM is the dose-equivalent conversion factor for moderated 252Cf (9.0 x 
10-6 mrem cm2), and the 0.89 allows for the loss of neutrons that are moderated 
below the cadmium cutoff. 

Corrections must be applied to the dosimeter readings for air scattering, 
room return, and source scattering. These techniques are described in Special 
Publication 633. Example calculations are provided in Appendix C. 

~1easure the photon component for each i rradi at i on geometry. Unmoderated 
252Cf irradiations probably have a greater variation of photon component than 
the moderated irradiations due to greater relative differences in source fil
tration. Typical values are 7% of the neutron dose equivalent for unmoderated 
i rradi ations (Pl ato and Hudson 1980) and 18% for moderated i rradi ati ons 
(McDonald et ale 1983a). 

2.3 IRRADIATION GEOMETRIES AND UNCERTAINTIES 

The dosimeters are irradiated using a phantom backing, except for on
contact uranium cali brat; ons. Recommended phantoms are methylmethacryl ate 
slabs measuring 30 cm x 30 cm x 15 cm for photon calibrations, 30 cm x 30 cm x 
2.5 cm for beta-parti cl e cali brat; ons, and 40 cm x 40 cm x 15 cm for neutron 
calibrations. Attach the dosiMeters to the surface of the phantom facing the 
source. For collimated beams, position the central beam axis perpendicular to 
and passing through the center of the front face of the phantom. For uncolli
mated beams, position the center of the front face of the phantom perpendicular 
to a radial line from the source center. Mount dosimeters with the sensitive 
elements within the central 15 cm x 15 cm area of the phantom for photon and 
beta-particle irradiations and within the central 20 cm x 20 cm area for neu
tron irradiations. The point of calibration should coincide with the center of 
the front face of the phantom. The irradiation geometries are summarized in 
Table 3. 
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TABLE 3. Dosimeter Irradiation Geometries 

Source Type Phantom Size Distance, cm(a) Useful Area(b) 

Photon Sources 30 cm x 30 cm x 15 cm 15 cm x 15 cm 
137 Cs >100 

NBS Filtered x rays >100 

Monoenergetic >50 
x rays 

Beta Sources 
90Sr/90y 30 cm x 30 cm x >5 cm >30 15 cm x 15 cm 
204n 30 cm x 30 cm x >5 cm 30-50 15 cm x 15 cm 
Uranium slab On contact 

Ueutron Sources 40 cm x 40 cm x 15 cm >50 20 cm x 20 cm 

(a) Distance from the source center to the front face of the phantom. 
(b) Position dosimeters with the sensitive elements within the listed area 

centered on the front face of the phantom. The useful area may be smaller 
if dose non-uniformity results in the total uncertainty exceeding ±5%. 

The uncertainty in the assigned dose equivalent should not exceed ±5%, 
excluding uncertainties in the dose-equivalent conversion factors and the 
photon component of the neutron i rradi ati ons. For photon and beta-pa rti cl e 
irradiations, the scatter from the irradiation room surfaces and the source and 
phantom support hardware 
assigned dose equivalent. 
take precautions to keep 

shaul d contri bute 2% or less uncertainty in the 
If several dosimeters are irradiated simultaneously, 

the mutual interference much smaller than the 5% 
uncertainty in the assigned dose equivalent. 
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3.0 PERFORMANCE STANDARDS FOR PERSONNEL DOSIMETERS 

3.1 PERFORMANCE CRITERIA 

The standard of performance is based on recommendations in ICRU Report 20 
(ICRU 1971) and NCRP Report No. 57 (NCRP 1978a) specifying a 30% limit on the 
uncertainty of the maximum dose equivalent in the vicinity of the maximum per
missible levels. Due to the small observed variance in uncertainty over the 
typical range of dose equivalent (Roberson et al. 1983), this limit can also 
apply at lower values. The following performance criterion approximately 
represents the requirement that 95% of the annual reported doses be within 30% 
of the conventionally true dose equivalent, assuming a dosimeter exchange rate 
of four times per year and approximately uniform occupational exposures (see 
Appendix B): 

I B I + S 2 0.3 (3.1) 

To allow for statistical measurement errors during the evaluation of personnel 
dosimetry systems, the tolerance level can be increased and the number of sam
ple dosimeters specified as a function of the standard deviation. The recom
mended algorithm for the evaluation of personnel dosimetry systems is: 

I B I + S < 0.35 for a sample of N dosimeters (3.2) 

where the minimum number of dosimeters recommended per calibration point is a 
function of the standard deviation (evaluated for a zero bias): 

S N (3.3) 

< 0.10 15 
0.1I-0.1S 30 
0.16-0.24 60 

> 0.25 120 

Test results for two of the sources listed in Table 1 cannot be expected 
to meet the above performance requirements due to technological or practical 
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limitations of current dosimeter designs. The recommended algorithm for the 
204Tl test is: 

I B I > 0.5 (3.4) 

It is recommended that no test algorithm be applied for the unmoderated 252Cf 
test. 

The standard deviation is composed of dosimeter variations present in a 
batch of dosimeters read sequentially and of the long-term variability of the 
calibration plus readout process. The summed standard deviation can be 
determined by splitting the evaluation over a period of time, such as the 
three-month interval used in ANSI N13.11, or by monitoring the variability 
using routine quality control procedures and incorporating it into the total 
standard deviation (using the square root of the sum of the squares). 

3.2 IRRADIATION CATEGORIES 

Use the categories listed in Table 4 and the performance criteria in 
Equations (3.2), (3.3), and (3.4) for the evaluation of personnel dosimetry 
systems. Special cases are listed below: 

1. The nearly monoenergetic x-ray or 241Am source evaluation is 
intended for use in facilities handling plutonium. The 241Am 

source may be substituted for the 55 to 65 keV nearly mono
energetic source. Perform the I & IV mixture using one of these 
sources. 

2. The 204Tl evaluation may use the performance algorithm in Equa
tion (3.4) instead of in Equation (3.2). 

3. Use of a performance algorithm is not required for the unmod
erated 252Cf evaluation. It is sufficient to relate the dosim
eter response for the unmoderated and the moderated 252Cf sources. 
Mixture categories use the moderated source. 

It is recommended that an evaluation of the personnel dosimetry system be con

ducted at two-year intervals. 
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TABLE 4. Irradiation Categories 

Category 

I. Low-Energy Photons (X Ray), 
Accident Dosimetry 

II. 

III. 

IV. 

V. 

V I. 

VII. 

NBS Filter( Technique 
M150 a} 

High-Energy Photonsf37 (d) 
Accident Dosimetry Cs 

Low-Energy Photons (X Ray) 
NBS Filt~r~d Techniques 

M30 la} 
S60 (a) 
M150 (a) 

H150 
Mo • (b) 

noenerget~c (b) 

~~oeny~~etlc 
Am 

Hi¥S7Enefi~ Photons 
Cs 

Be~B4~arUJles 
90 190 . ( ) 

SrI Y (Fl1tered) a 
U 

Ne~~~on (d) 
Cf (Moderated) (e) 

252Cf (Unmoderated) 

Mixtures 
(a) 

III. & IV. 
III. & V. 

Energy 

70 keY (average) 

662 keY 

20 keY (average) 
36 keY (average) 
70 keY (average) 

120 keY (effective) 
15 to 20 keY 
55 to 65 keY 
59 keY 

662 keY 

0.76 MeV (maximum) 
2.3 MeV (maximum) 
2.3 MeV (maximum) 

(a) 
IV. & V. 

(f) 
one energy from each category 

III. & VI. 
(a) 

IV. & VI. 

Dose Equivalent 
Range. rem 

10 to 500 

10 to 500 

0.03 to 10 

0.03 to 10 

0.15 to 10 

0.2 to 5 

0.03 to 5 
0.2 to 5 
0.2 to 5 
0.15 to 5 
0.15 to 5 

(a) This category or a subset of this category is specified in ANSI N13.11. 
(b) These sources were inc1u~~~ specifically for work environments con-

taining plutonium. The Am source may replace the 55 to 65 keY nearly 
monoenergetic source. 

(c) A modified performance algorithm is recommended. Do not use in mixture 
category. 

(d) Moderated by 15 cm of 02 0 (Schwartz and Eisenhauer 1980). 
(e) Reference source only. Do not use in mixture category. 
(f) For2~rk environments containing plutonium, use the nearly monoenergetic 

or Am sources. 
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4.0 RECOMMENDATIONS FOR THE DESIGN AND USE OF PERSONNEL DOSIMETRY SYSTEMS 

Performance evaluations of personnel dosimetry systems in use at selected 
DOE facilities indicated several design deficiencies that affected dosimeter 
performance (Roberson et al. 1983; McDonald et al. 1983b). Common problems 
included energy-dependence at low photon energies, difficulties in measuring 
low-energy beta particles, and high variability of reported neutron doses. 
Superior dosimeter design features or analytical methods were identified in 
some instances; these are summarized for each irradiation category. 

4.1 LOW-ENERGY PHOTON DOSIMETRY 

The dosimeter designs that were evaluated utilized film or thermolumines
cent (TL) dosimeters as the sensitive element for photon dose. Most of the TL 
dosimeters and both of the film dosimeters overresponded to low-energy photon 
fields. These participants could not successfully calibrate to the NBS medium
filtered x-ray techniques provided. Much of the difficulty in recalibrating 
the TL dosimeters was due to interdependencies between the photon and beta dose 
determinations; any change to improve the x-ray response was detrimental to 
beta performance. It is recommended that the shallow dose from betas and 
photons be calculated independently, if feasible. 

Based on the results of the intercomparison, it is recommended that film 
dosimetry be phased out for monitoring in low-energy photon fields. Film 
response must be interpreted as a function of delivered dose and photon energy. 
The inherent energy dependence for most TL phosphors was less severe than the 
inherent energy dependence of film emulsions. The popular TL phosphors respond 
linearly for dose levels commonly encountered in personnel monitoring. The net 
effect is lower overall uncertainty in reported dose for TL dosimeters. Film 
dosimetry is viable for monitoring low-energy photon dose only when the occupa
tional field environment is known precisely for each worker. In the inter
compari son x-ray categories , film performance was generally worse than the 
poorest performance of the TL dosimeters. 
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It is recommended that variable-calibration photon dosimeters be used for 
monitoring low-energy photons. Markedly superior performance was achieved by 
dosimetry systems using TL element response ratios to vary the algorithm as a 
function of photon energy. The overresponse of the TL material was corrected 
to yield a rem response using the appropriate x-ray calibration techniques. 
However, a poorly designed algorithm can result in high dosimeter variability 
and poor interpretation of reported doses. Check the algorithm thoroughly 
using the calibration techniques specified. 

4.2 LOW-ENERGY BETA DOSIMETRY 

The difficulties of using conventional thick TL dosimeter elements to 
monitor low-energy beta particles have been well documented (Gesell et al. 
1979). Dosimeter elements respond proportional to the average dose over the 
thickness of the TL or film dosimeter. Commercially available 0.89 mm (35 mil) 
LiF chips have a density 'thickness of 230 mg/cm2. Since the depth of interest 
for the shallow-dose determination is 7 mg/cm2, significant errors can result 
for low-energy beta measurements. The dosimeter energy dependence is further 
degraded by adding material over the shallow-dose sensitive element. The per
formance of film dosimeters was poor, but better than the performance of TL 
dosimeters using the 230 mg/cm2 LiF chips. The performance evaluation of the 
beta dosimeters for selected DOE facilities indicated that only one of eleven 
laboratories could comply with the guideline for the beta category given in 
Section 3. Beta-dose determinations are further confused by the lack of a 
standard calibration geometry, as discussed in Appendix A.2. 

Use of the minimum element thickness and the minimum necessary material 
thickness covering the shallow-dose element is recommended. The most success
ful DOE dosimeter design for monitoring low-energy beta particles utilized a 
sensitive TL element 15 mg/cm2 in thickness, covered by 25 mg/cm2 of low atomic 
number material. Where the use of ultra-thin sensitive elements is not prac
tical, beta energy dependence can be improved by determining an effective 
energy and correcting the reported shallow dose. This method generally 
decreases dosimeter preciSion and may not be applicable for all beta dosimeter 
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designs. Immediate improvement in many designs can be realized by decreasing 
the amount of material overlying the sensitive element. 

4.3 DOSIMETRY FOR MIXED BETA-PHOTON FIELDS 

Insufficient attenuation over the element used to evaluate dose at 1 cm 
resulted in misinterpretation of the deep dose from 90Sr/90y irradiations 
and mixed 90Sr/90y_137Cs fields. A filter thickness of at least 500 mg/cm2 is 

recommended to el iminate the 90y component. The addition of a low atomic 
number material, such as plastic, over the deep-dose element will eliminate 
spurious dose indications from betas without adversely affecting the response 
to photons. 

4.4 FAST-NEUTRON DOSIMETRY 

Calibration techniques were identified as the primary source of bias in 
intercomparisons of neutron personnel dosimeters. It is recommended that scat
ter conditions in each facility be evaluated so that appropriate corrections 
can be applied to the calculated dose equivalents. A brief discussion of 
scatter calculations is given in Appendix C. Additional information may be 
found in NBS Special Publication 633 "Procedure for Calibrating Neutron Per
sonnel Dosimeters" (Schwartz and Eisenhauer 1982). 

p., few TL albedo dosimeters displayed large standard deviations due to 
large variabilities in chip sensitivity factors. In such cases, it is recom
mended that individualized calibration factors be developed to compensate for 
varying TL dosimeter sensitivities. Alternatively, tight screening of TL 
elements or batching of dosimeters may be used. 
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APPENDIX A 

CHOICE OF REFERENCE CALIBRATION SOURCES 

Comparisons of occupational exposures reported for various DOE sites are 
made more difficult by the absence of standard calibration techniques and the 
use of many dosimeter designs. The establishment of reference calibration 
techniques will help quantify the effects of differing dosimeter designs and 
differing occupational environments. The choice of reference sources was based 
on an intercomparison of dosimeter system performances for DOE laboratories 
(Roberson et ale 1983) and the American National Standard "Criteria for Testino 
Personnel Dosimetry Performance", ANSI N13.11-1983 (ANSI 1983). Eleven DOE 
laboratories participated in the intercomparison to better define present dif
ferences and help develop improved techniques. 

The intercompari son of dosimetry system performances was al so used to 
evaluate ANSI N13.11 for use by DOE facil ities. It was found that: 1) the 
number of test categories was incomplete; 2) the performance criteria specified 
did not achieve the goal of the tests as well as other algorithms; 3) the beta
particle category was not sufficiently specified; and 4) the choice of the 
photon conversion factors was arbitrary. The choice of reference sources was 
made to be consistent with ANSI N13.11 where practical. 

A.l CALIBRATION CATEGORIES 

The filtered x-ray beams chosen for Table 1 (page 7) are standard NBS 

techniques (NBS 1981a). The N30 (20 keV) and S60 (36 keV) techniques represent 
the photon energy region of maximum response for most dosimetry systems. They 
represent a conservative worst-case test for low-energy photons. The M150 
(70 keV) and H150 (117 keV) techniques are included to extend the test energies 
above those influenced by the photo-electric effect. The response of dosimetry 
systems is similar to that of tissue from approximately 200 keV to 2 MeV be
cause of the dominance of the Compton interaction. Tests at these energies 

A.l 



are represented by the high-energy photon category. Not all of the x-ray tech
niques specified in draft ANSI N13.11 were included because they are not neces
sary. Nearly monoenergeti c sources at 15 to 20 keV and 55 to 65 keV were 
included specifically for facilities using plutonium. The 241Am source (59 keV) 
may be substituted for the higher energy monoenergetic source. 

~10st dosimetry systems parti ci pati ng in the DOE performance i ntercompari
son had poor results for low beta-particle energies. The 90Sr/90y beta particles 
are sufficiently energetic to penetrate the popular, thick (230 mg/cm2) LiF 
TL dosimeter chip. This results in a response for 90Sr/90y similar to 137Cs 
for dosimeters that are nearly insensitive to low-energy beta particles. 
Inclusion of the 204 Tl source (0.76 ~leV maximum energy) requires that some 
attention be given to the lower energies. Reference sources with energies 
lower than provided by the 204Tl source may be included following improvement 
in dosimeter technology. The 204Tl source was chosen because of its ease of 
use and single-beta spectrum. 

A natural or depleted-uranium source was added for occupational environ
ments containing uranium. In-phantom dose rates should be measured at 7 mg/cm2 

and 100 mg/cm2• 

The response ratio of DOE albedo neutron dosimeters for moderated and 
unmoderated 252Cf irradiations varies from approximately six to twenty 
(Roberson et ale 1983). Because the variations are so large, both were chosen 
for reference sources. The performance evaluation should be performed for the 
moderated source only, which was chosen to be consistent with ANSI N13.11. 
Unmoderated 252Cf irradiations can easily be performed as a variation of the 
moderated 252Cf irradiations. More stringent neutron tests may be included 
following improvements in neutron dosimeter technology. 

A.2 ADDITIONAL SPECIFICATIONS FOR BETA CALIBRATIONS 

Beta cali brati ons are affected by source geometry, source fi ltrati on, 
dosimeter irradiation technique, beam calibration technique, and environmental 
conditi ons. The standard ANS I N13.11 specifi es inherent sou rce fi ltrati on, 
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phantom size, and source-to-phantom distance for 90Sr/90y irradiations but does 
not adequately address other parameters. Considerable variability in dosimeter 
response-per-unit delivered dose has been observed among 90Sr/90y sources set 
up to ANSI N13.11 specifications. Additional constraints are necessary to 
standardize beta calibration techniques for 90Sr/90y and 204Tl . 

We recommend that beta irradiations be standardized according to depth
dose characteristics. The specifications for 90Sr/90y irradiations are re
lated to mean energy of the source (100 mg/cm2 specification) and Bremsstrah
lung production (1000 mg/cm2 specification). For 204Tl irradiations, only a 
specification related to mean energy is given (20 mg/cm2 specification). The 
depth-dose specifications are intended to take precedence over the source 
filtration specifications. The intention is to allow the use of source geom
etries specified in the draft international standard, ISO 6980 (ISO 1981), 
while maintaining irradiation consistency between laboratories. 

A.3 CONVERSION FACTORS FOR EXPOSURE TO DOSE EQUIVALENT FOR PHOTONS 

The exposure-to-dose-equivalent conversion factors for low-energy photons 
(Cx factors) listed in ANSI N13.11 were derived by Dimbylow and Francis (1979) 
for the four-element ICRU sphere using Monte-Carlo calculations. For the dosi
meter performance tests, the dos imeters a re mounted on a slab phantom of 
methylmethacrylate. Personnel dosimeters are designed to monitor for dose to 
the tissue of the body on which they are mounted. However, the performance 
tests require that they monitor for dose to the ICRU sphere while mounted on a 
slab phantom. This results in the miscalibration of even ideal personnel 
dosimeters. 

The choice of the phantom shape for the specification of Cx factors is not 
arbitrary, as has been argued (Ehrlich 1982). The size and shape of the 
phantom is important for monitoring low-energy photons because radiation is 
scattered back to the surface. Backscatter can contribute an additional 40 to 
50% to the dose at the surface for photon energies between 60 keV and 100 keV 
(Johns and Cunningham 1978). The dosimeter ideally would be able to properly 
record the level of backscattered radiation and, thus, approximately compensate 
for fluctuations dependent on the size of the wearer. 
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The contribution due to backscattered radiation is different for the slab 
and spherical phantoms. Nelson and Chilton (1982) used Monte-Carlo calcula
tions to derive the Cx factors for the slab geometry with the ICRU four
element composition. Their results agreed closely with the calculations of 
Oimbylow and Francis (1979) (spherical geometry) below 50 keY, but were 20% 
higher between 80 keY and 100 keY. This difference accounts for the major 
discrepancy between the Cx factors specified in draft ANSI N13.11 (spherical 
geometry) and the available direct measurements by Yoder et ale (1979) (slab 
geometry). Nelson and Chilton (1982) also performed calculations for the 
tissue-equivalent plastic used by Yoder et ale (1979) for direct measurements 
of ex factors using the slab geometry. The significant difference between the 
calculations for the Yoder plastic and the measurements was at energies below 
20 keY. Nelson and Chilton (1982) attributed this difference to a higher 
energy contamination in the k-fluorescent spectra used by Yoder et al. (1979). 

Because of the use of slab phantoms for the reference calibrations, con
version factors for the slab geometry are used. The best available data are by 
Yoder et al. (1979) and are listed in Table 2. 
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APPENDIX B 

DERIVATION OF PERFORMANCE CRITERIA 

The specifications of performance criteria were based on achievable stan
dards consistent with the goals of health protection. The standards were 
chosen to be both economically and technologically achievable. 

The goals for the accuracy of personnel monitoring were taken from the 
recommendations of ICRU Report 20 (ICRU 1971) and NCRP Report No. 57 (NCRP 
1978a), that the accuracy of the maximum dose equivalent be ±30% near the 
maximum permissible dose. Due to the small observed variance in dosimeter 
reading fluctuations for low to high dose equivalents (Roberson et al. 1983), 
the recommended limit was applied to all levels listed in Table 4 (page 15). 
The time period over which the accuracy is achieved was not specified by the 
ICRU or NCRP. In addition, achieving a fixed level of accuracy for all per
sonnel is statistically impossible. The adopted goal was: the annual assign
ment of dose equivalent should be within 30% of the conventionally true value 
for 95% of the personnel receiving in excess of one-tenth of the maximum 
permissible dose equivalent. 

During the evaluation of a dosimetry system, dosimeters are given a range 
of doses for each reference calibration point. Performance quotients are cal
culated for each dosimeter to provide a dose-level independent analysis. The 
bias (B) is the mean of the performance quotients for a category and the stan
dard deviation (S) is calculated from the performance quotients. For a dosi
meter to respond within 30% of the conventionally true value for a specified 
confidence interval, 

I B I + a • S ~ 0.3 (B.1) 

where 'a' is 1.6 to 2.0 for 95% of the dosimeters, assuming normally distri
buted dosimeter responses. The lower value of 'a' is for a one-sided distribu
tion (B >0.1) and the upper value is for a two-sided distribution (B ~ 0). To 
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determine compliance with Equation (B.1) using a small number of test dosim
eters, It I statistics should be used (NCRP 1978b). For example, for 95% con
fidence interval and fifteen test dosimeters, la l is 1.7 to 2.1. 

If several dosimeter exchanges are used to attain the recommended accuracy 
and it is assumed that the accumulated dose equivalent is approximately uni
formly spread over time, the algorithm is: 

I 8 I +~. m 
S < 0.3 . (B.2) 

For a quarterly exchange rate (n = 4), aim = 0.8 to 1.0 to attain the 95% 
confidence level. The small increase in la l for small groups of test dosim
eters has been neglected. 

The criterion that 

I 8 I + S ~ 0.3 (B.3) 

can represent the implementation of the ICRU and NCRP recommendations on an 
annual basis for 1) a uniformly-exposed worker using a quarterly dosimeter 
exchange rate at better than the 95% confidence level or 2) a worker receiving 
an unusually large dose on one dosimeter for approximately a 70% confidence 
level. These criteria are adequate for the implementation of the guidelines, 
because the majority of occupational dose is received on a routine schedule. 

The implementation of the criteria as written in Equation (8.3) above may 
require large numbers of dosimeters to measure I 8 I and S with sufficient pre
cision. Assuming that the dosimeter readings are normally distributed about a 
single mean, for 95% of the readings the magnitude of the bias is bounded by: 

I B I ~ 
Z 

I Pt I + 0.05 cr 
rn 

(8.4) 

where Pt and cr are the true mean performance quotient and true standard de
viation, ZO.05 is the probability distribution value that is exceeded for 5% of 
the samples, and n is the number of dosimeter readings. For the case 
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-
Pt 1 > at a one-sided normal distribution can be used for which lO.05 = 

1.6. For 1 Pt I = 0, the lO.05 value is upper bounded by the two-sided normal 
distribution {lO.05 = 2.0}. 

For 95% of the samples the standard deviation is approximately bound by: 

~
') 

S < XO.95 
- n-1 

• a {B.5} 

using a x2 distribution with {n-1} degrees of freedom. Because the uncertain
ties in Band S are independent for normally distributed data, a close approxi
mation can be obtained for the performance criterion using propagation of 
errors: 

{(loc-
n
' 05) 2 +(~ X~n' 9_51 _ 1)2)t ~ [I B I + SJmax = [I Pt 1 + aJ \ yfl \ v (B.6) 

for 95% of the readings. 

The second term on the right-hand side is the amount by which a system 
that meets the goals for accuracy could fail the performance criteria {Equa
tion B.3} due to a statistical fluctuation of a measurement. This term can be 
reduced by increasing the number of dosimeters per test. Table B.1 lists the 
approximate values of the statistical terms as a function of a and the number 

a 

0.10 

0.20 

0.25 

TABLE B.l. 

Number of Dosimeters 

15 

15 
30 
60 

15 
30 
60 120 

B.3 

Approximate Value of 
Uncerta i nty Term 

0.05 

0.10 
0.07 
0.05 

0.13 
0.09 
0.07 
0.05 



of dosimeters used per test. For an uncertainty of 5%, 15, 60, and 120 dosim
eters are required for standard deviations of 0.10, 0.20, and 0.25, respec
tively. Standard deviations for most beta-particle and photon dosimeters are 
relatively small « 0.10). Neutron dosimeters are typically greater (~ 0.20). 
Only a few of the test categories require as much as a hundred dosimeters to 
achieve the 0.05 value for the uncertainty term. Therefore, it is reasonable 
to increase the tolerance level to 0.35 and specify a greater test sample for 
those dosimeters with large standard deviations (see Section 3.0). 

An alternate approach is to perform independent testing for the bias and 
standard deviation. Then, if the standard deviation is small~ the bias can be 
determined with acceptable precision using relatively few dosimeters. For a 
large standard deviation, fewer dosimeters are required to test for the standard 
deviation alone (30 dosimeters at a = 0.25). Unfortunately, an independent 
test criteria is not readily relatable to a specific health-protection goal. 
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APPENDIX C 

NEUTRON SCATTER CORRECTIONS 

Neutron room return may be determined empirically or calculated using room 
scatter formulas. Good agreement has been observed between measured and 
observed values for albedo dosimeters in a low-scatter geometry (McDonald, et 
ale 1983b). However, for small rooms or unusual geometries such as the pre
sence of hydrogenous shielding near the source, considerable error may be 
present in the scatter calculation. In these cases, the scatter correction 
should be determined experimentally. 

One method of determining the room return is to irradiate dosimeters at 
several distances along an axis of the beam, noting the deviation in inverse 
distance squared. A uniform field of scattered neutrons can be assumed if the 

source is centered in a large room. Calculated dose equivalents based on 
dosimeter readings will follow the relationship 

R(r)r2 __ ( 2) Do 1 + Sr (1 + ar) (C.1) 

where R(r) is the dosimeter response at distance r, la l is the air scatter 
correction, Do is the "free-field" or unscattered dose equivalent and S is the 
room return factor in percent per unit distance squared. Air scatter constants 
based on Monte Carlo calculations are given in Table C.I (Schwartz and 

TABLE C.I. Neutron Air-Scatter Factors 

Dosimeter 

NTA film, polycarbonate track etch 
9 in. spherical remmeter 
3 in. spherical remmeter 
Albedo dosimeter 
Fluence 

C.1 

Fractional Increase of Response 
(m- I ) With Distance From Source, 

Bare 252Cf 

0.005 
0.010 
0.017 
0.011 
0.012 

Moderated 252Cf 

0.009 
0.023 
0.045 
0.030 
0.040 



Eisenhauer 1982). The constant S is determined for each dosimeter and calibra
tion facility based on the slope and intercept of the regression line. It is 
suggested that values of S be determined for several directions from the source 
to check for uniformity of the scattered neutron field. 

Formulas for calculating room return are given by Schwartz and Eisenhauer 
(1982). These are summarized briefly. For reflection from a single surface 
where the source-to-detector distance is much smaller than the source-to
surface distance: 

S - a (g ar ) 1 
- 2 0 0 r2 (C.2) 

where a is the albedo of the reflecting surface, g is the correction for 
anisotropic detector response, ar/ao is the relative detector response to 
reflected and source neutrons, and r is the source to surface distance. For 
concrete and dry soil, a value of 0.54 for a is appropriate. For saturated 
soil, a should be decreased by 20%. Values of (g 0r/oo) are listed in 
Table C.2. The single-surface calculation should be employed when the 
calibration is performed in a metal-walled structure or an outdoor facility. 
When the source height above the surface is not large compared to the 
irradiation distance, a more detailed calculation must be followed (Schwartz 
and Eisenhauer 1982). 

For an enclosed calibration facility with concrete or masonary walls: 

S = 5.6 
or 1 (bare 252Cf ) (g --- ) 
~ 00 

0 

or 
S = 4.5 

or 1 (moderated 252Cf ) (C.3) (g --- ) --2 00 ro 

where ro is the effective radius of the room. The values of ro2 is obtained by 
dividing the room surface area by 4~. Values of g (or/oo) differ for the 
single scatter surface and enclosed room geometries, as indicated in Table C.2. 
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TABLE C.2. Dosimeter Response Factors for Single and 
Multiple Scatter Surfaces 

g (ar!ao) for Single Scatter Surface 

Dosimeter T~ee Bare 252Cf Moderated 252Cf 

NTA film, polycarbonate track etch 0.2 0.3 
Albedo dosimeter 1.0 0.6 
9 in. spherical remmeter 0.68 0.75 
3 in. spherical remmeter 1.8 1.1 

g (ar!ao) for Enclosed Facility 

Dosimeter Tyee Bare 252Cf 

NTA film, polycarbonate track etch O.3(a) 

Albedo dosimeter 2.1 
9 in. spherical remmeter 0.52 
3 in. spherical remmeter 2.9 

(a) Estimated by Schwartz and Eisenhauer (1982). 

Moderated 252 Cf 

0.4(a) 

0.58 
0.85 
1.4 

The total scatter correction is equal to 1 + ar + Sr2. An additional 
factor may be added to account for scattering from source encapsulation and 
supporting structures. This correction usually is small and must be determined 
on a case-by-case basis. When a calibration is performed, the delivered dose 
equivalent is considered to be the product of the free-field dose equivalent 
(calculated from source emission rate) and the scatter factor. 
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APPENDIX 0 

PEER REVIEW 

This document was reviewed by technical representatives of most major DOE 
facilities. Several comments were incorporated. These were: 

• The addition of the 15 to 20 keV nearly monoenergetic photon source 
for plutonium environments. 

• The addition of the uranium slab calibration source. 

Other comments were: 

• Changes should be made to the accident categories: reduction in 
frequency of testing; reduction in number of dosimeters; or perhaps 
an initial testing followed by an annual assessment of procedures. 
The high dose levels required in the accident categories result in 
permanent damage to TLD materials, which results in these TLD mate
rials being eliminated from further use. This damage is manifest in 
two ways: a high residual signal is left in the TLD material, which 
cannot be removed through normal readout procedures; and high dose 
levels result in increased TLD sensitivity even if the TLD material 
can be annealed at elevated temperatures. 

• One dosimeter is not the best for all situations. At many sites two 
or more dosimeters may be used. It is important for a processor to 
clearly classify the dosimeter system tested to indicate that the 
dosimeter is in compliance with the guidelines only for a given 
environment. In the case of multiple dosimeters, all dosimetry 
configurations used should be tested. 

• It is recommended that all depths be looked at with each test. 
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