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ABSTRACT

This report describes results of a three-year program that will enable the
Nuclear Regulatory Commission to improve, demonstrate, and document trace-
ability of its measurements to the national physical measurement standards for
ionizing radiation. The principal actions taken were: (a) characterization
of the response of a thermoluminescence dosimetry system used for routine
surveillance of nuclear facilities; (b) characterization of the response of
six models of portable survey instruments; and (c) implementation of routine
quality assurance services that will demonstrate that laboratories which
calibrate survey instruments for the NRC are sufficiently consistent (in
agreement) with national measurement standards. Tests of the TLD system were
performed as specified in American National Standard N545-1975, plus several
additional tests not contained in that document. Measurement assurance tests
were conducted for the NRC Region-1 laboratory. The response of the survey
instruments was determined for photon energies as high as 6.5 MeV, and for
beta particles of various energies, including those emitted by 133Xe gas. The
basic principles under which the long-range interactive MQA program will
operate were developed and documented, and the feasibility of the program was
demonstrated.
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QUALITY ASSURANCE FOR MEASUREMENTS OF IONIZING RADIATION

EXECUTIVE SUMMARY

The effectiveness of a requlatory program is directly proportional to the
quality of the measurements made for the purpose of enforcing the program.
Measurement quality is readily interpreted to mean the degree of agreement
with the national physical measurement standards maintained by the National
Bureau of Standards (NBS). A program of work was undertaken by NBS to improve
the agreement with national standards for particular measurements made by the
NRC for operation of its inspection and enforcement programs.

The three major elements of the work program were: (a) characterization of
the response of a thermoluminescence dosimetry system used for routine
surveillance of nuclear facilities; (b) characterization of the response of
six models of portable survey instruments; and (c) implementation of routine
quality assurance services that will demonstrate that laboratories which cali-
brate survey instruments for the NRC are sufficiently in agreement with the
national measurement standards.

Characterization of the Thermoluminescence Dosimetry System

The system consists of the Panasonic thermoluminescence dosimeter (TLD) reader
Model 702E and the associated Model UD-801 dosimeters. This particular
dosimeter contains one lithium-borate element under plastic with a thickness
of 14 mg/cm?, a second lithium-borate element under plastic of 300 mg/cm?
thickness, and two calcium-sulfate elements, both under 700 mg/cm? of lead.
The tests that were conducted are those specified in American National
Standard N545-1975, with some modification of the performance specifications
to conform with NRC Regulatory Guide 4,13, Additional tests were conducted as
required by the NRC for the envisaged dosimeter use. Performance of the
system was determined and evaluated independently for the lithium-borate
elements and the two calcium-sulfate elements,

Some general conclusions are:

e This particular TLD system is one of the systems suitable for routine
surveillance of nuclear facilities.

e The system is suitable for both photon and beta-particle dosimetry.

e Failure to satisfy a specified performance requirement is caused by the
dosimeter, rather than by the reader.

Those conclusions are based on these major findings:

e The dosimeter fails to meet performance specifications for only two
characteristics -- energy dependence and directional dependence.

e Performance of the lithium-borate elements is inferior to that of the
calcium-sulfate elements for a majority of the test characteristics. The
obvious exception is response to beta particles.



e Liquefaction of the lithium-borate elements under conditions of high
humidity and temperature may present deployment limitations.

e Dosimeter response may be drastically reduced if the dosimeters are
shielded by a supporting pole.

e When immersed in a semi-infinite cloud of 133Xe gas, only the lightly-
filtered lithium-borate element responded significantly,

The findings and conclusions lead to several recommendations:

e Response of the lithium-borate elements should not be relied upon when good
reproducibility is required for readings at levels close to natural back-
ground.

e The thickness of the lead filter over the calcium-sulfate elements should
be reduced so as to provide less attenuation of the incident radiation.

o Response of the calcium-sulfate elements should be improved, in the form of
reduced directional dependence, through judicious lateral shielding by a
high-atomic number material incorporated into the dosimeter.

Characterization of Survey Instruments

Six models of commercial survey instruments used by NRC inspectors were
studied, and the results are based on a study of only one instrument of each
model, The particular models, and the type of detector employed in each,
are:

XETEX Model 305B Digital Exposure Rate Meter (GM)

Ludlum Model 16 Analyzer (sodium iodide)

Eberline Ion Chamber Survey Meter Model RO-2A (ionization chamber)
Eberline Geiger Counter Model E-520 (GM)

Eberline Micro-R/h Meter Model PRM-7 (sodium iodide)

Teletector Model 6112B (GM).

The instruments were studied in photon beams over an energy range from 40 keV
to 6.5 MeV; in beta-particle beams with maximum energies between 200 keV and
2 MeV; immersed in the gaseous !33Xe beta-particle emitter; and, where
appropriate, in close-to-monoenergetic electron beams with energies between
100 and 400 keV.

In general, instrument response to photon beams with energies up to 1250 keV
was as expected, with the GM and sodium-iodide instruments showing their
typical large energy dependence. The ion-chamber instrument, on the other
hand, showed the typical lack of energy dependence for detectors of this type.
A discrepancy between NBS study of the PRM-7 instrument and the calibration
provided by the manufacturer illustrated the importance of calibration with a
radiation source that has an energy spectrum similar to the radiation to be
measured in a field situation.

Studies of the Teletector instrument showed an appreciable effect of battery
condition on the response, even when the battery voltage is above the minimum
indicated as acceptable by the black 1line.



When exposed to 6.5-MeV photons, behind 2.5 cm of Lucite to establish electron
equilibrium, both the Teletector and the R0O-2A instrument responded 20 percent
higher than for gamma radiation from 137Cs. The other instruments showed
greater departure from their response to this reference radiation, although
all except the two sodium-iodide instruments erred in the "safe" direction,
i.e., their readings were higher in the 6.5-MeV field.

Only the RO-2A instrument responded to beta particles over the entire eneragy
range studied, showing a sensitivitg to 2-MeV beta particles that is within
20 percent of its sensitivity to 137Cs gamma-ray photons. As expected, its
sensitivity decreases considerably for lower-energy beta particles. Compat-
ible results were obtained from studies of this instrument's response to
monoenergetic electron beams.

When immersed in a 133Xe gaseous atmosphere, five of the six instruments
appeared to respond only to the gamma radiation. The R0-2A instrument
responded also to the beta radiation, but with very low sensitivity.

Based on these results, the recommendations are:

e Within its range of exposure rates, the ionization-chamber instrument
should be used for quantitative measurements.

° Ihstruments that use GM or sodium-iodide detectors should be used for
detection of radiation because of their high sensitivity, but should not be
used for measurements,

e Special efforts should be made to replace batteries in the Teletector
instrument well before the voltage falls to the minimum acceptable (black-
line) level,

e When an instrument is used to survey radiation with energies in the
vicinity of 6 MeV, readings should be taken behind increasing thicknesses
of plastic in order to establish an attenuation curve in plastic for the
radiation being surveyed. This curve may then be used for estimating dose
equivalents at depths of -interest.

e Of the instruments studied, the RO-2A should be used for measurements of
beta-particle fields. Such measurements should, however, be regarded as
approximations because of the strong dependence of instrument sensitivity
on beta-particle energy.

Implementation of Quality Assurance Service

At the request of the NRC, a program was developed to provide increased assur-
ance that survey measurements made routinely by inspectors are sufficiently
accurate. The program is based on a new kind of interaction between NBS and
those laboratories that calibrate radiation survey instruments used by NRC
inspectors. Another aspect of the program is the quality control that should
be practiced by such laboratories.

In the past, the principal method used in attempts to achieve measurements at
‘the field level that were consistent with (i.e., in agreement with) the
national physical measurement standards maintained by NBS was calibration of
radiation instruments or sources by NBS. These calibrated items have then
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been used as transfer standards at an intermediate level to, in turn, cali-
brate instruments used at the field level. The basic difficulty with this
method is that the quality of the field-level measurements is unknown, partly
because the quality of the instrument calibration is unknown.

The degree of quality assurance could be improved if the performance of the

calibration laboratory were evaluated periodically by NBS, in a manner that

demonstrates consistency with the national standards. The documentation of

this evaluation would result in what might be called "measurement traceabil-
ity," in contrast to the "instrument traceability" resulting from instrument
calibration without performance evaluation.

At the beginning of this project, NBS was asked to establish improved inter-
actions, including periodic performance evaluation, with four laboratories:
Argonne National Laboratory, Brookhaven National Laboratory, Eberline Instru-
ment Corporation, and Lawrence Livermore National Laboratory. Each was con-
tacted to determine its interest in participating in NBS services that would
result in demonstrated consistency with NBS, and all responded favorably.
Subsequently, it was requested by NRC that Lawrence Berkeley Laboratory and
the DOE Radiological and Environmental Sciences Laboratory also be contacted.

To obtain the information required for the planning and conduct of future
consistency demonstration services, a questionnaire was distributed. It
requested a description of the characteristics of the photon beam(s) to be
used for calibration of instruments circulated by NBS for performance evalua-
tion. It also requested information on the in-house standards used by the
participating laboratory, the maximum acceptable difference between the
calibration factors determined by NBS and by the participant, the desired
frequency of consistency demonstation services, and the status or intentions
regarding in-house constancy checks,

Based on responses to the questionnaire, procedures were developed for conduct
of periodic consistency demonstration services, In accordance with these
procedures, the instruments were shipped to the first participant, Argonne
National Laboratory, in January 1984. The agreement between NBS and this
Taboratory was well within the 1imits previously agreed upon,

It is recommended that the laboratories that calibrate survey instruments for
NRC inspectors adopt an interactive quality assurance program with NBS. It
would include:

e Initial calibration by NBS of the laboratory's in-house standard.

e Demonstration of consistency with NBS through periodic consistency demon-
stration services.

e Constancy checks on the in-house standard and calibration procedures by the
participating laboratory.

® Recalibration of the in-house standard only if the need is determined by
constancy checks or consistency demonstration results,

The program should first be adopted for photon radiations, after which it
should be extended to other types of radiation, such as beta particles and
neutrons,



INTRODUCTION

Measurements of ionizing radiation for the purpose of enforcing regulations
that protect the public from radiation hazards must be sufficiently accurate
for effective enforcement. Such measurements also should be made on a common
basis by the regulator and regulatee, to avoid potential conflicts and
disagreements that may reach culmination in a court of law. Therefore the
effectiveness of a regulatory program is dependent upon ability of the
regulator to demonstrate convincingly that the quality of the measurements can
be defended. A common interpretation of measurement quality is consistency
with the national physical measurement standards maintained by the National
Bureau of Standards. If the degree of consistency is high, the quality of the
measurement is defensible.

Public concern about radiation hazards, coupled with an increasing tendency to
question the adequacy of radiation measurements, has resulted in the need to
improve the degree of consistency of regulatory measurements with the national
measurement standards. In addition, there is increasing need to demonstrate
and document improved consistency so that questions and expressed concerns
about measurement adequacy can be resolved promptly and favorably. These needs
must be satisfied for routine enforcement of regulations, and for response to
emergencies, when crucial decisions must be made promptly. Measurements that
support such decisions must be made with instruments whose reliability has been
demonstrated, whose accuracy has been established in terms of the national
standards, and whose response has been characterized for the particular types,
energies, and intensities of radiation being encountered. In many instances,
the adequacy of radiation measurements being made for regulatory purposes is
unknown, in the sense that the degree of consistency with the national measure-
ment standards has not been demonstrated or documented.

The purpose of this three-year program was to: (a) characterize the response
of a thermoluminescence dosimetry system used for routine measurements carried
out for enforcement of regulations; (b) characterize the response of specific
types of survey instruments over a range of radiation properties of interest
for radiation protection measurements; and (c) implement quality assurance
services to demonstrate periodically that regulatory measurements are in
adequate agreement with the national physical measurement standards maintained
by the National Bureau of Standards. The work emphasized measurements of
interest to the Nuclear Regulatory Commission for operation of its Inspection
and Enforcement (I&E) programs.

Standardized radiation fields were used to characterize the response of instru-
ments and dosimetry systems utilized by NRC enforcement officials and by NRC
licensees, including portable survey instruments, personnel dosimeters, and
environmental monitoring systems. Special emphasis was given to work on the
thermoluminescence dosimetry (TLD) system that I&E uses for routine environ-
mental and personnel monitoring in the vicinity of operating nuclear
facilities.



The mechanisms necessary for demonstrating that regulatory I&E measurements are
traceable to the national standards were developed and implemented on a routine
basis between NBS and the laboratories that calibrate instruments used in I&E
programs. Included are periodic evaluations of the calibration services
provided to the NRC, which were identified and documented. This represents a
major step forward in assuring the quality of measurements made by I&E
personnel. Since the same quality assurance services will be made available to
laboratories that calibrate instruments for licensees and agreement states,
uniformity of measurements also is expected to improve substantially on a
national basis.

This final report describes the activities and accomplishments during the
entire three-year program.
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PART A
CHARACTERIZATION OF THE THERMOLUMINESCENCE DOSIMETRY SYSTEM

1. The Thermoluminescence Dosimetry System

The system consists of the manual Panasonic thermoluminescence dosimeter (TLD)
reader, Model 702E and the associated Model UD-801 AQ dosimeters. The reader
is interfaced with a microcomputer for data retrieval and processing.

Table A-1 shows the composition and dimensions of the dosimeters' radiation-
sensitive TL elements and the composition and thickness of the filters built
into the holders. The relationship between the four elements, held in a plate
that slides into a holder carrying the filters and the dosimeter identification
code, is shown in Figure A-1. Readout and annealing are accomplished by

(a) optical heating of the backing of the TL elements, (b) TL signal conversion
by a photomultiplier (PMT) to voltage pulses, and (c) integration of the PMT
pulses over a suitable time interval. Figure A-2 shows a schematic of the
reader assembly and of the readout and annealing sequence. The power of the
heating lamp and the resulting timing of the readout and annealing sequences
differ for the manual and automatic reader models. In the manual reader,
employing a low-power halogen heating lamp (15V, 20A, maximum), the entire
sequence takes about five seconds, with the readout gate open for less than
one-half second. In the automatic reader, the sequence takes about one

second.

Table A-1. Description of the UD-801 AQ Nosimeters

TL Element
Filters Built
Designation Dimensions Chemical (granular) into Holder
#1 3 mm in diameter, Li,B,0,:Cu 14 mg/cm? of
~0.1 mm thick (mono- plastic
grain layer), bonded
# 2 to plastic-film sub- Li,B,05:Cu 300 mg/cm? of
strate backed by a plastic
carbon film, and
#3 covered with CaS0,:Tm 700 mg/cm?,
10 mg/cm?2 of Teflon plastic plus lead
# 4 CaS0,:Tm 700 mg/cm?,
plastic plus lead
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2. Test Methods

The tests carried out covered mainly those in American National Standard N545-
1975 [1], with the methods for test evaluation modified to conform with Nuclear
Regulatory Commission (NRC) Regulatory Guide 4.13 [2]. Additional tests were
performed as required by the NRC for the envisaged TLD application.

For the Panasonic Model UD-801 AQ dosimeters used, the only averaging process
carried out was that applying to the responses (or exposure interpretations
from these responses) of the CaS0,:Tm elements 3 and 4, which have identical
filtration. Averaging the responses of different types of phosphors would be
meaningless, Averaging the dose interpretations obtained from the responses of
different types of phosphors, either with identical or different filtration or
obtained from the responses of the same type of phosphor with different
filtration, may lead to meaningful results for some of the tests, but would
cause a considerable loss of information regarding the performance of the
individual dosimeter elements. Therefore, this procedure would reduce the pos-
sibility of arriving at useful recommendations regarding dosimeter design and
applicability.

Also in the rest of the performance specifications given in the standard, when-
ever the criterion was worded in terms of percent difference between the
measured and the reference response, it was modified to specify instead the
range of acceptable measured responses.

3. General Test Protocol

At the start of the program, a sequence was evolved for individual dosimeter
characterizations, test irradiations and readouts, which, with the variations
necessitated by the particular compliance tests, was followed throughout the
program:

3.1 Characterization of the Response of Individual Dosimeter Elements

The dosimeters were given ©0Co gamma-ray exposures each corresponding to

10 pR/h for 90 days (i.e., exposures of 21.6 mR) requiring irradiation times of
about 2 minutes. Fifteen dosimeters were irradiated simultaneously in an array
ensuring uniformity of the radiation-beam cross section over the dosimeter
areas and absence of a significant amount of scatter from dosimeter to dosi-
meter. For tests requiring more than 15 dosimeters, sets of 15 dosimeters each
were irradiated 15 minutes apart to account for the manual readout rate of one
dosimeter per minute. This ensured that fading times for all dosimeters varied
by not more than 15 minutes. The dosimeters were read out approximately 18
hours after irradiation. Dosimeter characterizations were performed between
any two test cycles and the individual test readings were divided by the
average of the particular dosimeter-response characterization before and after
the test. (As a rule, the characterization readings before and after the tests
were equal to within one standard deviation; no trends were observed with
dosimeter use.)
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3.2 Test Irradiations

While specific irradiation conditions depended on the type of test, the general
precautions regarding dosimeter positioning in the radiation fields and timing
of laboratory irradiations relative to readout were similar to those discussed
in 3.1. The irradiations for most tests were performed in the same geometry as
the irradiations for characterizing the response of the dosimeter elements (see
3.1). For the studies of the dependence of response on energy and direction of
the radiation, the dosimeters were irradiated singly. During laboratory back-
ground irradiations at ambient temperatures, the dosimeters were stored in
their trays. All tests were performed with a number of replicates sufficient
to ensure compliance with the requirements of the standard at the 95-percent
confidence level.

3.3 Readout of Dosimeter Elements and Preparation for Subsequent Use

Readouts were performed manually at an average rate of one dosimeter per
minute, with reader checks after every fifth dosimeter., All dosimeter read-
ings, reference-element readings, dosimeter identification numbers, and infor-
mation on element type and dark-current levels were stored automatically in the
on-1ine computer. In the initial stages of the work, dosimeters were reread
one hour after the first reading to study the level and reproducibility of
residuals. This procedure was discontinued after it had been established that,
for the irradiation levels used for the tests, residuals were negligibly small.
Preparation for the next round of dosimeter use consisted in one characteriza-
tion run immediately before re-use. Also, when the dosimeters had been stored
for more than two days since the last readout, they were subjected to an addi-
tional readout immediately preceding the characterization irradiation, in order
to eliminate the effect of the natural background.

4, Reader Studies

4.1 Comparison of Performance of the Manual and Automatic Readers

Figures A-3 and A-4 show the results of experiments done at NBS and at the NRC
Region 1 (King of Prussia) laboratory to compare performance of the manual and
automatic reader, respectively. The purpose of the experiments was (1) com-
paring the glow curves obtained with the lithium borate and the calcium sulfate
elements of the Panasonic UD-801 dosimeters read in both the manual and the
automatic reader, and (2) establishing whether the gating circuits in the two
readers are adjusted for integration over comparable (and adequate) portions of
the respective glow curves.

To obtain the glow curves generated by the two readers, PMT voltage pulses due
to the TL signal were counted with multi-channel analyzers in the scaling mode
over a period of approximately five seconds with the slower manual reader and
of approximately one second with the automatic reader. The gating-pulse trains
that start and stop the PMT pulse integration were recorded with the same
analyzers and matched to the glow curves. (See the entries "READ GATE" on the
graphs.)
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The figures demonstrate that in spite of a difference of more than a factor of
two in signal-integration time, the shapes of the glow curves are comparable
for the particular settings of the two types of readers, and the portions of
the glow curves over which the signal is integrated are comparable and
adequate. Therefore, it was concluded that the results of the NBS system-
characterization studies would also hold for the NRC readout conditions.

4.2 Three-year Follow-up on the Manual Reader

This study encompassed the follow-up of four parameters: (1) the background
counting rate of the photomultiplier (the "dark count", checked routinely as
part of the "zero check" performed prior to readout of each dosimeter);

(2) the counting rate obtained from a short flash of the reader lamp through a
small aperture (the "reference-element count", checked routinely as part of the
"zero check" performed prior to readout of each dosimeter); (3) the automatic
reader-sensitivity adjustment (the “sensitivity correction factor", which takes
into account variations in light collection efficiency with reader use and is
performed after readout of five dosimeters); and (4) the reproducibility over
the three-year period of the response of a set of ten fully characterized dosi-
meters irradiated at a level corresponding to natural background accumulated
during three months,

Figure A-5 shows the results of the study. Averages of twelve successive read-
ings of dark count, reference-element count, and sensitivity-correction factor,
selected throughout the three-year period, are plotted as a function of "reader
life", measured by the total number of dosimeters read during the three years
(a number over 10,000). Shown also are selected sets of averages of the
responses obtained from the readings of the calcium-sulfate elements of the ten
dosimeters chosen for this follow-up, which had been subjected to a total of 89
readout cycles throughout the three years. The error bars represent the stan-
dard deviations of the respective averages.

The average dark counts are seen to have remained fairly constant over the
reader life considered, with only one anomalously high average count. This is
an indication that there has been no appreciable change in the performance of
the photomultiplier or of any pertinent component of the reader electronics.

On the other hand, the reference-element counts are seen to decrease monotonic-
ally with reader life, the decrease amounting to ~40 percent during the three
years. This indicates progressive fatigue of the reader lamp and focusing
optics.

The sensitivity correction factor, which is a function of the count rate from a
reference light source, is also seen to decrease monotonically, the decrease
amounting to between 8 and 10 percent over the three years. The short-term
increases, observed after cleaning the infrared filter of the photomultiplier,
amounted to at most two percent of the correction factor.

The averages of the dosimeter responses obtained from the readings of the cal-
cium sulfate elements for a selected number of the dosimeters' readout cycles
show no trend with reader life, indicating that the automatic reader-sensi-
tivity correction remained adequate over the entire three-year period.
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5. Tests by ANSI N545-1975 Specifications as Modified by the NRC and by NBS

In the following, a brief statement of the performance specifications is given
for each test, followed by an outline of the procedure and a review of the test
results, including a statement of whether or not the two types of dosimeter
elements complied with the specifications (i.e., "passed" or "failed"). Where
in order, recommendations are made concerning dosimeter application.

5.1 Uniformity (ANSI N545-1975, Section 3.1 and Section 4.3.1)

Performance specifications

TLDs from the same field batch shall be given an exposure equal to that result-
ing from a 10-puR/h rate during the field cycle (here 3 months). 95 percent of
the measurements shall fall within 10 percent of the known exposure (Section
3.1). The relative standard deviation of the responses shall not exceed 7.5
percent (Section 4.3.1).

Procedure

This test was carried out on 90 of the available 300 dosimeters, which were
irradiated to 21.6 mR of ©0Co gamma radiation, an exposure that is equal to the
exposure to which the dosimeters would be subjected during irradiation for a
three-months' monitoring period at a rate of 10 pR/h. The evaluation of the
readings proceeded under three assumptions on how the NRC laboratory plans to
calibrate the dosimeters (or the dosimeter-reader system): (1) each element of
each dosimeter characterized individually; (2) reader calibration by average
reading on each type of dosimeter element; and (3) reader calibration by
average reading on the most reliable dosimeter element(s), say the two calcium
sulfate elements. Accordingly, the following quantities were computed: For
method (1), the readings on each element corrected according to the element's
individual characterization and then averaged; for method (2), the average of
the readings referred to the reader calibration for the particular element; and
for method (3), the average of the readings referred to the reader calibration
for the calcium sulfate elements. Subsequently, the standard deviations from
the averages of the readings on the 90 dosimeters and the 95-percent one-sided
(upper) confidence intervals on the standard deviations were determined for the
three methods, the latter following a procedure given in NBS Handbook 91 [3].
Since, by this procedure, dosimeter readings are referred to exposure, the
results can be used to test either according to the performance specifications
of Section 3.1 or according to those of Section 4.3.1.

Results

Table A-2 shows the computed averages, relative standard deviations and 95-per-
cent confidence limits for the four elements of the 90 dosimeters determined by
the three different calibration methods. When exposure is determined from the
response of the lithium-borate elements, the dosimeters are seen to fail the
test specifications of Section 3.1 when method 1 is used, but to pass by the
other two methods. They are seen to fail the test specifications of Section
4.3.1 by all three methods (at the upper 95% confidence 1imit). On the other
hand, when evaluations are made from the response of the calcium-sulfate
elements, the dosimeters pass both tests by all three methods.
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Note

The test results indicate that it may be feasible to dispense with time-con-
suming individual dosimeter-element characterization for many applications to
environmental dosimetry, and that, with lithium borate, one may in fact obtain
better results with batch calibration since dosimeter-to-dosimeter uniformity
of the response in a given batch may be better than the reproducibility of the
response of any given dosimeter.

Table A-2. Uniformity of TLD Response

Dosimeter Method 1 Method 2 Method 3
Element Avg. % SD % Su | Avg. % SD % Su | Avg. % SD % Su
Li,B,05:Cu
element 1 | 1.0 9.4 10.7 | 0.98 7.2 8.2 0.9 7.2 8.2
element 2 | 0.99 8.1 9.2 | 0.99 7.4 8.4 1.1 7.4 8.4
CaS0, :Tm
element 3 | 1.0 2.9 3.3 10.99 5.4 6.2 0.99 5.4 6.2
element 4 | 1.0 3.0 3.5 | 0.98 5.6 6.4 0.98 5.6 6.4

Method 1: Individual characterizations
Method 2: Element batch calibration
Method 3: Reader calibration on basis of CaS0, only

Avg. -- average (mean)

% SD -- relative standard deviation from average (in percent)
% Su -- upper 95% confidence 1imit on % SD

5.2 Reproducibility (ANSI N545-1975, Section 4.3.2)

Performance specifications

The relative standard deviation of the individual responses from the average
response of one TLD given repeated exposures equal to that resulting from a 10-
uR/h rate during the field cycle shall not exceed three percent.

Procedure

Fifteen dosimeters were used for 14 cycles of exposures to 21.6 mR of 60Co
gamma radiation and subsequent readout on a controlled schedule designed to
eliminate the necessity for fading corrections. Subsequently, the following
quantities were computed for each element of the fifteen dosimeters: the
average response; the standard deviation from the mean of the 14 readings; the
relative standard deviation; the percent deviation (range); and the 95-percent
one-sided (upper) confidence interval on the relative standard deviation, com-
puted as in 5.1.
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Results

Tables A-3a and A-3b show the results, including the actual readings obtained
and the computed quantities. When response is determined from the response of
the Tithium-borate elements, all 15 dosimeters are seen to fail the test
(standard deviation larger than 3% at the upper 95% confidence limit). When
response is determined from the average readings of the calcium-sulfate
elements, the 15 dosimeters are seen to pass the test.

Recommendation

Where good reproducibility is required for readings at levels close to natural
background, one should not rely on the lithium-borate elements. However, there
are indications that their reproducibility is adequate at higher exposure
levels.

5.3 Dependence of Exposure Interpretation on the Length of the Field Cycle
(ANST N545-1975, Section 4.3.3)

Performance specifications

At ambient temperatures, the ratio of the response obtained for the field cycle
to twice that obtained for one-half of the field cycle shall not be less than
0.90 when the dosimeters are placed in an area in which the field exposure rate
is known to be constant. For extremes of high and low temperatures the cor-
responding ratios shall not be less than 0.85.

Procedure

(a) At Ambient Temperatures

Twenty dosimeters were placed in an area of the laboratory in which the expo-
sure rate, the temperature, and the relative humidity were monitored periodi-
cally, and were expected to remain nearly constant. Ten of the dosimeters were
read out midway through the three-month field cycle and again at the end of the
field cycle; the other 10 were read out only after the full cycle. Following
the readout, averages of the readings and standard deviations from the averages
were formed; the ratios of the average readings of each type of dosimeter
element for the full field cycle to twice that for one-half of the field cycle
were computed and the 95-percent confidence limits determined for these ratios

[4].
(b) At Temperatures Other Than Ambient

For the work at ~20°C and ~+50°C, five different environments were created at
each temperature by placing small amounts of saturated salt solutions in the
bottom of sealable jars. The salts were chosen so as to produce, in the gas
phase above the saturated solutions, air of relative humidities characteristic
for the particular salts and temperatures, once the liquid and gas phases were
in equilibrium [5,6].

A-12



v

!

3.07

aoaT Ty

7.32 27.95 10.8

22,1 24,2 23

:
9

t.

i
Lz

Response, Element 1

T2
L

)

LZa

Reproducibility of Lithium Borate Response

4.1 21,
.0

~
&
~
>3
Lt

{244
4.9 21,5

22
2

Lol Ldedl &
]

-
2322

T

Table A-3a.
1 20,5 18.7 20,0 24.7 21.3

[
ta
c
ad

i

~v
3T
Lo
o]
&

4
&

c
o

1.7 24,

(8]
oy
-

O 2o}
-

o
(a8}

o
-

<

o4
o

-

o
[2e)

u

(=

3.4

52

4.8 28,0 23,

T~
L &

.8 22.9 24,1 20,7

1.6 22,5 22,4 24,3

a2

[ 25
32

-~

5
.-

ot
o

3

-~

o4

-

(2]
-

=&

-
u7

=
<
un
()

. gt

-4
o

Q

110.72
5

7.86

5.40 19,12 8.01
0 11,81

-
Q&

-

7.42
h
)

219,
150 5,29 17

n

fez
3,62 12,19 &

5.89 17.75 8
6 5.94 20,58 10.31

7.82 27,

-
-

1.91
55
T

15
1,89

9 1
100

1.

.
14
;
&
;

.
27.

28.7

5 v
28.13
e
aded

2.0

5.8

2
LR

1.3 21,0
.2 24.2

"
&
9,3 3
R

4 &

0.1 28.0 289

7.4 29.9
K

b L

o -
20.3
-

-
~

2
.2 30,1

4 2.5

2

§.321.1 28
8.5 29
from average
A-13

? i

t on %SD

mi

Response, Element 2

ion

jat

219

1.5 24.5 22

LU,

2.4 20

2

RS

0.6 28.9 29,

250 19,
9.9 3
8.3

L
Y

"
o4& &

13 21.1
12 26.4

14 23
— absolute standard deviation from average

%SP — percent deviation from average ("spread")

%SD — percent standard dev
%Su — upper 95% confidence 1

AVG — average

SD



Ta<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>