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Abstract

In radiation protection, incremental control
of worker radiation exposures is important to
ensure that periodic dose limits are not
exceeded. Electronic personal dosimeters
(EPDs) are widely used for this application. As
their reliability has improved users have shown
an interest in their use for both incremental
control and as the primary dosimeter to track
the dose of record for the worker. In this
application they would replace the traditional
film or thermoluminescent dosimeter whose
performance is thoroughly understood. The
EPD brings with it some of the problems of
instruments which are

iii

not seen with the traditional dosimeters. The
report contains results of a survey of users and
a survey of vendor literature that highlight some
of the limitations and problems of EPDs.

The radiation protection community is con-
cerned that the reliability and accuracy of the
data from the EPD be comparable to traditional
methods if they assume this additional role.
This report lists type tests, test methods, and
calibration methods intended to ensure the re-
quired reliability.
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Executive Summary

Electronic personal dosimeters (EPDs) have
been used as secondary dosimetry for radiation
workers for several years. With recent
improvements in electronics, their size has
decreased while their capability and reliability
have increased. With the increase in reliability,
the EPD is being considered for primary
dosimetry in place of the commonly used film
badges and thermoluminescent dosimeters. A
review of the literature (including test data) and
a survey of users and potential users of EPDs
indicates some limitations exist in the use of
EPDs due to their performance in the work
environment. Notable limitations are their poor
low-energy response and their susceptibility to
electromagnetic interference. In many cases
these limitations will not preclude their use
since their performance appears comparable to
present primary dosimetry for many work
environments.

In order to facilitate the deployment of the
EPD as a primary dosimeter, this report
presents type-test criteria and methods in the
format of a type-test standard. In addition to

xiii

the type test, data-specific recommendations are
provided for the calibration, functional testing,
performance testing, and acceptance testing of
the EPD. These are presented as a system of
control with specific recommendations for
relating the performance and acceptance tests to
the original type tests through a source check
methodology.

Specific recommendations are to continue
side by side testing of the EPD with conven-
tional primary dosimeters both on workers and
in typical field test geometries. A pilot
evaluation of the type-test criteria presented
should be conducted by testing of selected
EPDs. Concurrently, user guidelines for
calibration, training periodic testing, and
criteria for a performance evaluation program
should be developed. The performance
evaluation can be conducted either through
modification of the current NVLAP accredita-
tion program for personnel dosimetry or
through one of the existing calibration
accreditation programs.
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General Introduction

Electronic personal dosimeters (EPDs) have
long been used as secondary dosimetry for
radiation workers and, due to their ease of
reading and alarm capability, have largely
replaced pocket ion chambers for this
application. As the size of these units has
diminished and their capabilities have increased
with improvements in electronics, they are
being considered for primary dosimetry in place
of the commonly used film badges and
thermoluminescent dosimeters (TLDs). It has
been predicted that such devices may replace
“survey instruments and personal dosimeters
(Swinth 1988). However, consideration of
EPDs as primary dosimeters is currently in an
evolutionary phase. Although they are well
established as secondary or supplemental
dosimeters, their reliability and performance
fall short of present primary dosimeters. As
deficiencies are noted, solutions are being
found.

xvii

This document examines the reliability and
use of EPDs and proposed manufacturer and
user standards for EPDs and their readers.

Part 1 discusses the capabilities of EPDs and
reports on a survey of users and vendors to
determine their performance in the field. Part 1
also includes information on methods to
calibrate EPDs and to ensure their continuing
performance. It also includes recommendations
to answer some of the recurring questions
surrounding the use of EPDs as a dosimeter of
record or primary dosimeter. Part 2 provides
type-testing standards for EPDs and
recommends techniques for their periodic
testing and calibration. Part 3 provides similar
standards for EPD readers. It is intended that
Parts 2 and 3 can be modified by users’ and test
laboratories’ experience with EPDs but will
provide baseline standards and type-testing for
their methodical use.
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FOREWORD

This report discusses the use of Electronic Personnel Dosimeters (EPDs) as
potential alternatives for the film badges and thermoluminescent dosimeters
(TLDs) that are now the most widely used methods for determining the ionizing
radiation dose to radiation workers. EPDs have been used as secondary
dosimetry for radiation workers for several years, and as their capability and
reliability have improved with time, users are now considering using them as
primary dosimetry for their radiation workers. The radiation protection
community is concerned that the reliability and accuracy of data from the EPD
be comparable to the traditional methods currently used if they are to assume
the role of primary dosimetry. To address this concern, the NRC contracted
for a current evaluation of the use of EPDs for primary dosimetry for
radiation workers.

The work described herein was performed under contract with Battelle’s Pacific
Norhwest Laboratory. It discusses EPD capabilities and reports on a survey of
users and vendors regarding the performance of EPDs in the field. It also
provides type-testing criteria in the format of a type-test standard and
recommends techniques for performance testing and calibration. It also
provides similar standards for EPD readers.

NUREG\CR-6354 is being published for comment. The NRC is requesting that
interested parties review the report and its recommendations and provide
additional recommendations and/or constructive comments on its contents.

NUREG/CR-6354 is not a substitute for NRC regulations and compliance is not
required. The approaches and/or methods described in this NUREG are provided
for information only. Publication of this report does not necessarily
constitute NRC approval or agreement with the information and recommendations

contained herein.
; John E. Glenn, Chief

Radiation Protection and Health
Effects Branch

Division of Regulatory Applications

Office of Nuclear Regulatory Research
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Part 1

Issues in Performance and Use of Electronic Personal
Dosimetry Systems






1 Background

The potential advantages of EPDs have long
been recognized (Brown 1966; Erickson 1969,
1970). The major interest has been in their potential
as secondary dosimetry for alarming and warning the
radiation worker of high doses or dose rates. In
radiation protection, incremental control of worker
exposures is important to ensure that periodic dose
limits are not exceeded. The classic method of
accomplishing this goal is to establish area dose rates
with portable instruments and then limit the work
time in such areas to stay within established worker
dose limits. The EPD can accomplish this task with-
out the expense or personnel exposures from area
surveys or separate stay-time monitoring of the
worker. Other types of secondary dosimetry have
been used for this application, such as the pocket ion
chamber (PIC), but work must be stopped to read
the device. This is difficult in the typical work
environment, particularly when protective clothing is
employed; thus, aural or other alarms that do not
interrupt the flow of work are preferable. In addi-
tion to the alarm capability, the reliability of the
EPD is better than that of the PIC. The PIC is
generally sensitive to shock (dropping) and does not
have as good a sensitivity as the EPD. However,
recent models of PICs produced by the Federal
Emergency Management Agency (FEMA) exhibit
superior shock resistance.

As we consider the EPD for use as a dosimeter
of record (primary dosimeter), several areas must be
considered to ensure adequate reliability of the
dosimetry information, including the absence of
silent failures, dosimetric data quality that is
comparable to conventional dosimeters, reliable data
accessibility, and immunity to changes in readings
caused by normal operating conditions (e.g.,
environmental conditions, interfering radiations).

Part 1

Absence of Failures. Failures of electronic
devices can be sudden and may be catastrophic.
Anyone who has had the electronics on a modern
automobile fail can attest to the sudden change in
performance or lack of driveability. In the case of
electronic radiation-measuring devices, the failure
may not be noticed and could lead to a lack of
recorded data, to corrupted data, or to data that
cannot be retrieved.

Comparable Data Quality. The data quality
(bias, precision) should also be comparable to the
conventional primary dosimeter. Data quality is
currently established by radiation test categories in
the Personnel Dosimetry Performance Program
operated by the National Voluntary Laboratory
Accreditation Program (NVLAP).® For dosimeters
of record, accreditation of the processor by NVLAP
is required by the Nuclear Regulatory Commission
(NRC) in their regulations, "Standards for Protection
Against Radiation,"” 10 CFR 20.1501(c). Because
electronic personal dosimeters do not require a
processor, this leads to confusion on how such
testing may be implemented or if it should be
implemented.

Reliable Data Accessibility. Although most
EPDs can be read directly, part of their advantage is
the electronic transfer of data to centralized readers
for recording and tracking. Damage to the EPD,
errors in data transfer, or failure of the reader can
corrupt the data or make the data inaccessible.
Systems must be designed to avoid this loss of data.

(a) The program uses the American Standards National Institute
(ANSYI), Personnel Dosimetry Performance—Criteria for Testing
(ANSI 1993b) to establish the performance criteria to evaluate
processor performance.
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Immunity to Environmental Conditions. Finally,
the EPD will be susceptible to environmental
conditions due to its electronic nature. Such factors
are well recognized for radiation survey instruments
(Swinth and Kenoyer 1985a and b) and performance
standards have been written to control such prob-
lems. Electronic personal dosimeters should be
adequately designed to avoid susceptibility to
common environmental interferences and their
performance understood well enough to avoid use
outside the defined operating envelope.

Defining the required reliability for an EPD is a
difficult task. One can define the reliability in terms
of the catastrophic failure rate of current primary
dosimeters, but this does not ensure measurement
accuracy under field conditions. The catastrophic
failure rate of primary dosimeters is on the order of
0.1%. Catastrophic failures from the processors’
standpoint would include chemical contamination
(Heinzelmann and Schumacher 1984), processing
failure (reader), and damage. In most cases, such
anomalies may be detected by review of the glow
curve; however, this does not permit restoration of
the readings, and estimates for the dose of record
will be required. In the case of electronic
dosimeters, mechanical damage (e.g., dropping) and
electronic failures (including the readers) can lead to
a catastrophic loss of data. Some interferences, such
as radiofrequency, may cause large enough errors to
be considered catastrophic failures. The design of
the EPD or its software may also lead to failures that
will be large enough to be considered catastrophic,
such as a significant underresponse under certain
conditions (Hirning et al. 1994).

These considerations make it important to com-
pare the required performance of primary dosimeters
and instruments to the performance of EPDs as
shown through testing. The following sections set
out the requirements for dosimeters and instruments
and the tested performance of EPDs.
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1.1 Dosimeter Performance

The factors affecting the performance of primary
dosimeters (Swinth 1988, ANSI 1993b) include
temperature, humidity, radiation energy, radiation
direction, radiation geometry, fading, remanence,
position on the body, contamination, shock/
vibration, calibration accuracy, reader reproduci-
bility, dosimeter linearity, exposure to visible or
ultraviolet light, mixed field response (algorithm
accuracy), unwanted radiation response, variation in
sensor response, and reading errors. Fading can be
an important factor (Doremus and Higgins 1994) and
algorithms may be used for correction. Similarly,
variations in sensor response can be adjusted by
calibration or sensor (chip) selection. Dosimeters
may require periodic recalibration of chip sensitivity
factors to maintain their performance (Grogan et al.
1990). The major factors affecting dosimeters are
well understood (Marshall et al. 1994) and may be
adequately controlled by design or procedural
controls.

The processor is a major participant in the
quality or reliability of data obtained from the
dosimeter. Early problems with consistency of
primary dosimeter performance led to development
of the dosimetry processor accreditation program
(Swinth 1988), which is operated by NVLAP, using
criteria established through technical committees
operating under the auspices of ANSI. Its technical
recommendations are documented in Personnel
Dosimetry Performance-Criteria for Testing,

ANSI N13.11 (ANSI 1993b). Most processors are
successful at meeting the criteria established in
ANSI N13.11. The passing percentage in the test
categories varies from 93% to 100% with the
average of the absolute bias plus the standard devia-
tion running from 0.09 to 0.17 (passing = 0.50 with
the exception of the accident categories) (Martin
1994). Other methods of dosimeter performance
assurance or control are employed on a national
scale, such as type testing supplemented by blind
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tests in Germany (Bohm and Ambrosi 1990).
Another method of auditing vendor quality is
submission of audit dosimeters by the user
(spiked and background dosimeters).

1.2 Instrument Performance

Instruments such as EPDs will be affected by
most of the same parameters noted previously, but
may also be affected by electronic interferences
(radiofrequency susceptibility), magnetic inter-
ference, extracameral response, geotropism,
electronic component degradation, or ambient
pressure (Swinth 1988, ANSI 1989).

Instruments have definite limitations on their
performance and many of these limitations have been
documented in type-testing studies (Swinth and
Kenoyer 1985a and b). The limitations tend to be
design-specific, both in the vendor’s design and the
intended application, and vary with the model of
instrument. Thus, the proper selection of an
instrument for the intended application is extremely
important (Swinth 1988) and is actively pursued by
major users. A performance standard, Performance
Specifications for Health Physics Instru-
mentation— Portable Instrumentation for Use in
Normal Environmental Conditions, ANSI N42.17A
(ANSI 1989), provides guidance on instrument
performance.

In general, instruments are used in an active
mode so that most users feel that they can identify
anomalous readings, which are generally of less
importance than errors in the dosimeter of record.
When the user is performing surveys in high dose
rate areas, however, for emergency response or
release of materials, the user may not identify
anomalous readings; early studies have demonstrated
a positive value for establishing a baseline for
instrument performance (Merwin et al. 1986).
Instrument overload response, temperature response,
dose rate linearity, energy response, and angular
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response can be important factors in the overall
accuracy of instrument readings (Swinth 1988).

Whereas such factors as radiofrequency (r.f.)
susceptibility or angular response may not be critical
for surveys (for r.f., the surveyor can correlate
changes with transmitter operation), they may be
limiting when the readings from the instrument are
integrated, as in an electronic dosimeter. Such
parameters must be controlled in the design of the
instrument, at least to levels that will ensure reliable
operation under normally expected operating
conditions.

Instruments do not require "processing” to
obtain a reading. If a reader is employed with
EPDs, it is used to record data from the unit and set
parameters in the unit. Any processing of the sensor
information is accomplished by electronics within
the unit and, apart from changes at calibration, is an
integral part of the design. The reliability or quality
of the data is established by the design of the EPD or
survey instrument and, individually, by variations in
the production process.

Silent failures, susceptibility to the operating
environment, and quality of data are concerns that
have long been recognized for portable radiation
survey instruments. A system of practices has
evolved to ensure the quality of data from portable
survey instruments. This involves selection of an
appropriate instrument, routine testing, periodic
calibration and testing, and proper maintenance.
The selection of the instrument involves evaluating
the conditions of use followed by comparison with
type-testing data or manufacturer’s specifications.
Once the instrument is selected, the user then
performs an acceptance test to ensure that the
instruments meet the expected performance. As the
instruments are used, they should be routinely
checked for response to a source. This will detect
silent failures. Routine calibrations and proper
maintenance are designed to maintain the operating
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envelope of the instrument. The standard, Radiation
Protection Instrumentation Test and Calibration,
ANSI N323 (ANSI 1993a), established criteria that
will assist in maintaining the proper operational
envelope; Performance Specifications for Health
Physics Instrumentation— Portable Instrumentation
for Use in Normal Environmental Conditions,
ANSI N42.17A (ANSI 1989), establishes basic
performance criteria. As described in ANSI N323,
the calibration involves testing that will provide an
assessment of operational conditions and is not a
simple scale adjustment or determination of a
calibration factor.

1.3 Performance of Electronic
Personal Dosimeters

Although EPDs are not currently used as the
primary dosimeter (dose of record), they are used
for control of worker exposures. Because of the
concern over maintaining radiation doses as low as
reasonably achievable (ALARA) and concern over
exceeding legal (or administrative) limits while
efficiently employing staff, the industry has been
concerned over the performance of electronic
dosimeters for several years. The EPD readings
should reliably "track" the primary dosimeter results
and provide continuous, convenient indication of
dose results. This has resulted in dose/dose rate
alarms and readers that accumulate worker doses.
The readers have often been incorporated into access
control systems to control worker exposures
(Advertising Section 1987).

Users and regulators have tested dosimetry
systems to ensure some measure of reliability. Most
of these tests have been designed around the use of
EPDs as secondary dosimeters. However, recent
tests have considered the use of EPDs as primary
dosimeters. In addition, user/regulator testing of
field data and vendor advertisements provide an
indication of present performance of EPDs.
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1.3.1 Test Results—Secondary Dosimetry

From 1978-1982, type tests were performed on
105 EPDs representing 21 models (Mulhern et al.
1979; Fox et al. 1980, 1982). Problems were
observed in moisture resistance and shock resistance.
The units generally survived "polite" abuse, and the
radiation response (energy dependence, dose rate
response, etc.) was satisfactory. Most of the units
would have passed the requirements in the standard,
Performance Requirements for Pocket-Sized Alarm
Dosimeters and Alarm Ratemeters ANSI N13.27-
1981 (ANSI 1981). However, none of the models
would pass the severe industrial or environmental
conditions designed into the testing. The authors did
suggest that many of the problems could have been
corrected with a little "creative engineering and
ingenuity." Although most EPDs survived a
1.2-meter drop (the maximum in ANSI N13.27), it
is important to note that as the drop-test height
increased from 1.2 to 2.4 meters, there was a
progressive elimination of surviving units. The
testing also included "toss" and "crush" tests that do
not appear in the standard. These tests are
representative of construction environments and few
of the electronic dosimeters survived.

Due to the lack of a comprehensive standard for
EPDs, the ANSI N42.17A criteria for portable
instruments (ANSI 1989) have been used as guidance
for some testing. Six units of the Alnor Model
RAD-80R were used in a type test against criteria in
ANSI N42.17A.® Testing indicated that this model
could meet all the requirements of ANSI N42.17A,
with the exception of the angular response and
accuracy requirement at exposure rates near the
advertised maximum of 100 R/h. At high dose
rates, the units overresponded by 17% versus the
allowed 15%. Observations on newer models

(a) K. L. Swinth. 1987. "Testing of the Alnor RAD-80R
Against Specifications in Draft ANSI Standard N42.17A."
Report prepared for Alnor Nuclear Corporation, September 1987.
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indicated that the dose rate response had been
improved significantly. The angular response at
120 keV compared to normal incidence is lower
(70%) than the requirement (80%) for sources that
would be above the user. The response at high
angles, 90°, is affected by attenuation in the battery
pack and causes the response to be lower than the
recommended 50% of the reference direction
response. The units are also susceptible to moisture,
and it was found that if moisture enters the
annunciator hole, the units could fail.

Additional unpublished testing has-been per-
formed on EPDs using the ANSI N42.17A test cri-
teria and methods often supplemented by criteria
from the International Electrotechnical Commission
(IEC) standards. General observations are that
battery location does affect angular response, that the
energy compensation of detectors can vary among
EPDs, and that silicon diodes or Geiger-Mueller-
based EPDs will underrespond at low energies.
Electronic personal dosimeters passed the "shall”
criteria for energy response (+20% from 80 to
1250 keV), but failed the "should" criteria (+20%
from 20 to 3000 keV). Although EPDs passed the
shock and vibration tests, significant changes were
occasionally observed in the pre- and post-testing
readings.

Some testing has been performed on the Science
Applications International Corporation PD-4 per-
formed using criteria from several standards
(Johnson 1993). Testing was performed using the
dosimetry performance energy test criteria from
ANSI N13.11 (ANSI 1993b) and DOE-EH/0027
(DOE 1986). Performance was evaluated against
criteria in ANSI N13.27 (ANSI 1981) of +30%
from 80 to 1250 keV, which the EPD passed. The
PD-4 would also have passed the "shall" criteria
from ANSI N42.17A (ANS 1989). However, the
EPD would not pass the dosimetry performance
criteria for any test category using a photon energy
below approximately 60 keV. Angular response was
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good over the range tested (+80°) and dose rate
response was good up to 500 R/h (+10%). No
deficiencies were noted during environmental tests.

1.3.2 Test Results—Primary Dosimetry

At the present time, there is only one model of
electronic dosimeter designed and intended directly
for the primary dosimeter market. This dosimeter
was developed by the National Radiological Protec-
tion Board (NRPD) in conjunction with Siemens-
Plessey Ltd. in the United Kingdom (Marshall et al.
1990) and is marketed in the United States by
Siemens.

The CANDU Owner’s Group in Canada
sponsored a test of the Siemens unit (Hirning et al.
1994) with test criteria based on Ontario Hydro
Specifications, a draft IEC standard, and a draft IEC
dosimetry standard.® Table 1 shows a summary of
test results.

In general, the performance of the dosimeters
was good. They met most of the criteria in the
standards and specification used for the evaluation.
However, the following deficiencies were found:
slow response time; sensitivity to high-frequency
electromagnetic fields (EMF); poor resistance to
dropping; and an alarm that is not loud enough. In
addition, the response of the EPD to low-energy beta
rays may be too low, limiting some applications.

Testing was performed with preproduction
models, and the testers experienced serious problems
with the reliability of EPD operation. During the
tests, individual units exhibited erratic behavior,
such as ceasing to operate for no apparent reason or
giving readings that were clearly inconsistent with
readings of other units subjected to the same test
conditions. Although the causes of some of the

(a) Draft IEC Standard 45B 104E (Draft Standard for Direct
Reading Personal Dose Equivalent and/or Dose Equivalent Rate

Monitors for X, Gamma and High Energy Beta Radiation).
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Table 1. Summary of CANDU-Sponsored EPD Tests

Test Criteria Compliance

Specifications IEC-EPD IEC-TLD
Test - -
Number Test Penetrating Penetrating  Penetrating Shallow Comments

1 Reproducibility + N/A + + Operational problems: units 1, 4, 19, 20.

2 Accuracy N/A + N/A 7 of 8 OK for penetrating rate; total dose
OK.

3 Linearity +/- + + + 3 of 4 linear for dose rate; display does not
meet specification criteria. Observed "half
readings."”

4 Detection Threshold N/A N/A + + Dropped and malfunctioned.

5 Self-Irradiation N/A N/A + +

6 Gamma Energy + + + +

7 Beta Energy + - +

8 Mixed Field N/A N/A N/A

9 Photon Angular Response + + ? ? IEC-EPD criteria not met at 75° for 65-keV
X-rays.

10 Overload and Recovery + N/A

11 Neutron Response + N/A

12 Response Time - - N/A

13 Temperature Dependence + + N/A 3 of 4 showed 9999; ceased to operate after
irradiation.

14 Humidity Effect + + N/A

15 EML:® Pulsed Magnetic N/A N/A

16 EMI: Electrostatic and + N/A

Discharge

17 EMI: 60 Hz E&H® + + N/A

18 EMI: EMF - - N/A

19 Light Exposure N/A N/A N/A
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Table 1. (continued)

Test Criteria Compliance

Specifications IEC-EPD IEC-TLD
Test . .

Number Test Penetrating Penetrating  Penetrating Shallow Comments

20 Alarm Loudness - - N/A

21 Alarm Accuracy comment comment N/A Not satisfying requirement when rate >
rate alarm, but OK for rate < rate alarm.
Dose OK.

22 Drop Test - - +

23 Vibration N/A + N/A

24 Clip Force N/A N/A

25 Splashing N/A N/A

26 Battery Lifetime + + N/A

+ Met criteria

- Failed criteria

N/A Not applicable

+/- Both failures and successes

Penetrating = Penetrating or deep dose

(a) EMI = Electromagnetic interference

() E = Electric Field; H = Magnetic Field
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faults have apparently been found and corrected by
the manufacturer, a later set of 20 production units
included two defective units for a defective rate of
10% (or higher), which is clearly unacceptable.

During linearity testing, it was found that some
of the EPDs started to record only one-half the
delivered dose after repeatedly running the self-test
feature. This was investigated by the manufacturer
and found to be a specific software design error,
which was corrected. The failure occurred ran-
domly (approximately 10% of trials) and could be
corrected by removing the battery and resetting the
EPD.

Testing on the Siemens EPD has also been
performed at DOE’s Savannah River Site (Gregory
1994). The testing was performed as a study of the
EPD and performance was not consistently bench-
marked against criteria in any standard. Failures
were noted on water immersion testing, drop testing,
and EMF sensitivity. The immersion test failure
was due to beta window sealing (manufacturer
quality control). The EPDs were found to be
sensitive (susceptible) to the EMF from walk-
through metal detectors, proximity badge readers,
and, in some cases, to the field near "Handie-Talkie"
transmitters. In all cases, the sensitivity was only in
close proximity (inches) to the active antenna.
Quantitative values of field strengths were not
available. It is important to note that the lack of
proper conductive sealant around the beta window
can lead to EMF sensitivity.

Comparison of exposure records for a Geiger-
Mueller-based EPD and a NVLAP-accredited TLD
badge at Southern California Edison showed a
positive ratio of EPD to TLD readings of 1.33.®
Several items were explored to determine the source
of the discrepancy, including calibration method,

(a) Letter from J. Rolph to K. Swinth, August 22, 1994.
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energy response, angular response, recording thres-
hold, rate dependence, placement, dose conversion
factors, workplace spectra, and backscatter. All of
the factors affect response, but it was felt that the
major improvement would be achieved by using a
calibration method that reduced scatter contribution
and by using a phantom during calibrations. Cumu-
lative EPD and TLD readings were brought into
closer agreement by introducing an increasing dose
cutoff per entry on the EPD data ranging from

1 mR/entry to 4 mR/entry as the dose of record
increased.

Cumulation of data by Merlin Gerin on their
dosimeters indicates a difference between the TLD
and EPD on the order of 4% to 10%, with the
cumulative TLD readings typically exceeding the
EPD readings. The correlation improved for higher
exposures where censoring of low-dose data for the
EPD was not as great a problem.

In a French study (Delacroix et al. 1995), the
performance of a credit-card-sized silicon diode-
based EPD that was issued as a dosimeter was
compared against film badges (the legal dosimeter)
in a hospital setting and in a company producing
radioelements for medical and industrial uses. The
unit proved very reliable, and agreement with the
film record was good when the average doses were
greater than the "threshold" of the film (i.e., lower
limit of detection). The common problem of
workers using the dosimeter as a survey meter was
noted, but it was also noted that active dosimetry
promotes a dialog between the workers and health
physicists. Additional technical data on the
dosimeter can be found in Lacoste and Lucas (1994).

1.3.3 Dose Measurement Capability
Testing of EPDs against ANSI N13.11 (ANSI
1993b) test categories and paired comparisons when

worn by actual workers provides important data for
judging the EPD for use as a primary dosimeter.
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Figures 1 and 2 show energy response curves for
EPDs and TLDs, respectively. This highlights one
of the serious limitations of the EPD, which is
brought out in evaluations of their dose measurement
capability and noted in the studies cited below.

R. Fard (1994) evaluated four EPDs (two based
on silicon diodes, and two based on compensated
GM detectors) against selected photon energies using
the tolerance criteria in ANSI N13.11 (ANSI 1993b)
and against paired comparisons with primary
dosimeter data provided by nuclear power plants.

On paired comparisons between the EPD and a
Panasonic Model UD-802AS TLD, the precision of
the EPDs was typically better than the TLD.
However, the poor low-energy response of the EPDs
resulted in significant negative bias at low energies,
thus resulting in a tolerance level (T = |B] + S)®
greater than that for the TLD dosimeter. The bias at
120 keV and 166 keV was between -0.26 and -0.92,
while at 112 keV it was between -0.80 and 0.01. At
662 keV, the bias was between -0.02 and 0.11,
while at 1250 keV the bias was between -0.13 and
0.045 (Fard 1994). At the higher energies, the
biases of the TLDs and EPDs were comparable.
Three of the four EPDs consistently performed with
a tolerance level less than 0.50, thus meeting the
ANSI N13.11 criteria. When testing against the
accident category in ANSI N13.11 (ANSI 1993b),
the EPDs were well within the 0.30 tolerance criteria
of the standard. At low irradiation levels

(<100 mrem), the tolerance statistic did not degrade
for EPDs as noted for the TLDs. This was due to
better precision and a single detector. However, the
EPDs will not meet the energy response requirement
in ANSI N13.27-1981 (ANSI 1981), which requires
+30% from 50 to 1250 keV.

(a) T = tolerance level
B = bias
S = precision.
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Fard (1994) also studied monthly dosimetry data
from nuclear power plants to determine the level of
agreement between primary dosimeter and EPD
data. Six of the plants used the same model EPD,
and in approximately half of the cases, the data were
not significantly different. In most plants, the EPDs
are set to respond approximately 10% high.
However, the collective dose data were generally
low in comparison to the primary dosimeter.

The study by Fard (1994) did not include EPDs
designed specifically for primary dosimetry, but
comparisons have been made elsewhere with the
Siemens unit. The study at DOE’s Savannah River
Site (Gregory 1994) showed that for an on-phantom
comparison, the units exhibited a bias of
-33.4 + 4.9% when 10 EPDs were compared with
the site’s primary dosimeter. The shallow dose
exhibited a bias of -75.5 + 5.7%. The shallow dose
comparison is still under investigation. A
"representative” waste sample was used to irradiate
the dosimeters and EPDs on a phantom.

Currently, a paired comparison of TLDs and
EPDs is being performed at the Savannah River Site
with six staff members. Data for the first quarter
were considered promising. Although the data
appear to track in magnitude, it is difficult to make
comparisons because the total doses are low and the
backgrounds are high. Again, the "deep" dose
appears to track much closer than the "shallow" dose
(Gregory 1994).

Intercomparison of a variety of EPDs at Oak
Ridge National Laboratory (Casson et al. 1994)
indicated that most of the models do quite well for
high-energy photons. Response falls off dramatic-
ally for M30 x-rays (20 keV average), but most units
perform adequately for M150 x-rays (70 keV
average). Tests were also conducted with *Sr/®Y
betas and moderated Z*Cf neutrons. Only one model
had satisfactory (but low) beta response and

NUREG/CR-6354



1 Background

14
_______________________________________________ +30%
o 12 +
o
% On Phantom
2
2 1 4+ —0—_
SE
o 3’*
ggé 08 + Free in Air
Q. [
XEE
-
) o 06 T
ta 2
Egh
7]
a 04 +
=
[
2
=
e 02 +
0 } } +
10 100 1000 10000
Photon Energy (keV)

Figure 1. Energy Response of Electronic Dosimeter Using Geiger-Mueller Detector (Johnson 1993)
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Figure 2. Theoretical Sensitivity of Thermoluminescent Phosphors as a Function of Photon Energy,
Calculated as the Ratio of the Energy Deposited in the Phosphor to the Energy Deposited
in Tissue: (1) CaSO,; (2) CaF,; (3) ALO;; (4) LiF; (5) CaCOj; (6) SiO,; and (7) Li;B,O,
(Cluchet and Joffre 1967)
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only one model was designed for and responded to
neutrons significantly. Performance tests at the
Pacific Northwest Laboratory (Piper et al. 1993) on
the Siemens EPD demonstrated excellent perform-
ance against ANSI N13.11-1983 and DOE/EH-0027
test categories with the exception of the low-energy
x-ray categories M30 (20 keV average) and K17

(17 keV K-fluorescence technique). The unit passed
the beta test categories, but failed in neutron
categories as one would expect. The test data
indicated that the unit would pass the testing criteria
to individual as well as mixed beta-photon fields
over its stated range of sensitivity. Based on these
studies, it can be concluded that EPDs are available
and adequate for high and moderate energy photon
radiation exposure environments, but that they are
not adequate for very low-photon-energy (<70 keV)
environments nor for neutron exposure monitoring.
Only the Siemens unit is adequate for beta particle
exposure environments.

1.3.4 Discussion

Until recently, testing and evaluation of the EPD
focused on its use as a secondary dosimeter for work
control purposes. The only guidance on electronic
dosimeter performance, ANSI N13.27 (ANSI 1981),
recognizes this important function and emphasizes
features important to secondary dosimetry.
Electronic advances providing automatic recording
of worker doses from EPDs and the good correlation
of EPD and TLD readings have made many consider
use of the EPD as a primary dosimeter. Manu-
facturers have responded by improving the con-
venience and quality of their systems and, in one
case, designed an EPD specifically aimed at the
primary dosimetry market. Users (and vendors)
have also performed formal evaluations of systems
aimed at their use for primary dosimetry. Based on
the evaluations discussed in this section, we can
reach several general conclusions:
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e Most EPDs have a poor energy response below
approximately 70 keV.

e Environmental conditions, such as electro-
magnetic radiations and moisture, can affect
EPD performance.

e The EPD is still evolving. Some inherent
defects have been located (e.g.,<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>