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SEVENTH PERSONNEL DOSIMETRY INTERCOMPARISON

R. E. Swaja
C. S. Sims
R. T. Greene

HIGHLIGHTS

The Seventh Personnel Dosimetry Intercomparison
Study was conducted March 31-April 10, 1981, at the Oak
Ridge National Laboratory. Dosimeters from 34 partici-
pating agencies were mounted on anthropomorphic phantoms
and exposed to a range of low-level dose equivalents
(1.5-15.0 mSv neutron and 0.1-2.8 mSv gamma) which
could be encountered during routine personnel monitoring
in mixed radiation fields. The Health Physics Research
Reactor, operating in the steady-state mode, served as
the source of radiation for two equivalent sets of six
separate exposures. Lucite and concrete shields along
with the unshielded reactor provided three different
neutron and gamma spectra for five of the exposures in
each set. A Lucite-concrete shield combination was
used to provide a spectrum which was unknown to partici-
pants prior to dosimeter evaluation. Results reported
by the participating agencies showed that no single
type of neution dosimeter exhibited acceptable performance
characteristics for all mixed-field environments encoun-
tered in this study. Film, TLD, and TLD-albedo dosimeters
were found to be inadequate for neutron dose equivalent
measurements when large numbers of slow neutrons are
present unless significant corrections are made to
measured results. Track dosimeters indicated the least
sensitivity to spectral characteristics, but did not
always yield the most accurate results. Gamma dose
measurements showed that TLD-700 dosimeters produced
significantly more accurate results than film dosimeters
which tend to overestimate gamma doses in mixed radiation
fields. Under the conditions of this study in which
participants generally had information concerning
experimental geometries, neutron energy spectra, and
source characteristics prior to dosimeter analysis,
only approximately one-fourth of the agencies reporting
results met regulatory neutron monitoring accuracy ,
standards for all experiments. Coupled with the variation
of more than a factor of 2 observed between measurements
of the same neutron and gamma doses made by different
agencies, these results indicate that continued. develop-
ment and analysis of mixed-field personnel dosimetry is
required both individually and collectively by concerned
organizations.
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INTRODUCTION

The Seventh Personnel Dosimetry Intercomparison Study (PDIS) was
conducted at the Oak Ridge National Laboratory's (ORNL: Dosimetry
Applications Research (DOSAR) Facility during the period March 31 through
April 10, 1981. This study is the seventh in a seriesl»2 of annual
intercomparisons which started in 1974. During the PDIS, personnel
dosimeters are mailed to the DOSAR Facility, exposed to a range of low-
Tevel (0.1-2.8 mSv gamma and 1.5-15.0 mSv neutron) mixed-field dose
equivalents using the Health Physics Research Reactor (HPRR)3 as the
radiation source, and then returned to the participants for evaluation.
This report is a summary and analysis of results reported by the study
participants.

This intercomparison was unique relative to the previous studies
for several reasons. First, the number of participating organizations
was the highest of any PDIS conducted to date. To effectively accommodate
the large number of dosimeters received from the participants, two
equivalent sets of exposures were conducted over a two-week period instead
of the usual one week. Second, one exposure was conducted using a shield
configuration which was not known to the participating organizations.
This represents a departure from previous intercomparison formats and
provides a good indication of the participants’' ability to measure
radiation doses under conditions encountered during routine personnel
monitoring. Finally, reference neutron dosimetry for the Seventh PDIS
is based on a set of data* recently developed for this purpose at the
DOSAR Facility. Techniques used to determine reference neutron dose
equivalents in prior intercomparisons were not consistent and not as
accurate as the method used in this study.

PARTICIPATION

A total of 34 different organizations, 23 domestic and 11 foreign,
participated in the Seventh PDIS. This represents the largest number of
participants in any of the studies conducted to date. A 1ist of partici-
panting agencies, cognizant personnel, and abbreviations by which the
agencies are identified in this report is given in Appendix A.



Participation in personnel dosimetry intercomparison studies has
been open to any organization legitimately interested in radiation
dosimetry and willing to share results with other organizations. The
participant is responsible to pay dosimeter shipping costs, to provide
instructions concerning handling and placement of dosimeters, and to
expeditiously furnish measurement results. The DOSAR personnel set up
and conduct the specified exposures, promptly return irradiated dosimeters
to participants, collect and evaluate resulting data, and prepare a
report describing the experiment and results.

EXPERIMENT DESCRIPTION

To effectively accommodate the large number of dcsimeters (approx-
imately 700) received from the participating agencies, two equivalent
sets of exposures were conducted for the Seventh PDIS: Set A on March
31-April 2 and Set B on April 7-9, 1981. Each of the sets consisted of
six separate runs which provided neutron and gamma dose equivalents
which could be encountered during routine personnel monitoring. Dose
levels and radiation field characteristics were varied by controlling
reactor power level and run duration and by utilizing four different
shielding conditions: unshielded, a 12-cm-thick Lucite shield, a 20-cm-
thick concrete shield, and a configuration which was unknown to the
participants. This "unknown" shield, which provided the softest neutron
spectrum produced in this study, consisted of the concrete and Lucite
shields used simultaneously. The six separate runs per set included two
each for unshielded and Lucite shielded cases and one each for the
concrete and unknown shields.

Table 1 is a summary of experimental conditions for both sets of
exposures conducted during the Seventh PDIS. Geometric configurations
(reactor, shield, and phantom arrangements), reactor power levels, and
run durations were the same for equivalent exposures. The number of
fissions given in the table for each run is based on sulfur pellet
activation analysis. Indicated reactor operating parameters and shields
produced dose equivalents in the range 0.1-2.8 mSv gamma and 1.5-15.2
mSv neutron at 3 m from the reactor centerline.
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Dosimeters were mounted on the front (surface facing the HPRR) and

rear surfaces of trunk sections of six water-filled BomabS phantoms.

The trunk sections used in this study have elliptical cross sections

with dimensions 20 cm x 30 cm and are 40 cm high. These sections were
located with their front surfaces 3 m from the reactor vertical centerline
and their horizontal centerlines 1.5 m above the floor. Figure 1 shows

a front view of the experimental configuration of the six phantom

sections with dosimeters attached.

Figures 2, 3, and 4 show overhead views of the experimental arrange-
ments for the Lucite, concrete, and Lucite-concrete (unknown) shielded
exposures, respectively. The Lucite shield, which is 2.7 m high and
encompasses a 150° arc, was located 2 m from the reactor centerline.

The concrete shield, which is 2.13 m high and encompasses an arc of

135°, was positioned 1 m from the HPRR centerline. These concrete and
Lucite shields were placed at 1 m and 2 m, respectively, from the reactor
centerline for the unknown configuration. The HPRR horizontal centerline
was located 1.5 m above the floor for all exposures.

REFERENCE DOSIMETRY

The following text gives details of the reference neutron and gamma
dose equivalents determined for the Seventh PDIS.

Neutron Dose Equivalent

For this study, reference neutron dose equivalents were obtained
using fission yields measured by sulfur pellet act:ivation analysis and
calculated dose-equivalent-per-fission conversion factors at 3 m from
the reactor for the various HPRR energy spectra.“ The number of fissions
produced during a particular run was measured by monitoring the 32p
beta activity induced in a 22 g sulfur pellet located at a fixed position
near the reactor core.® Dose-equivalent-per-fission values are based on
two-dimensional discrete-ordinates-transport calculations of HPRR
neutron energy spectra for various shield configurations and fluence-
to-dose-equivalent conversion factors for element 57 absorbed dose with



the capture gamma ray [primarily due to the lH(n,y)2H reaction] component
excluded. Element 57 refers to the central volume element of the Auxier
phantom’ used to calculate the radiation dose distribution in a tissue-
equivalent cylindrical volume exposed to an external neutron field. The
element 57 dose equivalent is the highest of all volume elements repre-
sented in this model and is considered to provide the best estimate of

depth dose equivalent for neutron spectra encountered at reactor facilities.8
Relative to this study, the reference neutron dose equivalents based on
element 57 conversion factors represent the expected maximum measured

values for each exposure.

Table 2 shows reference neutron dose equivalents and associated
data for phantom front and rear exposures for all runs conducted during
the Seventh PDIS. Reference values for rear exposures were obtained by
applying a front-to-rear conversion factor developed from previous
intercomparison study results.2 Dose equivalents for corresponding
exposures in sets A and B differed by less than 7% in all cases except
for unshielded runs 1A and 1B where the difference was 12%.

Reference neutron dose equivalents for the unknown exposure were
obtained using data for the concrete and Lucite shields. A net neutron
dose equivalent attenuation factor of 0.026 relative to air was calculated
for this configuration by multiplyiag the attenuation factors for the
concrete and Lucite shields (0.22 and 0.12, respectively).* This value
is in good agreement with HPRR neutron attenuation measurements made
using the Lucite-concrete shield combination.? Multiplying this net
attenuation factor by the element 57 dose-equivalent-per-fission for the
unshielded reactor gives the conversion factor shown in Table 2 for the
Lucite-concrete combination. The phantom front-to-rear conversion
factor for this case is an average of the values for the individual
component shields. Although this shield configuration provided the
softest (lowest median energy) neutron energy spectrum produced in the
Seventh PDIS, the spectrum contained more fast neutrons than most fields
encountered at reactor facilities which consist almost exclusively of
neutrons with energies below about 500 keV.®



Gamma Dose Equivalent

The potentially significant contribution of residual fission product
and activation gamma-rays to the total gamma dose at the levels encountered
in this intercomparison precludes the determination of an accurate
reference gamma dose equivalent based on calculated data. Reference
values were determined by direct measurements of integrated gamma doses
on the front and rear surfaces of a cylindrical phantom. These measure-
ments were made using 7LiF (TLD-700) gamma dosimeters and small Geiger-
Mueller (G-M) tubes!® mounted directly on the phantom. The G-M tubes
were covered by Tithium shields and were calibrated with a 69Co source.

Table 3 gives front and rear reference gamma dose equivalent data
for the Seventh PDIS. Final reference values are an average of the
gamma doses measured on the phantoms using TiD-700 dosimeters and the G-M
tubes. Individual doses measured by these two methods were within 20%
for all exposures. No G-M tube measurements on the front of the phantom
were made during the first set of exposures (set A) so that the reference
front gamma dose equivalents for these runs are those measured using
TLD-700 dosimeters. Also, due to difficulties in evaluating the TLD's
for the initia’l unknown shield exposure (run 5A), the reference gamma
dose for this case was calculated based on the average measured values
for run 5B and the ratio of fissions between the two exposures.

DOSIMETER TYPES

The types of neutron and gamma dosimeters used in the Seventh PDIS
and the set in which the dosimeters were exposed are summarized in Table
4 for each participating organization. Dosimeter descriptions given in
the table were furnished by participants with reported experimental
data. Neutron dosimeter types included thermoluminescent dosimeters
(TLD), TLD-albedo, film, and track-etch. For neutron measurements,
approximately 60% of the participating organizations used TLD (24%) or
TLD-albedo (36%) systems, about 18% used track, about 15% used film, and
the remainder generally used some combination of these basic types.
Gamma doses were measured using TLD systems (primarily TLD-700) by
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almost 70% of the participants with the remainder using film. Descriptions
of these basic dosimeter types are available in the literature,l,11,12

and detailed participant-prepared comments concerning particular

systems used in this study are included in Appendix B of this report.

RESULTS AND ANALYSIS

This section presents an analysis of reported results for the
Seventh PDIS. Measured neutron and gamma dose equivalents are summarized
in Tables 5-10. Each table contains individual dosimeter measurements
and the associated average dose equivalents reported by participating
organizations for equivalent runs in sets A and B. Results are not
reported by phantom since the variation in measured doses among dosimeters
placed on different phantoms has been shown to be insignificant relative
to other factors affecting dosimeter response.l3 The DOSAR reference
values are included in the tables, but are not considered part of the
intercomparison results in the following analysis. Dosimeter performance
relative to ~egulatory criteria and the relationship of these results to
information obtained during previous intercomparisons are discussed in
subsequent sections.

Neutron Dose-Phantom Front

An analysis of neutron dose equivalent results from measurements
made on the front of phantoms is presented in Table 11 for all runs con-
ducted during the Seventh PDIS. Data given for each run include mean
neutron dose equivalent, which indicates measurement accuracy, and the
associated standard deviation, which reflects measurement precision,
based on measured results for all neutron dosimeter types included in
Tables 5-10. Table 11 also shows the number and range of reported
results used to calculate the composite data.

To provide the best indication of the ability of all participants

to measure neutron dose, statistical information shown in the table is

based on a subset of reported results for all dosimeter types. This
.Subset omits results reported by TAEC in the analysis of set B exposures



for reasons associated with dosimeter calibration. Doses reported by
this agency were not corrected for differences between calibration
source and HPRR spectra. Reported values shown in Tables 5-10 for TAEC
were significantly lower than data reported by all other organizations
using TLD's to measure neutron doses.

Based on the composite of measured results, Table 11 shows that the
mean reported dose equivalents are lower than the reference values for
all unshielded runs, higher than the reference values for all Lucite and
Lucite-concrete shielded runs, and closest to the reference values for
the concrete shielded run. Standard deviations from the mean for
exposures in set A are about 50% less than corresponding values obtained
from equivalent exposures in set B due to the greater variation in
dosimeter types and overall evaluation methods contained in set B relative
to set A. Unshielded runs exhibited the lowest percent standard deviations
followed in order by concrete, Lucite, and Lucite-concrete for both sets
of exposures. Ranges of reported results shown in Table 11 indicate
that the largest differences between measurements of the same dose
equivalent made by different organizations vary from a factor of about 2
for run 1A to 2 orders of magnitude for run 6B. A more detailed
analysis of these composite results based on a combination of data for
equivalent runs is given later in this section.

An analysis of neutron dose equivalents measured using four dif-
ferent types of dosimeters is presented in Table 12 for all runs.
Although the small number of participants who used certain types of
dosimeters in some cases precludes a detailed statistical analysis of
all data given in the table, some general trends are evident. Average
doses for all four dosimeter types are lower than reference values for
all unshielded runs. The TLD and TLD-albedo dosimeters exhibit average
dose equivalents which are greater than reference values for all Lucite
and Lucite-concrete shielded runs. Average film-measured dose equivalents
are significantly lower than reference doses in all cases, and average
track-measured results are generally between film and TLD values. A
detailed evaluation of the performance of individual dosimeter types
based on a combination of results for equivalent runs is given in the
following text.



Table 13 gives neutron dose equivalent results for the composite of
all measurements and individual dosimeter types normalized to reference
values and combined for equivalent runs in sets A and B. Normalized
mean dose equivalents and associated standard deviations were obtained
by dividing unnormalized data given in Tables 11 and 12 by corresponding
reference doses and then combining results for equivalent exposures
using the number of measurements in each run as a weighting factor.
These normalized data are representative of the ability of all Seventh
PDIS participants to measure neutron dose equivalents under identical
mixed radiation field conditions.

The composite of results for all dosimeter types indicates that, on
the average, dose equivalents for the unshielded spectra were 36% lower
than reference values. Mean measured dose equivalents for the concrete
shielded spectrum were 14% lower than reference values. Lucite shielded
runs, which provide the softest (lowest median neutron energy) single-
shield HPRR spectrum, produced results higher than reference doses by an
average of 28%. The most discrepant measured data were obtained for the
Lucite-concrete shield combination which was unknown to participants and
provided the softest neutron energy spectrum encountered in this study.
Considering all dosimeter types, average measured dose equivalents for
this configuration were 70% higher than reference values. Stanuard
deviations from the mean were lowest for unshielded runs (average of
48%) followed in increasing order by concrete (78%), Lucite (90%), and
Lucite-concrete (99%) shielded runs. These data indicate that the ratio
of measured-to-reference neutron doses and the associated standard
deviation of the composite of all participant results increases with
increasing spectral softness.

Although the preceding analysis does not reflect performance charac-

teristics of individual neutron dosimeter types, the following observations

are noted concerning the ability of all participants to measure the same
neutron dose under identical conditions:

(a) the poorest measurement accuracy and precision for exposures
performed during the Seventh PDIS were exhibited for the Lucite-concrete
shielded runs for which the shield configuration produced the softest
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neutron energy spectrum and was unknown to participants prior to dosimeter
evaluation,

(b) doses resulting from the unshielded HPRR spectrum were more
precisely measured than doses from shielded spectra, and

(c) the same neutron dose equivalents measured by different agencies
can differ by more than two orders of magnitude.

An analysis of measured dose equivalents based on normalized and
combined results is presented in Table 13 for the four types of neutron
dosimeters used in this study. Average measured dose equivalents relative
to the reference values as a function of neutron spectrum are also shown
in Figure 5 for all four dosimeter types. Shield configurations indicated
on the abscissa in the figure are arranged in order of decreasing median
neutror energy; i.e., the neutron energy spectra become softer going
from left to right.

Figure 5 shows that film measurements of neutron dose equivalents
were significantly lower than reference values for all spectra encountered
in the Seventh PDIS. Means of the reported film measurements were less
than 40% of the reference doses in all cases with some individual measure-
ments indicating zero dose. These low results, which have been observed
for film in prior dosimetry studies,1:8 can be partly attributed to the
Tow sensitivity of film to neutrons having energies below 0.5 MeV and
the low response of film to neutrons with energies less than 1.2 Mey, 11,14
Film can also have a fading problem which results in low measured dose
values if it is not packaged carefully and read promptly after exposure.ll
Since only three organizations reported results using film dosimeters, a
detailed analysis of the standard deviations associated with these
measurements is not meaningful.

The TLD and TLD-albedo dosimeters yielded similar qualitative
performance characteristics relative to variation of incident neutron
spectra. For both types of dosimeters, Figure 5 shows that the ratio of
measured- to-reference dose equivalents increases monotonically as the
neutron spectra become softer. This behavior is due to the high sensi-
tivity of TLD-based dosimeters to low energy neutrons.l1,12 On the
average, TLD and TLD-albedo dosimeters produced measured doses which
were 24% lower than reference values for unshielded HPRR spectra.
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For the degraded (shielded) spectra, average TLD results are less accurate
than corresponding TLD-albedo measurements in all cases. Least accurate
results were obtained for the Lucite-concrete shielded run which produced
average neutron dose equivalents that were 342% and 94% higher than
reference values using TLD and TLD-albedo dosimeters, respectively.
Average measurement accuracies exhibited by track dosimeters were within
40% of the reference values for all unshielded and shielded spectra.
Figure 5 shows much less variation in normalized dose as a function of
spectral energy for track dosimeters compared to TLD-based systems. By
applying a conscant correction factor to track-measured dose equivalents,
average measured results within 13% of reference values could be obtained
for all spectra considered in this study.

Data given in Table 13 shows that unshielded doses were more precisely
measured than shielded doses for TLD and TLD-albedo dosimeter types.
Standard deviations from the mean for TLD's ranged from an average of
26% for unshielded runs to an average of 88% for the shielded cases.
Standard deviations for TLD-albedo measurements ranged from 32% for
unshielded runs to 37% for shielded exposures. Average standard deviations
from the mean for the reported track data ranged from 48 to 57% for the
unshielded and shielded runs, respectively.

When incident neutron spectra are known, responses of all four
types of neutron dosimeters used in this study can be corrected for
differences between calibration and measured energy spectra. Failure to
make adequate corrections for this effect was probably a major contributor
to the inaccuracy of some of the results reported here. Basic dosimeter
performance properties, interpretations of neutron dose equivalent, and
differences in room scatter characteristics between the calibration
locations and HPRR facilities also contributed somewhat to the overall
measurement inaccuracies.

Neutron Dose-Phantom Rear

An analysis of neutron dose equivalent results measured on the rear
of phantoms is presented in Table 14. Data shown in the table represent
average measured dose equivalents and associated standard deviations
normalized to reference values and combined for equivalent exposures in
sets A and B. The relatively few neutron dose equivalent measurements
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made on the rear of phantoms precludes any meaningful statistical analysis
of these results. However, trends inferred from these data are consistent
with conclusions obtained from results measured on the front of phantoms.
For instance, data based on the composite of all dosimeter types exhibited
the poorest accuracy and precision for the Lucite-concrete (softest
spectrum) shield configuration. Also, unshielded dose equivalents were
measured more precisely than those for shielded spectra. With regard to
individual dosimeter performance, film dosimeters yielded dose estimates
significantly lower than reference values in every case. The TLD and
TLD-albedo results indicate decreasing accuracy with increasing spectrum
softness for the shielded cases with the most discrepant results obtained
for tke Lucite-concrete shielded runs.

Gamma Dose-Phantom Front

An analysis of gamma dose equivalent results from measurements made
on the front of phantoms is presented in Table 15 for each run conducted
during the Seventh PDIS. Average gamma dose equivalents and associated
standard deviations are given for a subset of all reported measurements
and for the two types of gamma dosimeters used in this intercomparison —
TLD and film. The subset of reported results omits two sets of measured
data to provide a better indication of the overall ability cf participants
to measure gamma dose. Results reported by BMI using TLD-100 dosimeters
were omitted from the set A data analysis because this dosimeter type is
extremely sensitive to neutrons and yields very high measured gamma
doses in mixed radiation fields.2 Gamma doses measured by W using
TLD's were omitted from the set B data because these results were
significantly higher than doses measured by all other agencies using
this dosimeter type in almost every case.

Considering the composite of all measurements included in the
subset of reported results, mean measured gamma dose equivalents shown
in Table 15 vary from 0.9 to 1.9 times the reference values for the 12
runs conducted during the Seventh PDIS. Standard deviations are between
23 and 69% of the mean with no significant differences between shielded
or unshielded measurements. With regard to individual dosime®er types,
average gamma dose equivalents measured using film were higher than
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corresponding values measured using TLD's in every case. Tables 5-10
show that the maximum differences between measurements of the same gamma
dose equivalent made by different agencies in each run vary from a
factor of about 2 for run 4A to a factor of approximately 13 for run 2B.

Table 16 summarizes gamma dose equivalent results on the fronts of
phantoms normalized to reference values and combined for equivalent
exposures. Normalized mean dose equivalents and associated standard
deviations were obtained vy dividing values shown in Table 15 by reference
doses and then combining data for equivalent runs in sets A and B using
the number of measurements in each set as a weighting factor. Data
based on the subset of all results indicates that mean measured gamma
doses varied from about 1.0 to 1.3 times the reference gamma dose equiva-
lents for the six exposures. Standard deviations for the composite
results are between 28 to 69% of the mean with shielded measurements
being more precise (standard deviation = 38%) than unshielded measurements
(standard deviation = 58%).

With regard to different gamma dosimeter types, average measured
doses using TLD's were lower than and within 16% of the reference values
for all exposures with mean reported results being within one standard
deviation of the reference doses in every case. Table 16 also indicates
that unshielded TLD-measured gamma doses were less precise (standard
deviation = 58%) than shielded dose measurements (standard deviation =
32%). Figure 6, which is a graph of normalized gamma dose equivalent
as a function of shield configuration for the Seventh PDIS, shows that
there is very little spectral variation in the TLD-measured results.
This is due to the TLD response, particularly for lithium-fluoride
(LiF) material, being essentially constant for the range of photon
energies encountered in the PDIS.15 Of the TLD gamma dose measurements
reported in the study, about 82% were made using LiF dosimeters (mostly
TLD-700) with the remainder made using CaSO, material.

In contrast to film-measured neutron dose equivalents, average
film-measured gamma dose equivalents were higher than reference values
and TLD-measured results by factors of about 1.3 to 2.0 for the six
runs. These high measured doses could be the result of the sensitivity
of most radiation monitoring films to neutrons. Tests conducted on
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several commercial film types made to measure gamma dose showed that
they were an average of four times more sensitive to thermal neutrons on
a gray (or rad) basis than to €9Co gamma-rays.!® Average film response
per gray to fast neutrons was about 5% of the response to a 60Co source.
Depending on the type of film and whether or not users corrected for the
neutron response, this sensitivity could be a significant contributor to
the high reported gamma doses. Measurement precisions based on data
given in Table 16 were about equal for unshielded and shielded cases
which exhibited average standard deviations of 21 and 22%, respectively.
These values are lower than corresponding standard deviations for TLD-
measured data.

Figure 6 shows the variation of film-measured gamma doses as a
function of shield configuration for the Seventh PDIS. These data
indicate that the accuracy of film-measured gamma doses improves with
decreasing neutron-to-gamma dose ratio for the mixed-field spectra
included in the figure. However, the total variation in average mea-
sured gamma doses relative to reference values is only 18% for film
dosimeters compared to 10% for TLD's over the four shield configurations
encountered in this study. While some spectral variation is indicated
for film gamma dosimeters, the magnitude of this variation is small
compared to the average amount of overmeasurement relative to reference
doses. Based on results of this study, it therefore appears that the
mere presence of neutrons is the primary contributor to inaccuracies in
film-measured mixed-field gamma doses rather than neutron energy dependence
or neutron-to-gamma dose ratios characteristic of the incident radiation
field.

Gamma Dose-Phantom Rear

Table 17 presents an analysis of normalized and combined gamma dose
measurements made on the rear of phantoms for composite, TLD, and film
results. Data shown in this table omit results reported by BMI using
TLD-100 dosimeters in set A for reasons previously discussed. Although
a meaningful statistical analysis of these data is not possible because
of the few gamma dose measurements made on the rear of phantoms and
uncertainties in the reference doses, some observations which are
consistent with results obtained from phantom front measurements are
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evident. The subset of reported results for all dosimeter types
indicates that the mean gamma dose equivalents varied from approximately
1.0 to 1.7 times the reference values. As with the phantom front
measurements, film-measured gamma doses were significantly higher than
the reference values (1.1 to 2.9 times the reference) in. every case due
to the neutron sensitivity of the film. Mean gamma doses measured using
TLD dosimeters (primarily TLD-700) were closer to the reference values
(0.8-1.3 times the reference) than film-measured doses in every case.

DOSIMETRY PERFORMANCE RELATIVE TO REGULATORY CRITERIA

Guidelines established by the Nuclear Regulatory Commission (NRC)17
for personnel neutron monitoring in mixed radiation fields suggest that
dosimeters used in the dose equivalent range considered in this study
should be accurate to within +50% and that the associated standard
deviations (measurement precision) should be within +30% of the mean.
Criteria proposed for gamma dosimeter testing by the American National
Standards Institute (ANSI) suggest that the sum of the bias (accuracy)
and standard deviation (precision) of the measured results relative to
reference values should be equal to or less than 50% for spectra
encountered in the Seventh PDIS.18 The following text presents a
discussion of the performance of neutron and gamma dosimeters used in
this study relative to these criteria.

Neutron Dosimeters

Table 13, which is based on all reported results considering the
composite of all measured data and individual neutron dosimeter types,
shows that the ensemble of results satisfied the accuracy criteria for
all exposures except the Lucite-concrete (unknown) shielded run.

Criteria for measurement precision were not met for any of the runs.
Accuracy requirements for TLD and TLD-albedo dosimeters were satisfied

for unshielded and concrete shielded exposures while precision standards
were met only for one unshielded run (TLD-run 2). Film neutron dosimeters
failed to meet accuracy or precision requirements for any of the Seventh
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PDIS exposures. Average results using track dosimeters were within 50%
of the reference doses but failed to satisfy precision criteria for all
six runs,

Table 18 summarizes personnel neutron dosimetry performance relative
to the NRC cr'terja for the Seventh PDIS participants. Performance
relative to a  -acy standards (+50%) is based on the average of individual
neutron dose eyuivalent measurements reported by each organization
compared to the reference dose equivalents determined by the DOSAR
staff. An evaluation of performance compared to precision criteria
(£30%) is based on the distribution of individual measurements about the
mean of all reported results for each agency. Individual reported
results and associated averages are summarized in Tables 5-10 of this
report.

Table 18 shows that the fraction «f participants meeting accuracy
standards varied between 58 to 69% for the unshielded, Lucite shielded,
and concrete shielded spectra which were available and known to the
evaluating organizations. Only 46% of the agencies reporting results
satisfied accuracy standards for the Lucite-concrete shield which was
unknown to participants prior to the evaluation of dosimeters. The
table also shows that more than 88% of the participating agencies
satisfied precision standards for every run. An average of 28% of the
participants met accuracy standards for every run for which data were
reported, and 76% of the participants satisfied precision standards for
every run. Fourteen percent of the organizations did not meet accuracy
standards for any of their average reported neutron measurements.

Regarding the performance of individual neutron dosimeter types,
film dosimeters met accuracy requirements for only one participant in
one exposure for the spectra considered in this intercomparison.
Thermoluminescent and TLD-d1bedo dosimeters exhibited the best overall
performance for the hardest neutron spectrum (unshielded) encountered in
this study in that 73 and 89%, respectively, of the average results
reported using these types were within +50% of the reference values.
Sixty-four percent of the reported results measured using track dosimeters
satisfied NRC accuracy standards for the unshielded spectrum. However,
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track dosimeters produced the most accurate results for the Lucite and
Lucite-concrete (softest) spectra with accuracy criteria being met by 73
and 67% of the reported measurements, respectively. Thermoluminescent
and TLD-albedo dosimeters satisfied accuracy criteria for less than 63%
and 33% of the agencies using these monitors for the Lucite and Lucite-
concrete shields, respectively. The fraction of users of a particular
dosimeter type which met accuracy criteria is above 60% for all runs for
track dosimeters while TLD and TLD-albedo performance decreases markedly
with increasing spectral softness. Two agencies using track, two agencies
using TLD-albedo, and one agency using TLD monitors satisfied accuracy
standards for all runs. None of _hese basic dosimeter types exhibited
significant problems relative to measurement precision for any of the
spectra encountered in this study.

Gamma Dosimeters

Table 16 summarizes results of ganma dose equivalent measurements
made during the Seventh PDIS. Data for the composite of all dosimeter
types satisfied the proposed accuracy plus precision guideline of +50%
for runs 4 and 5 (Lucite and Lucite-concrete shields, respectively).
An analysis of results for individual dosimeter types shows that TLD's
met the suggested criteria for three of the six runs while film dosi-
meters satisfied the guidelines for only one run. No further analysis
of the gamma results will be presented since TLD monitors (mostly TLD-
700) clearly indicates superior accuracy relative to film for mixed-
field personnel dosimetry.

COMPARISON TO PREVIOUS INTERCOMPARISON STUDIES

Results presented in the preceding text for the Seventh PDIS are
consistent with the following statements which are based on results of
the previous six studies:!

1. The most popular types of dosimeters used by participants are
TLD-albedo for neutron measurements and TLD-700 for gamma measurements.
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2. Film dosimeters yield lower neutron dose eguivalents than TLD
(including albedo) and track monitors independent of spectrum. Summary
results show that film measured dose equivalents are less than about 50%
of the reference values for all spectra considered in these studies.

3. Thermoluminescent (including TLD-albedo) dosimeters yield
higher values of neutron dose equivalent than track film monitors in-
dependent of spectrum. Summary results indicate that TLD and TLD-albedo
dosimeters can grossly overestimate neutron dose equivalents in spectra
containing large numbers of thermal neutrons. Average response of TLD
monitors is consistently higher than TLD-albedo dosimeters for the same
neutron spectra.

4. VWithout significant spectral corrections, film, TLD, and TLD-
albedo dosimeters are inadequate for neutron personnel monitoring appli-
cations where large numbers of Tow energy (<0.7 MeV) neutrons are present.

5. Neutron dose equivalents measured using track dosimeters are
higher than film results and lower than TLD and TLD-albedo results for
all spectra. Response of track dosimeters also exhibits less variation
with neutron spectrum characteristics than do TLD and film monitors.

6. It is not unusual for neutron dose equivalents measured under
the same conditions by different agencies to differ by more than a
factor of 2. ’

7. Neutron dose equivalents are more accurately measured for
unshielded exposures than for shielded exposures.

8. The TLD-measured gamma doses are more accurate than film-
measured doses when relatively large numbers of neutrons are present.

9. Gamma dose equivalents measured using film are generally
higher than reference values.

10. The TLD-100 dosimeters yield gamma doses which are signifi-
cantly higher than reference values and are unsuitable for measurement
of gamma dose equivalents in mixed radiation fields unless adequate
correction factors can be applied.

11. It is not unusual for measurements of the same gamma dose by
different agencies to differ by more than a factor of 2.
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CONCLUSTONS

Performance characteristics of neutron and gamma dosimeters inferred
from data measured during the Seventh PDIS were consistent with results
obtained during the previous six intercomparison studies. With regard
to neutron dose equivalent measurements, film dosimeters weve shown to
be inadequate for personnel monitoring applications where large nunbers
of low energy neutrons are present. The TLD and TLD-albedo dosimeters
are also inadequate for neutron personnel monitoring in soft energy
spectra unless significant corrections are made to measured results.
Track dosimeters indicate the least sensitivity to neutron spectrum
variations for the spectra considered in this study. Gamma dose results
show that TLD-700 dosimeters yield significantly more accurate results
(within 16% of reference doses) than film dosimeters regardless of
spectra. In mixed radiation fields, film dosimeters overestimate gamma
doses by more than 50% primarily due to the sensitivity of film to
neutrons.

Intercomparison results continue to show that no single type of
neutron dosimeter exhibits acceptable performance characteristics for
all mixed-field conditions encountered in these studies. Variations of
more than a factor of 2 between measurements of the same neutron exposure
made by different agencies are exhibited for all spectra. For cases
where experimental geometries, neutron energy spectra, and source
characteristics were known to evaluators, only about 60% of the agencies
reporting results satisfied NRC guidelines for neutron dose measurement
accuracy in mixed radiation fields. When the neutron energy spectrum
was not known in advance — which is generaily the case in routine
personnel monitoring — less than half of the participants met neutron
dose accuracy criteria. Precision does not appear to be a significant
problem since more than 88% of the participants reporting neutron dose
measurements satisifed NRC criteria for all spectra.

The accuracy of personnel dose measurements in mixed radiation
fields could be improved for some participating agencies by using
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dosimeters more suited to the particular spectral characteristics
encountered at specific facilities. Improvements could also be obtained
by applying correction factors to account for dosimeter performance
associated with anticipated radiation fields, by calibrating dosimeters
with sources appropriate for the energy spectrum to be measured, and by
standardizing the basis of reported dose equivalents.

RECOMMENDATIONS

Results from all intercomparison studies conducted to date indicate
that regulatory standards concerning accuracy and precision of neutron
personnel monitoring systems represent realistically obtainable criteria.
However, only about one-fourth of the participating agencies satisfy
existing standards for the range of spectra considered in these studies.
Measurement inaccuracies of the magnitude exhibited in dosimetry inter-
comparison studies can produce adverse consequences with regard to
personnel safety and the implementation of ALARA (as-low-as-reasonably-
achievable) radiation protection programs.

Improved dose estimates for personnel monitoring will require
continued efforts by individual organizations to evaluate and implement
items to improve measurement accuracy as discussed in this report.
Efforts will also be required by the collection of agencies to participate
in future intercomparison studies to determine dosimetry performance and
refine measurement techniques. To facilitate these efforts, the DOSAR
staff plans to implement the following items:

1. In 1982, an international personnel dosimetry intercomparison
study will be conducted with ore or more European organizations. The
primary objective of this study will be to provide the most comprehensive
evaluation of neutron and gamma dosimeter performance of any personnel
dosimetry intercomparison study conducted to date. Dosimeters will be
exposed to a variety of mixed radiation fields using the HPRR and to a

range of mono-energetic neutrons and degraded californium spectra using

facilities at the European agencies. Study coordinators will endeavor
to provide mixed-radiation fields consistent with those encountered at
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nuclear facilities and neutron energies of interest to clinical and
laboratory persunnel. General advertising for this international inter-
comparison will begin late in 1981.

2. A week-long radiation dosimetry training course to be conducted
at the DOSAR facility will be designed and implemented in 1982. The
primary objective of the course will be to provide lectures and experi-
mental studies which will acquaint participants with the various types
of neutron and gamma personnel dosimeters and their performance
characteristics. Emphasis will be placed on proper choice of dosimeter
type for the anticipated measurement environment, application and deter-
mination of correction factors to account for dosimeter performance
and spectral response, calibration techniques, dosimeter testing, and
methods of estimating dose equivalents. The course will be designed
for personnel associated with radiation monitoring at nuclear, medical,
and university facilities. Advertising for this course will begin early
in 1982.



10.

11.

12.

13.

22

REFERENCES

C. S. Sims and R. E. Swaja, "Personnel Dosimetry Intercomparison

Studies at the Health Physics Research Reactor: A Summary (1974-1980),"

accepted for publication in Health Physics.

R. E. Swaja, R. T. Greene, and H. W. Dickson, Sixth Persormel Dosi-
metry Intercomparison Study, ORNL/TM-7615 (February 1981).

J. A. Auxier, "The Health Physics Research Reactor," Health Phys. 11,
89-93 (1965).

C. S. Sims and G. G. Killough, Reference Dosimetry for Various
Health Physics Research Reactor Spectra, ORNL/TM-7748 (July 1981).

F. W. Sanders and J. A. Auxier, "Neutron Activation of Sodium in
Anthropomorphous Phantoms," Health Phys. 8, 371-379 (1962).

D. R. Johnson and J. W. Poston, Radiation Dosimetry Studies at the
Health Physics Research Reactor, ORNL-4113 (June 1967).

J. A. Auxier, W. S. Snyder, and T. D. Jones, "Neutron Interactions
and Penetration in Tissue," Rad. Dosimetry 1, 275 (1968).

G.W.R. Endres, J. M. Aldrich, L. W. Brackenbush, L. G. Faust, R. V.
Griffith, and D. E. Hankins, Neutron Dosimetry at Commercial Nuclear
Plants, NUREG/CR-1769, PNL-3585 (May 1981).

C. S. Sims, internal letter to H. W. Dickson, Oak Ridge National
Laboratory, April 27, 1979.

E. B. Wagner and G. S. Hurst, "A Geiger-Mueller Gamma-Ray Dosimeter
with Low Neutron Sensitivity," Health Phys. 5, 20-66 (1961).

R. V. Griffith, D. E. Hankins, R. B. Gammage, L. Tommasino, and
R. V. Wheeler, "Recent Developments in Personnel Neutron Dosimeters —
A Review," Heaqlth Phys. 36, 235-260 (1979).

T. P. Barton and C. E. Easterly, Neutron Personnel Dosimetry
Considerations for Fusion Reactors, ORNL/TM-6756 (July 1979).

H. W. Dickson, Fourth Persomnel Dosimetry Intercomparison Study,
ORNL/TM-7137 (February 1980).



14.

15.

16.

17.

18.

23

International Commission on Radiation Units and Measurements,
Radiation Protection Instrumentation and Its Application, ICRU
Report 20 (1971).

E. Tochilin, N. Goldstein, and W. Miller, "Beryllium Oxide as a
Thermoluminescent Dosimeter," Health Phys. 16, 1 (1969).

" R. J. Smith and R. F. Benck, "Thermal and Fast Neutron Effects on

Dosimeter Films," Health Phys. 9, 473-484 (1963).

U.S. Nuclear Regulatory Commission, Personnel Neutron Dosimetry,
NRC Reguiatory Guide 8.14, Rev. 1 (1977).

American National Standards Institute, Criteria for Testing
Personnel Dosimetry Performance, Draft ANSI Standard N 13.11
(1981).



R bV N ’, R PR -

Front view of typical ex

ORNL-Photo 2324-81

¥ - e -

perimental arrangement of phantoms and dosimetry.

ve



A 4
Top view of experimental arrangem

ORNL-Photo 2323-81

et

ent for Lucite shielded exposures.

G2



Fig. 3. Top view of exper

y

imental arrangement fo

R

r con

crete shielded

ORNL-Photo 2321-81

9¢



=

shie

ORNL-Photo 2322-81

1ded (unknoﬁa)

exposures.

L2



NEUTRON DOSE EQUIVALENT RELATIVE TO

28

ORNL-DWG 81C-19674

THE REFERENCE VALUE

3-5 | | )
| | |

3.0 b— ]
2.5 — —
2.0 — _

TLD-ALBEDO

yd
yd
yd
1.5 — J -
/o’
7~
REFERENCE

1.0 |— pul -4 —

—e
05 | TRACK |

—g

FILM
o . | l
NONE CONCRETE LUCITE LUClTE/CONCRETE
(0.78 MeV) (3.3 keV) (68 ev) (10 eV)

SHIELD TYPE (median neutron energy)

Fig. 5. Neutron dose equivalents for various HPRR spectra by dosimeter
type normalized to reference values for the Seventh PDIS.



29

ORNL-DWG 81C-19673

GAMMA DOSE EQUIVALENT RELATIVE

2.0
I I I |
1.& — —
- — -.\
N
~ ~
Ll
S 6 -
< 2
Lol
O
Z
L)
E, 1.4 — —
Lo
La)
o
Lad
x
—
o ’.2 — —
—
REFERENCE
1.0 — O~ -~ -O0— —
e _ - —$
o — ® TLD
0.8 L—I | | l
NONE CONCRETE LUCITE LUCITE/CONCRETE
(6.2) (2.2) (1.2) (0.55)

SHEILD TYPE (neutron/gamma ratio)

Fig. 6. Gamma dose equivalents for various HPRR spectra by dosimeter
type normalized to reference values for the Seventh PDIS.



Table 1. Summary of experimental conditions for exposures®

Exposure Reactor Number of Shield Shield
Run? Ziggsgie i?;;g duration, power, fissions thickness distance from
s wd x 1013e and type reactor, m
1A 3/31/81 0943 807 0.3 0.88 None ~-
1B 4/7/81 1018 807 0.3 0.99 None -
2A 3/31/81 1345 484 1.0 1.79 None -
2B 4/7/81 1324 484 1.0 1.83 None -
3A 4/1/81 0945 525 1.5 2.68 12-cm Lucite 2
3B 4/8/81 0951 525 1.5 2.70 12-cm Lucite 2
4A 4/1/81 1326 784 10.0 25.64 12-cm Lucite
48 4/8/81 1340 784 10.0 26.34 12-cm Lucite 2
5A 4/2/81 0930 866 30.0 73.89 Unknown? -
53 4/9/81 0951 866 30.0 75.79 Unknown -~
6A 4/2/81 1404 808 2.0 4.59 20-cm concrete 1
68 4/9/81 1324 808 2.0 4.89 20-cm concrete 1

0€

%The horizontal centerlines of the reactor and of the phantom sections on which the dosimeters
were mounted were 1.5 m above the concrete floor for all exposures. The distance from the reactor
to the front surfaces of the phantoms was 3 m for all exposures.

bRuns designated A were performed during March 31-April 2, 1981, and those designated B were
performed during April 7-9, 1981.

®Eastern Standard Time.

dBased on reactor instrumentation.
®Based on sulfur pellet activation analysis.

fbonfiguration not known to participants prior to evaluation. Arrangement consisted of a
20-cm concrete shield at 1 m and a 12-cm Lucite shield at 2 m from the HPRR.



Table 2. Reference neutron dose equivalent values

Dose equivalent Phantom front® Phantom rear
Run® Shield conversion, b . Ngmber of Reference neutron Front-to-rear Reference neuton dose
mSv/1015 fissions fissions x 1013 dose equivalent, mSv conversion equivalent, mSv
1A None 465.37 0.883 411 0.16 66
18 None 465.37 0.994 463 0.16 74
28 None 465.37 1.787 832 0.16 133
28 None 465.37 1.827 850 0.16 136
3A 12-cm Lucite 57.75 2.68C 155 0.21 32
3B 12-cm Lucite 57.75 2.703 156 0.21 33
4A 12-cm Lucite 57.75 25.64 1481 0.21 311
4p 12-cm Lucite 57.75 26.34 1521 0.21 319
SA Unknowr; 12.10° 73.89 894 0.205 179
58 Unknown 12.10° 75.79 917 0.20° 183
6A 20-cm concrete 100.27 4.59 460 0.19 87
6B 20-cm concrete 100.27 4.89 490 0.19 93

%Runs designated A were performed during March 31-April 2, 1981, and those designated B were performed during April 7-9, 1981.
bElement 57 neutron dose equivalent with the capture gamma contribution excluded.

®Side of phantom facing the HPRR.

dho. . zion of concrete shield at 1 m and Lucite shield at 2 m.

®Prouwct of the neutron dose equivalent attenuation factors relative to air for the concrete and Lucite shields multipiied
by the dose equivalent per fission value for the unshielded HPRR.

fhverage of front-to-rear conversion factors for the concrete and Lucite shields.

|£%



Table 3. Reference gamma dose equivalent values

z Phantom frontb Phantom rear
Run Shield Measured dose equivalent, mSv Reference gamma Measured dose equivalent, mSv Reference gamma
YLD-700 G-M tube® dose equivalent, mSv TLD-700 G-M tube” dose equivalent, mSv

1 None 13.0 .4 13.0 4.6 5.8 5.2

18 None 13.9 12.2 13.1 3.7 5.7 4.7

2A None 26.0 .4 26.0 9.5 9.3 9.4

28 None 19.0 17.8 18.4 6.1 8.9 7.5

£} 12-cm Lucite 26.9 -4 26.9 8.0 10.8 9.4

38 12-cm Lucite 18.8 23.6 21.2 8.1 9.7 8.9

4A 12-cm Lucite 279.9 .4 279.9 80.8 94.8 8r.2

48 12-cm Lucite 226.6 221.6 274.1 88.0 9]. 89.9

5A Unknown® -f .4 252.69 i~y 135.7 135.7

58 Unknown® 238.5 279.6 259.1 -F 133.6 133.6

6A 20-cm concrete 26.0 -4 26.0 8,0 11.0 9.5

68 20-cm concrete 27.1 21.4 24.3 -7 10.8 10.8

%Runs designated A were performed during March 31-April 2, 1981, and those designated B were performed during April 7-9, 1981.
bside of phantom facing the HPRR.

°Phillips Geiger-Mueller tube mounted directly on the phantom.

dNo G-M tube measurements made on phantom front during the initial set of exposures.

SCombination of concrete shield at 1 m and Lucite shield at 2 m.

o results available due to difficulties with TLD-/00 evaluation.

9Based on measured results of run 5B and the relative number of fissions between exposures.

¢t
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Jable 4. Dosimeter types used by the participants

Organization® Exgg:ure Neutron dosimeter Gamma dosimeter
AIRP A ,.D (Harshaw TL 6/7 cards) TLO (TLD-700)
APS A TLD-albedo (Li,B,0, and CaSO.) TLD (L1,8,07 and CaS0,)
BM] A Film (Landauer)
BM1 A TLD §Harshaw TLD-100)
BNL A TLD-albedo (TLD-600) TLD {TLD-700)
CEER 8 Film (Xodak Type A) Film (Kodak Type 3)
DOSAR A,B See reference dosimetry section
EGG A Activation (Au, As, W, S)
EIR A Track (Makrofol, Th-232) TLD (Harshaw TLD-700)
EML A TLD-albedo TLD
EML A Combination (Albedo, film, track) Film
GAC A TLD (Harshaw LiF)
TAEA A Film Film
TAEA A TLD TLD
IPEN B TLD (LiF:Mn,Ti) TLD (LiF:Mn,Ti)
IPEN 8 TLO (CaSO,:0y)
1PEN B Film
KJ £ Film Film
KK B TLD-albedo (Karlsruhe design) TLD-700
KK e TLD-600 (30-cm sphere) TLD-700
LAND A NEUTRAK-ER (TLD-albedo plus
CR-39 track)
LLNL A Track (CR-39 plus polycarbonate}) TLD-700
LLNL A TLD-albedo TLD-700
MIT A TLD TLD
NLO A Film (Kodak Type 2)
NNMC A TLD-albedo (Harshaw TL 6/7) TLD (TLD-700)
NRC A Track (Landauer NEUTRAK-144) Film (Landauer)
NTHU B Film
NTHU B TLD (CaS0y:Dy)
OPPD B TLD-600 TLD-700
ORNL B TLD-albedo TLD
osu 8 Film (Landauer NTA) Film (Landauer)
PPPL B Film (NTA) Film (Landauer H-1)
PepL 8 Track (CR-39)
RFP 8 TLO-albedo (Harshaw) TLD (Harshaw TLD-700)
RPB B TLD-albedo (RPB design) TLD (TLD-700)
SNL 8 TLD-albedo (Harshaw) TLD (Harshaw TLD-700)
TAEC B TLD (CaSOy:Dy) TLD (CaSOy:0y)
TPC B TLD-albedo (Harshaw NG-67) TLD (Harshaw NG-67)
TVA B TLD (Harshaw G7 and N6) TLD (Harshaw G7 and N6)
UM B Track (Landauer NEUTRAK-144) TLD (Landauer)
WPPS 8 TLD-albedo (Teledyne CaSO,:Dy) TLD (Teledyne CaSO0,:Dy)
YALE B Track Fiim

%ldentifying acronyms are defined in Appendix A.

bSet-A exposures were conducted during March 31-April 2, 1981, and those designated
B were conducted during April 7-9, 1981.

®Dosimeters received after April 9, 1981.

These badges were exposed to bare reactor

spectra corresponding to runs 1 and 2 in Table 1 on April 23, 1981. Evaluation of the
badges indicated no detectable exposure.
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Table 5. Tabulation of reported results — PDIS 7, runs 1A and 1B, unshielded

Group? Neutron Neutron dose guiva\em.,b 10'5 Sv Garma Gamma_dose equiva'lenLLb 10 5 Sv

dos imeter 1° 2 3 Average dosimeter 1 2 3 Average
Run JA - 0.883 « 10'! fissions

DOSAR Reference 117664 Reference 13.0/5.2°

AIRP TLD 215 249 275 246 TLD 14 13 15 14

APS TLD-a1bedo 342 357 350 LD 16 16 16

g™ Film 60 207 s0/a0”

BMl y y LD 339 4 339 ,

BNL TL0-albedo 210 225 65’ 218/55 TLD 10 15 5 12/5%

€66 Activation 358° 358°

EIR Track 360 360 TLD 20 20

1,8 TLD-albedo , 412 392 402 TLD 22 18 20

(1,8 Compinatior 464 350 407 Film 40 3% 32 B

GAC TLO 13.0 5.2 11.8 12.4/5.2°

LAND 1D, track 240 260 260 253 .

LLNL Track 558 682 384 541 Teo?

NLO Film 23 13 23 20

NAMC TL0-albedo 439 509 515 48R T 15 10 16 14

NRC Track 280 350 190 273 Fitm 50 50 70 57

Run 18 — 0,994 - 10!3 fissions

3

DOSAR  Reference s63/784 Rererence 13.1/4.7°
CEER Fi1 0 0 0, 0, Filg 25 10 0, 12
1PEN - 405 402 85 4n4/85 TLD? 18 17 sﬁi 18/8,
IPEN TLD* 16 13 6{ 14/6"
1PEN Film 18 18 1z 18/12°
|44 TLD-albedo 402 4n2 TLD 13 13
KK 1D, sphere 408 408 0 12 4 12 ,
NTHY Fily 18.5 8.1 18.5/8.1%
HTHU o 16.6 7.0 16.6/7.0°
0PPD o 212 187 78 159 o 0 1 0 0
RN Albedo, film 200 210 200 203 0 0 0 0 ;
asu Film 80 110 20¢ sy Film 0 20, 10 2010
PPPL Track 210 250 230 Film 20 ) 20 2
PPPL Film W P W= .
RFP TL0-a1bedo 251 307 67 219/67% o 2 1z 2? 1212
WO Malbedo el e e S WO v 1y

a o 7 7 7. 7
SNL TL0a1bedo ! 60’ aed 524 00 0.6 1?4 | 1 0.8
TAEC TLD‘ 14.44 5.77d l;.;l TLD 10.05 4.53° 10.05/4.53‘1
e TLD-albedo 219.6 4711 £24.3 4250 o 12.9  11.8 4.9 13.2
VA o 367 330 351 349 0o 12.8 14.9 12,7 13,5
) Track 60 80 10v 80 0 e 120 90 107
WPPS TLD-albedo 166 130 185 160 o n 2 27 29
YALE Track 220 <o 220/<20°  Film a0 ae? <107<10°

%|dentifying acronyms are defined in Appendix A.

NDose equivalents are background corrected and reparted in units of 10'5 Sv (mrem). Measurements were made on the
fronts of phantoms (side facing HPRR) unless otherwise indicated.

“Lach group was allowed to expose three dosimeters per run,
Dosimeter on rear of phantom (side opposite HPRR).
“Measurement made at 2 m from HPRR and extrapolated to 3 m,

fco-olmuon of TLD-albedo, film, and track dosimeters.
IResults not reported due to high beckqround.

AL iF:mn,T1 TLOD.

!casn,:0y TLD.

Jiess tnan measurmment threshold of 10°* Sv.

K ess than measurement threshold of 4 « 107° Sv.
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Table 6. Tabulation of reported results — PUIS 7, runs 2A and 2B, unshielded

Group? Neutron Neutron_dose guivulent,b 1075 sy Gamma Gamma dose guiva‘lent,b 1075 sv
dosimeter 1° 2 3 Average dos{meter 1 2 3 Average

Run 2A — 1.787 x_10}3 fissions

d d
DOSAR Reference 832/133 Reference 26.0/9.4
AIRP Lo 1314 ned 1287 Ioaf o 19 o? o 104
APS TL0-a}bedo 483 483 LD 15 15
] 515’" b3 3163 gg/al
BMI B
BNL TLD-a1bedo 610 1304 s0? 610/95% 1D 30 104 107 30/1
EIR Track 570 570 o <10 <10
EML Combination® 1002 n 986 Film 40 40 PR 4
GAC (1) 20.6  18.9 6.6 19.8/6.6
LAND L0, track 420 410 350 193
LLNL Track 921 987 739 882 o’
NLO Fiim » 25 23 2
NOKC 1LO-a1bedo 929 938 814 894 o 22 20 0 24
NRC Track 310 340 240 297 Film 50 a0 50 a7

Run 2B — 1.827 x 10'? fissions
D0SAR  Reference 85071367 Reference 18.4/7.5%
CEER Fil 0 0 0 0 Film 25 27 20, 4
IPEN ne 776 745 20%? 760/203 TLDg 2 25 15 24/154
1PEN Lok 15 1 10d 13/104
1PEN Fiim 27 27 14 27/14
KK TLD-albedo 823 823 10 2 22
KK 7LD, sphere 855 855 D 17 4 17
NTHU Filp 6.1 163 26.1/10.
NTHU LD 2.1 9.6 24.1/9.
0PPD 0 549 543 489 527 o 0 3 5 3
ORNL Albedo, film 330 250 330 303 L0 20 20 20,, 20 ,.
osu Film 190 190 2 1907207 Film 40 N Wi et
PPPL Track 570 590 580 Film 0 0 N 30
PPPL Film 70 70 d 4 d
RFP TLD-albedo 639 468, 1257 554/125 o 14 15 4 1474
RPB TLD-albedo 612 121 s1iznad o, 22 1w 21
TAEC LDk 22.43 14,087 22.43) LD 6.07  6.56 6.07/6.56
e TLD-albedo 848.2  B817.8  722.6 794.9 o 2.8 2.1 187 21.2
A o 582 727 680 696 ML) 20.0 2.1  20.9 21.0
w Track 130 240 200 190 0 260 280 250 263
WPPS TLD-a2Tbedo 192 340 396 309 w 36 8 4 39

ldentifying acronyms are defined in Appendix A.

Dose equivalents are background corrected and reported in units of 10'5 Sv {mrem). Measurements were made on the
fronts of phantoms (side facing HPRR) unless otherwise indicated.

°Each group was allowed to expose three dosimeters per run.
Dosimeter on rear of phantom (side opposite HPRR).
“Combination of TLD-albedo, film, and track dosimeters.

fkesults nat reported due to high background.

ILIF:Mn,Ti TLD.

*caso, :0y TLO.

235 than weasurewent threshold of 107% Sv.
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Table 7. Tabulation of reported results — PDIS 7, runs 3A and 38, Lucite shield
Neutron Neutron dose ggivahnt,b 10'5 Sv Gamma Gamme_dose gguiultnt,b 1075 sv

Grou” dosimeter ri dosimeter

1 2 3 Average 1 2 3 Average

Run 3A — 2.680 x 103 fissions
DOSAR  Reference 155/328 Reference 26.9/9.44
AIRP TLO 607 564 543 605 ) 24 27 %5
APS TLD-albedo 339 356 u8 10 21 24 22
4 e g« R
o TLO-a1bedo 140 920 607 1157607 1o 30 25 3 287307
£1R Track 120 120 1L0 10 10
£ T0-albedo , 197 210 208 o 2 “
EM Combination F1t) 206 210 Film 55 60 58
GAC 1w e 2.1 w03 241078
LAND L0, track 140 140 120 133
LM Track 241 438 27 30 o’
NLO Film “" “ " “
- TLO-abedo 257 222 257 25 ) 24 25 a 27
NRC Track 150 80 120 117 Film 50 70 60 60
Run 38 ~ 2.703 x 10°3 fFisstons
DOSAR  Reference 156/33° Reference 21.2/8.9°
CEER Fiim 0 30 20 17 Film 2 30 25 9
IPEN Tog 549 969 1ued 759/1107 1 1 31 134 32138
IPEN 1t 25 22 1% /13
IPEN Film 27 2 18 30/14
KK TLO-albedo 230 230 o 2 23
K LD, sphere 228 228 LD 16 P 16 P
NTHY Fil 0.3 154 30.3/15/4%
NTHU 1 2.8 10.4 25.8/10.4
0PPD no 93 103 109 102 o 7 1 5 9
o Albedo, Film 160 150 9, 18 ., 0o 0 30 30 0
oSy Fiim 90 % el o Film 30 a0 10? 357107
PPPL Track 110 20 100 Film ] 30 a0 3
PPPL Ftim 70 70
RFP TLD-albedo 121 124 1d 122/18% o 21 21 & 2
P8 1(0-albedo 166 «s? 166/45 10 28 174 2812
s 1LD.abedo 160 128, 139 142 ; To 14 13 17 5
TAEC o* 37.59 8.04 37.59/8.04¢ TLD" 15.80 7.7 15.81/7.774
e 1LD-21bedo 336.2  266.9  305.4 302.8 o 2.2 21,4 21.5 7.
wA o 173 165 167 168 o 25.9 286 27.6 27.4
Wis  Tibabess 115 18, 1 18 LrJEY - S S~ B
0 3

YALE Track 80 bt 80/<20¢ Film S0 2@ s0/207

%ldentifying acronyms are defined in Appendix A.

Dose aquivalents are background corrected and reported in units of lo's Sv (mrem). Measurements were made on the
fronts of phantoms (side facing’!'kl) unless otherwise indicated. (

“gach group was allowed to expose three dosimeters per run.

Dosimeter on rear of phantom (side opposite HPRR).

“Combinetion of TLD-albedo, f11m, and track dosimeters.
b Results oot reported due to high background.

LR, Tf TLD.
J‘COSO‘:DJ no.

Less than measurement threshold of 2 x 10~ Sy,
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Table 8. Tabulation of reported resylts — PDIS 7, runs 4A and 4B, Lucite shield

Group? Neutron Neutron dose gutvlhnt,b 105 sv Gasma Gasme dose equivalent,’ 1075 sy
dosimeter 1° 2 3 Average dosimeter 1 2 3 Average
fun 4A - 25.64 « 30'3 fissions
d
00SAR  Reference 1481/311 eference 279,9/87.8¢
AIRP o a7ed osed san! 8887 ) 0d  104d 100 1028
APS TLD-albedo 3660 3660 o 250 250
o . o 19,0002 g;gn
I L) 9
BNL TLD-albedo 2630 s2o! s0s7 263075122 o 2% 10! 12¢¢  250/110
EIR Track 1900 1900 o 270 270
e TiD-albedo , 1866 1734 1800 o N0 27 308
(71 Combination® 2038 1848 1943 Film 400 380 390
6AC o 200.4 208.4 86.07 204.4/86.01
LAND LD, track 1400 1270 1290 1320
oy Track 32 1150 999 927 Wl
o Film a3 a0 426 415
e TLD-albedo 3216 2854 2157 3046 o 257 249 43 250
we Track 1050 560 1070 907 Film ¢ 30 2 307

Run 48 — 26.34 » 1013 rissions

DOSAR  Reference B 15279° Reference 274,1/89.9°
TPEN Lo 9114 9726 1266 9420712667 "'5 62 42 1ed w212
1PEN 1L 198 211 8 204/8
1PEN Film 410 450 1087 43071087
KK TLD-albedo 2190 2190 o 205
KK LD, sphere 2200 2200 o 130 1
NTHU il 250.5 110.7% 250.5/110.73
NTHU n 243.0 109.79 243.0/109.7¢
ORM.  Albedo, film 173 1860 188, 1827 T X i 50,
. »

Film 480 650 80! 5657807 Flim 280 200 1407 280/1407
PPPL Track 930 1050 990 Film 400 360 410 30
PPPL Film 240 4 240
RFP TLO-albedo 871 1290 174 1080787 o 18 77 6T 1807657
Y] 1LD-albedo 1402 2670 1402/26 o 21, 104 22171028
M TLD-albedo w2 ! nsd T nd ud e d
TAEC TLOH 332.45  66.64 322.45 no* 167.15  68.01 167.15/68.01
™e TLD-abedo 3166.6 27917  2869.4  2942.6 n 219.2 228,84  223.8 223.8
VA L0 1519 1567 1550 1545 o 284 279 280 281
™ Track 410 210 460 380 o 2%  36% u70
wePs TLD-albedo 1040 1104 1091 1078 o 21 327 38 32

91dentifying acronyms are defined in Appendix A.

Dose equivalents are background corrected and reported in units of 10'5 Sv (mrem). Measurement: de
fronts of phantoms (side facing HPRR) unless otherwise indicated. ( ) sy § were made on the

“Each group was allowed to expose thres dosimeters per rum.
dposimeter on resr of phantom (side opposite HPRR).
“Combination of TLD-albedo, film, and track dosimeters.
Thesults not reported due to high background.
IL4F:m, T4 TLO.

so,:ny 0.
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Table 9. Tabulation of reported results — PDIS 7, runs SA and 5B, Lucite and ‘concrete shield [utknown)

a Neutron Neutron dose equivalent,? 1075 sv Gawma Gamma_dose equivalent,? 105 sy

Group dos imeter ] dosimeter
1 H 3 Average 1 2 k] Average
Run SA — 73.89 » 10! fissions
DOSAR Reference 894/1 79" Refarence 252.6/135. 7d
AIRP TLO 3969 73 m 3784 LD 258 2 45 248
APS TLD-a1bedo 2140 2290 215 1o %60 270 s
i Film 410 2507 410/25¢
ol o 402 402
BNL TLO-a1bedo 2870 1960 2260 2363 o 230 270 0 250
EIR Track 1300 1300 b 280 280
ML TLO-albedo 1401 1590 1496 o 29 282 286
M Combination® 1077 1115 1096 Film 20 A0 a5
GAC Lo 231.8 239.4  100.07 235.6/100.0¢
LAND TLO, track 680 620 690 %63
e Track 926 1040 889 952 o'
NLO Film 39 408 4 397
N TLD-aTbedo 211 1943 1608 1887 L0 279 302 279 287
NRC Track 520 420 20 520 Fiim %0 360 390 380
Run 58 — 75.19 = 10 _¥5ssfons
DOSAR  Reference 4 17/183%,  Reference 259. 1/133. .6
IPEN T 1672 1305 1573 maz 1920 e 260 248 1307 264/ 1307
IPEN TLoH 248 256 1329 250/1328
1PEN Film 76 501 209 4g8/2097
KK TLD-a1bedo 1520 1920 o 45 24
XK TLO, sphere 3850 1850 o 165 165
NTHU Film 1.2 150.79 301.2/150.7%
NTHU LA 277.8  135.4 277.8/135.4%
0PPD o 14N 915 1192 \zoo o 1230 1% 22 187
ORNL Abedo, film 1230 1360 110, wn 20 260 00, 207
osu Film 360 270 40 *15/40" Film 40 410 ad  s07210f
Ll Teack ggg 460 Fiim M0 40 370 7
»

2Fe TLD-albedo 73) %7, 2064 059/296" D 193 1@ ss?  190/88¢
rPe TLD-a1bedo 1204 33 1204319 11D, 283 283 4
TAEL TLOH 267.69 99.3 267.6 o 176.10  83.33¢ 176.10/83.33
e TLD-albedo 2829.1 28841 2753.3  2822.2 o 247.2 258.5  263.1 256.2
VA o 1un 1407 1231 1270 0o 89 3 205 303
o Track 240 250 200 230 LD 1950 2780 2540 2423
WPPS TLD-21bedo 943 929 995 956 0 84 3313 %7 345
YALE Track 230 sod 230/507 Film a0 2207 ar07220°

%tdentifying acronyms are defined in Appendix A.

bﬂosc equivalents are background corrected and reported in units of 10'5 Sv {mrem).

fronts of phantoms (sfde facing HPRR) unless otherwise fndfcated.
“Each group was allowed to expose three dosimeters per run.

Iposimeter on rear of phantom (side opposits HPRR).

‘Combination of TLD-albedo, film, and track dosimeters.
Saesults not reported due to high background.

IU1F:,TH TLD.
heaso :0y TLO.

Measurements were made on the
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Table 10. Tabulatfon of reported results — PDIS 7, runs 6A and 68, concrete shield

Group® Neutron Neutron dose equivalent.” 1075 sv Gosma Gamma_dose equivalent P 1075 sy

dosimeter 1° 2 3 Average dos imeter 1 2 3 Average

Run_6A — 4,59 = 1012 fissions
DOSAR Reference 460/87d Reference 26.0/9, ¢
AIRP 0 921 985 875 927 0 24 1 29 28
APS TLD-a1bedo 512 49 504 L0 20 21, 20
BMl o 3460 37 3460/37¢
BMI Film 70 70
AL TLD-a1bedo 670 340 590 533 o 30 25 25 2
EIR Track 430 430 o 10 10
M TLO-albedo , 476 440 458 o 37 39 38
EML Combination 420 21 420 Fiim 60 55 58
BAC o 23.3 244 s.of  23.8/8.0¢
LAND LD, track 230 240 200 223
LLNL Track 586 630 569 595 1o’
Lo Film 55 55 54 55
P TLD-a1bedo 389 409 407 402 o 27 21 a5 3
NRC Track 200 160 210 190 Film 0 50 40 40
Run 68 — 4.89 x 1013 fissions

DOSAR Reference 490/93d Reference 24.3/10.3"
CEER Film 0 0 0, 0 Film 27 30 30 29
IPEN TLow 1739 1457 27§ 1598/275% T 28 22 104 25107
1PEN )1 22 2 124 24/124
1PEN Film 22 22 14 22/ 14
KK TLD-aibedo 460 450 LD 22 22 i
NTHU 1) 0.4 18.64 30.4/18.6
NTHU i1 25,2 1.6 2s.2/11.¢¢
0PPD o 258 326 127 237 D 18 16 0 1
ORNL Albedo, film 370 10 A3,, 403 . o 30 0 30 30
osy Flim 80 60 o 70/m3+% Film H 0 10¢ 357104
PPRL Track 240 280 260 Fiim 60 50 60 5
pPPL Fiim 70 70
RFP TLO-a1bedo 319 3%, 1 358/607 o 12 17 r we
/P8 TLD-2)bedo 300 74 300/74 T, 30 w2 017
TAEC LDk 61.51 11.68¢ ;s; i Lo 17.00 7.16 17.00/7.16¢
™ TLD-a1bedo 7.0 764.6  674.7  718.8 Lo 29.9 22.4 19.4  23.9
VA 0 333 384 358 358 o 31.6 3.9 29.2  30.9
w Track 100 90 920 9.3 00 490 560 420 4%
WPPS TLD-a1bedo 210 196 214 207 o 53 55 85 54

%1dentifying acronyms are defined in Appendix A,

b, -
Dose equivalents are backaround corrected and reported in units of 1075 Sv (mrem). Messurements made on th
fronts of phantoms (side facing HPRR) unlass otherwise indicatad. ( ) nhs were n the

“Each group was allowed to expose three dosimeters per run.
Dosimeter on rear of phantom (side opposite HPRR).
SCombination of TLD-albedo, film, and track dosimeters.
TResults not reported due to high background.

FLiF:Mn,TH TLO.
hcaso,: 0y TLO.

Less than measuremant threshold of 4 = 10°* Sv.



Table 11. Analysis of neutron dose equivalent results on the
fronts of phantoms for all dosimeter types

Neutron dose equivalent, 10”5 Sv?%

No. of

Run Shield measurements Reference __Subset of reported results’
Range Mean io (%o)

1A None 11 411 218-488 354 + 102 (29)

1B None 17 463 0-425 233 + 139 (60)

2A None 8 832 297-986 639 + 254 (40)

28 None 15 850 0-795 484 : 286 (59)

3A Lucite 10 155 115-605 245 + 155 (63)

3B Lucite 17 156 17-759 170 + 168 (99)

4A Lucite 9 1481 907-3660 2015 = 942 (47)

48 Lucite 14 1521 240-9420 1914 + 2290 (120)

5A Lucite + 10 894 520-3744 1634 + 976 (60)

5B concrete 15 917 190-7488 1486 + 1817 (122)

6A Concrete 10 460 190-927 468 + 205 (44)

68 Concrete 15 490 70-1598 372 + 387 (104)

%] mrem = 1075 Sy.

bThis subset omits results reported by TAEC.

oy



Table 12. Neutron dose equivalent on fronts of phantoms by type of dosimeter

Run Shield Mean neutron dose equivalent *g, 10'5 sv? (%)
Reference Tl.Db TLD-albedo Film Track
1A None a1 246° 364 + 113 (31) d 391 + 137 (35)
1B None 463 330 + 117 (35) 301 + 98 (32) 32 + 54 (169) 177 + 84 (47)
2A None 832 d 662 + 210 (32) d 583 + 293 (50)
2B None 850 710 + 138 (19) 619 + 208 (38) 87 + 96 (110) 385 + 276 (72)
3A Lucite 155 605° 228 + 97 (42) d 195 + 133 (68)
38 Lucite 156 314 + 301 (96) 180 * 73 (41) 59 + 38 (64) 71 + 34 (48)
4A Lucite 1481 d 2784 + 781 (28) d 1245 + 568 (46)
48 Lucite 1521 3524 + 3964 (112) 1738 + 812 (47) 402 + 230 (57) 685 + 431 (63)
SA Lucite + 894 3744° 2015 + 407 (20) d 924 = 391 (42)
58 concrete 917 2952 + 3038 (103) 1552 + 822 (53) 252 + 88 (35) 327 + 167 (51)
6A Concrete 460 927° 474 + 57 (12) d 405 + 204 (50)
68 Concrete 490 659 + 632 (96) 409 + 196 (48) 47 + 40 (85) 177 + 118 (67)
5

21 mrem = 10~
b

Sv.

TAEC results not included.

®Used by only one participant.
dNo neutron dose measurements made on front of phantom using this dosimeter type for this run.

F - )
s



Table 13. Neutron dose equivalent results on the fronts of phantoms normalized to reference values
and combined for equivalent exposures?
Run Shield Normalized mean neutron dose equivalent ¢ (%a)b
Subset® TL0° TLD albedo Film Track
1 None 0.64 + 0.29 (45) 0.69 + 0,22 (32) 0.75 + 0.24 (32) 0.07 + 0.12 (171) 0.66 *+ 0.26 (39)
2 None 0.64 + 0.33 (52) 0.83 £ 0.16 (19) 0.76 + 0.24 (32) 0.10 + 0.11 (110) 0.60 + 0.34 (57)
3 Lucite 1.27 + 1.05 (83) 2.38 + 1.73 (73) 1.28 * 0.53 (1) 0.38 + 0.24 (63) 0.86 + 0.69 (80)
4 Lucite 1.30 + 1.27 (98) 2.32 + 2.60 (112) 1.47 + 0.53 (36) 0.26 + 0.15 (58) 0.68 + 0.34 (50)
5 Lucite + 1.70 + 1.69 (99) 3.42 + 2.96 (87) 1.94 = 0.74 (38) 0.28 + 0.10 (36) 0.70 + 0.31 (44)
concrete
6 Concrete 0.86 + 0.67 (78) 1.47 = 1.15 (78) 0.92 + 0.31 (34) 0.10 + 0.08 (80) 0.67 + 0.37 (55)

%Normalized results combined for sets A and B of each run.

bﬂormalized values obtained by dividing mean measured results by the reference dose equivalents.
®These data omit results reported by TAEC.

ey



Table 14. Neutron dose equivalent results on the rears of phantoms normalized to reference

values and combined for equivalent exposures2

Normalized mean neutron dose equivalent o (%a)b

Run Shield
Subset® TLo® TLD-albedo Film Track

1 None 0.66 + 0.39 (59) 1.15¢ 0.80 + 0.09 (11)  0.27¢7  of

2 MNome 0.85 + 0.46 (54) 1.22 + 0.38 (31) 0.84 + 0.02 (2) 0.159 .

3 Lucite 1.19 + 1.29 (108)  3.33¢ 1.26 + 0.47 (37) o? o?

a Lucite 1.59 + 1.45 (91) 3.42 + 0.78 (23) 1.02 + 0.22 (22) 0.2 ¢

5 Lucite + concrete  2.50 + 3.48 (139)  8.67 1.71 £ 0.13 (8) 0.4  0.27%
6  Concrete 1.10 = 1.29 (117)  2.967 0.72 + 0.11 (15) o9 e

INormalized results combined for sets A and B of each run.
bNormalized valyes obtained by dividing mean measured results by the reference dose equivalent.
®These data omit results reported by TAEC.

dUsed by only one participant.
€No neutron dose measurements made on rear of phantom using this dosimeter type for this run.

£y



Table 15. Analysis of gamma dose equivalent results on the fronts of phantoms

Reference Mean gamma dose equivalent s (%), 1075 Sv?
Run  Shield 0ge 4 an_gam

dose, 10°° Sv Subset? w? Film
1A None 13.0 25.2 + 17.4 (69) 12.6 £ 6.2 549) 42.2 + 19.4 (46)
18 None 13.1 13.0 £ 7.3 (56) 12.7 + 6.6 (52) 14.8 + 7.8 (53)
2A None 26.0 27.0 + 14.5 (54) 17.8 + 11.4 (64) 38.5 + 8.3 (22)
2B None 18.4 21.6 + 9.0 (42) 16.6 + 10.8 (65) 28.4 * 4.3 (15)
3A Lucite 26.9 39.0 + 22.7 (58) 25.3 + 8.4 (33) 63.0 + 19.4 (30)
38 Lucite 21.2 27.2 + 9.5 (35) 21.9 + 10.5 (48) 34.6 + 7.9 (23)
4A Lucite 279.9 301.4 + 69.8 (23) 255.4 + 33.7 (13) 370.5 * 46.2 (12)
4B Lucite 274.1 243.1 + 90.1 (37) 221.8 + 52.8 (24) 337.6 + 86.0 (25)
5A Lucite + 252.6 313.7 + 71.2 (23) 264.1 + 21.0 28) 400.5 + 15.6 (4)
58 concrete 259.1 289.2 + 93.0 (32) 245.3 + 57.2 (23) 403.2 + 66.5 (16)
6A Concrete 26.0 36.3 + 18.0 (50) 25.4 + 8.8 (34) 55.5 + 12.4 {22)
68 Concrete 24.3 27.6 + 13.0 (47) 22.6 + 12.6 (56) 34.7 + 13.3 (38)

21 mrem = 10”5 Sv.

bThese data omit results reported by BMI using TLD-100 dosimeters in set A and by UN using
TLD's in set B.

144



Table 16. Gamma dose equivalent results on the fronts of phantoms normalized to
reference values and combined for equivalent exposures?

Run Shield Normalized mean gamma dose equivalent o (%o)b
Subset® TLD® Film
1 None 1.33 + 0.92 (69) 0.97 + 0.49 (50) 1.98 + 0.48 (24)
2 None 1.13 + 0.52 (46) 0.84 + 0.56 (67) 1.52 + 0.27 (18)
3 Lucite 1.34 + 0.62 (46) 1.00 + 0.44 (44) 1.91 + 0.54 (28)
4 Lucite 0.96 + 0.30 (31) 0.84 + 0.16 (19) 1.28 + 0.24 (19)
5 Lucite + concrete 1.16 + 0.33 (28) 0.98 + 0.18 (18) 1.57 + 0.20 {13)
6 Concrete 1.24 + 0.56 (45) 0.95 + 0.46 (48) 1.74 + 0.52 (30)

Inormalized results combined for sets A and B of each run.

bNormaIized values obtained by dividing mean measured results by the reference
dose equivalents.

®These data omit results reported by BMI (TLD-100) and UM (TLD).

St



Table 17. Gamma dose equivalent results on the rears of phantoms normalized to
reference values and combined for equivalent exposures®

Run Shield Normalized mean neutron dose equivalent *o (%)”

Subset® TLD® Film
1 None 1.65 + 1.94 (118) 0.98 + 0.46 (47) 2.89 + 1.01 (35)
2 None 1.12 + 0.56 (50) 0.98 + 0.58 (59) 1.08 + 0.96 (89)
3 Lucite 1.73 + 0.86 (50) 1.30 + 0.84 (65) 2.18 + 0.41 (19)
4 Lucite 1.02 + 0.38 (37) 0.96 + 0.38 (40) 1.33 + 0.38 (29)
5 Lucite + concrete 1.16 + 0.48 (41) 0.83 + 0.17 (20) 1.55 = 0.21 (14)
6 Concrete 1.04 + 0.30 (29) 0.82 + 0.41 (50) 1.31 + 0.40 (30)

dose equivalents.

“Normalized results combined for sets A and B of each run.
bNormalized values obtained by dividing mean measured results by the reference

®These data omit results reported by BMI using TLD-100 dosimeters in set A.

9
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Table 18, Neutron dosimetry performance of Seventh PDIS participants relative to NRC criteris®

Neutron Performance of dosimeter relative to accurac cr".erlub
Organization dosimeter ucite -Lucite/Concrete
type
AIRP LD A d N d N N
IPEN TLo Y ; : N : 2
KK L0, sphere Y Y
0PPD o w ¥ ¥ ¥ ¥ ]
TAEC TLD N N N N N N
TVA o Y Y Y Y Y \j
APS TLO-albedo Y \ N ) N \)
BNL TLD-albedo Y Y Y 1 N \al
ML TLD-albedo Y d Y 4 N Y
KK TLD-albedo Y Y Y b\ N |
NNMC TLD-albedo Y Y ] N N Y
RFpP TLD-albedo Y Y Y Y Y Y
RPE TLD-albedo Y v Y Y Y Y
SNL TLD-albedo Y d Y d d d
TPC TLD-a1bedo Y Y L] L] N Y
uepS TLD-albedo N n Y Y Y N
CEER Film N N ¢ d d "
oSy Film N N Y N N L)
PPPL Film N N N N N [ ]
Elr Track Y Y Y Y Y A
Lim Track Iod Y [ ad Y Y
NRC Track ' N ¥ Y y "
PPPL Track Y \J Y Y Y Y
Track N v N N N ]

YALE Track N d Y d N d
£GG Activation | d d d d d
. Combination Y Y Y Y Y Y
LAND LD, track Y N Y Y \ ]
ORNL Albedo, film N N Y Y \j Y

Percent £50% 69 63 64 63 46 58

meeting

accuracy

crﬂeriaf

Percent 2302 90 92 89 es 100 92

meeting

precisio

criterf

%personnel neutron dosimetry criteria specified in WUREG 8.14, Rev. 1 (1977): Accuracy = :50%; Precision = £30%.

<) indicates the average of measurements was within :50% of the reference dose equivalent for the run.
N indicotes the average of measurements was outside ¢50% of the reference dose equivalent.

“Run number - shield.

"nu not report any measurements for this run.

“Standard deviation of the individus! measurements about the mean was not within £30% for this run,
TBased on an average of neutron dose equivalent resulls reported by each agency.

9Based on the distribution of individua) measurements about the sverage reported by each agency.
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SEVENTH PERSONNEL DOSIMETRY INTERCOMPARISON

Name

. Duftschmid
. Strachotinsky

Lantz

. Kirsch

. Wilson

. Irizarry

. Greene

Sims
Swaja

Quam

STUDY PARTICIPANTS

Affiliation

Austrian Institute for Radia-
tion Protection

A-2444 Seibersderf

AUSTRIA

Arizona Public Service
P. 0. Box 21666
Station 4015

Phoenix, AR 85036

Battelle Memorial Institute
Columbus Laboratories

Operational Health Physics
Division

505 King Avenue

Columbus, OH 43201

Battelle Pacific Northwest
Laboratories

703 Building, 700 Area

P. 0. Box 999

Richland, WA 99352

Center for Energy and Environment
Research

University of Puerto Rico

College Station

Mayaguez, Puerto Rico 00708

Oak Ridge National Laboratory
Dosimetry Applications Research
Group

Building 7710

P. 0. Box X

O0ak Ridge, TN 37830

EG&G Energy Measurements Group
Santa Barbara Operations

130 Robin Hil11 Road

Goleta, CA 93017

Identifying
Abbreviation

AIRP

APS

BMI

BNL

CEER

DOSAR

EGG



9.

10.

11.

13.

14,

15.

16.

——

C. Wernli

. Gulbin
. Sauna

.

J. R. Ortman

W. Hasling

S. F. Deus

T. Hirayama

L.L.C. Rodrigues
G. A. Sordi

E. Rose

B. Burgkhardt
E. Piesch

R. V. Wheeler

R. V. Griffith
D. E. Hankins

(3]
N

Identifying
Affiliation Abbreviation

EIR

Health Physics Division
5303 Wurenlingen
SWITZERLAND

Environnental Measurements
Laboratory

Radiation Physics Division
376 Hudson Street

New York, NY 10014

Goodyear Atomic Corporation
P. 0. Box 628
Piketon, OH 45661

International Atomic Energy Agency
Division of Nuclear Safety
Wagramerstrasse 5

P. 0. Box 100

A-1400 Vienna

AUSTRIA

Institute de Pesquisas Energeticas
E Nucleares

CPRD/ARP

Caixa Postal 11049-Piuheiros

Sau Paulo, BRAZIL

CEP: 01000

Kernforschungsanlage Julich GmbH
Zentralabteilung Strahlenschutz
Postfach 1913

D-5170 Julich 1

FEDERAL REPUBLIC OF GERMANY

Kernforschungszentrum Karlsruhe GmbH
Postfach 3640

7500 Karlsruhe

FEDERAL REPUBLIC OF GERMANY

R. S. Landauer, Jr. and Company
Glenwood Science Park
Glenwood, IL 60425

Lawrence Livermore National
Laboratory

University of California

Livermore, CA 94550

EIR

EML

GAC

TAEA

IPEN

LAND

LLNL



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

J.

J.

Name

. Fallon

. Dugan

. Zeman

Davis

. C. Chen
. S. Weng

. K. Bruening
. A. Klanderud

D. Gupton

. R. Muir

Ricks

R. Stencel

. Falk
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Affiliation

Massachusetts Institute of
Technology

Bates Linac

P. 0. Box 95

Middleton, MA 02139

National Lead Company of Ohio
P. 0. Box 39158
Cincinnati, OH 45239

National Naval Medical Center
Bumed Dosimetry Center
Bethesda, MD 20014

U.S. Nuclear Regulatory Commission

Region 1
631 Park Avenue
King of Prussia, PA 19406

National Tsing Hua University
Health Physics Division
Hsinchu, Taiwan 300

REPUBLIC OF CHINA

Omaha Public Power District
1623 Harney
Omaha, NB 68102

Oak Ridge National Laboratory
Industrial Safety and Applied
Health Physics Division

P. 0. Box X

Building 45005

Oak Ridge, TN 37830

Ohio State University
Office of Radiation Safety
N-159 University Hospital
410 West 10th Avenue
Columbus, OH 43210

Princeton Plasma Physics
Laboratory

P. 0. Box 451

Princeton, NJ 08540

Rockwell International
Rocky Flats Plant

P. 0. Box 464

Golden, CO 80401

Identifying
Abbreviation

MIT

NLO

NNMC

NRC

NTHU

oPPD

ORNL

osu

PPPL

RFP
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Identifying
Name Affiliation Abbreviation

27. R. P. Bradley Radiation Protection Bureau RPB
Dosimetry Section
Brookfield Road
Ottawa, Ontario KI1A 1C1
CANADA

28. D. J. Thompson Sandia National Laboratories SNL
Albuquerque, NM 87115

29. Yu-Ming Lin Taiwan Atomic Energy Council TAEC
Radiation Monitoring Station
Executive Yuan
823, Cherng-Ching Road
Kaohsiung, Taiwan 833
REPUBLIC OF CHINA

30. P. C. Liu Taiwan Power Company TPC
Atomic Power Department
3rd Floor
2, Hsin-Sheng S. Road
3rd Section
Taipei, Taiwan
REPUBLIC OF CHINA

31. R. D. Colvett Tennessee Yalley Authority TVA
Radiological Hygiene Branch
River QOaks Building
Muscle Shoals, AL 35660

32. M. Baumann University of Wisconsin U
Safety Department
317 N. Randall Avenue
Madison, WI 53715

33. J. D. Artis Washington Public Power System WPPS
T. Froelich 3000 George Washington Way
Richland, WA 99352

34. F. W. Greenhalgh Yale University YALE
University Health Services
260 Whitney Avenue
New Haven, CT 06520
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PARTICIPANT COMMENTS CONCERNING DOSIMETRY AND MEASUREMENTS

Some of the Seventh PDIS participants reported comments concerning
their dosimetry and measurement methods along with dose results. These
comments, which are presented in this appendix, provide details concerning
measurement, evaluation, and calibration techniques for individual
participants. A list of participants and associated dosimeter types is
given in Table 4 of this report, and identifying acronyms are defined in
Appendix A. Dose equivalents were reported by participants in millirems
(1 mrem = 10”5 Sv).

AIRP —

APS —

Harshaw TL 6/7 cards were used for neutron and gamma measurements
along with a Harshaw Model 2271 reader. Background dose equiva-
lents were 7 mrem gamma and 0 neutron.

The dosimetry system tested by Arizona Public Service Company
(APS) in this intercomparison was at the Palo Verde Nuclear
Generation Station (PVNGS) on a demonstration basis from Pana-
sonic Corporation. We participated in order to begin evaluations
of the system's characteristics and the neutron dosimetry
potential of this type of dosimeter. Only eleven TLDs were
available to send to DOSAR for this study and these were spread
among the various exposure runs. These TLDs were comprised of
unselected TL-elements having sensitivity correction factors
ranging from 0.7 to 1.4. Combined with a Li,B,0,/CaS0, cali-
bration ratio, some TL-elements had to be corrected by almost a
factor of 2.0 in order to equate the values to the average
population sensitivity. The gamma calibration was accurate to
about +20% owing to the use of a borrowed source in a high level
scatter field (PVNGS is not operating and has no sources onsite
at this time). These problems were basically corrected after
t2$ readout of the intercomparison TLDs and should not be a large
effect.

Calibration for neutron dose was completed in two phases:

(1) Analysis of SLiF + 7LifF exposures in PDIS and NAD studies;
and (2) Analysis of Li,B,0, and CaS0, exposures in a Nuclear
Accident Dosimetry study. These data have shown that, for the

following dose equations, the calibration factors in mR/mrem
are:

. SLiF (mR) - 7LiF (mR) _ Neutron Dose
(1) For Lithium Fluoride: mm(ﬁ}m_l = feutre

Calibration Factor (mR/mrem)
0.40

Bare HPRR .
20-cm concrete shield 1.35
12-cm Lucite shield 0.90

5-cm steel shield 0.55



BML —

BNL -

EGG -

58

A11 data indicates that these values were appropriate for PDIS
or Nuclear Accident Dosimetry work for typical LiF chips.

LizB“O'] (I'HR) - CaSO;, (mR)

) - Neutron Dose
(2) For Li,B,07 and CaS0,: CaTibration Factor = (mrem)
Calibration Factor (mR/mrem)
Bare HPRR 0.48
20-cm concrete shield 1.58
5-cm steel shield 0.56

There has been no Lucite shield data compiled as yet and the
present data are limited. Correlation of these two systems would
yield an estimate of the Lucite shield calibration factor of
approximately 1.1 mR/mrem for this Panasonic system.

OQur background dosimeters showed a control dose of 50 mrem,
which is excessive. The effect of this would only be seen in
the gamma dose measurements.

Gamma film dosimeters were manufactured and evaluated by R. S.
Landauer, Jr. and Company. The TLD dosimeters were Harshaw
TLD-100's (2 each in a G-1 card) and were evaluated using a
Harshaw Model 2271 reader.

The Hanford dosimeter is designed for determining "non-penetrating,"
penetrating, and fast and slow neutron doses. The neutron
dosimeter consists of 2 TLD-600 chips with Cd and Sn filters,

and the gamma dosimeter consists of 2 TLD-700 chips with an open
window and an Al filter. Calibration sources are U, 137Cs,

PuF,, and PuBe.

The data were obtained from a set of activation foils. The
elements used were Au, Au(Cd), As, W, and S. Relatively large
foils were employed in anticipation of a low total dose equivalent:
10 grams for Au, 100 grams for As, 200 grams for W and 150 grams
for S. The Au, As, and W were spread out over a 12 by 12 inch
(30.5 x 30.5 cm) area. The S was placed in a coffee cup sized
aluminum can.

A1l of the activation products have half lives of 24 hours or
greater thus allowing counting and analysis in Santa 3arbara
after shipment here. We used standard Ge(Li) detector techniques
for counting the Au, As, and W. A least squares peak fitting
code was employed for quantitative data. The S was counted with
a plastic scintillator.
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EIR - Neutron dose measurements were made using a track detector
consisting of a Th-232 converter and a makrofol E detector.
Tracks were counted by spark counter evaluation. An unshielded
252¢f source was used for calibration.

EML — Two types of dosimeters were used during this intercomparison.
The Type A dosimeter was a 3-component in-house construction,
consisting of bare (actually a light-tight plastic package),
cadmium-covered, and Hankins-type albedo dosimeters. In each
component was a TLD-600/TLD-700 pair. All TLDs were read and
evaluated at EML. The evaluations were based on EML calibra-
tions with bare and moderated 252Cf fission neutron spectra.
The dose equivalent and specific dose equivalent of each of
these calibration spectra were determined by Bonner sphere
neutron spectrometry measurements unfolded using the TWOGO
code (see USDOE Report EML-391). For each dosimeter component,
a TL signal per unit neutron dose equivalent vs. specific dose
equivalent curve was obtained. The HPRR spectra supplied in
Appendices B and C of ORNL/TM-7615 were evaluated for specific
dose equivalent and quality factor, and their appropriate TL
signal per unit neutron dose equivalent were obtained from the
calibration curves. The appropriate TL signal per unit neutron
dose equivalent of the unknown spectrum was determined using
dosimeter component response ratios. The neutron dose equiva-
lents on the data report sheet are averages of the values
found for each component.

The Type B dosimeter was a 4-component package obtained from
R. S. Landauer, Jr. and Company. It consisted of TLD albedo,
NTA film, Neutrak (polycarbonate) and Neutrak-144 (CR-39)
detectors. These were processed by Landauer, and neutron
exposures reported to EML assuming an unmoderated 252Cf source
calibration with detector on phantom. At EML, energy-response
corrections, based on the HPRR spectra in Appendices B and C
of ORNL/TM-7615 were made; the correction for the unknown
spectrum was made as above. The values reported on the data
sheets are again averages of the values determined for each
component.

GAC — The gamma dosimetry system used is a Harshaw Model 2276 Automatic
TLD system. The dosimeters are standard Harshaw TLD cards
with three (3) LiF chips. The cards are placed in a badge and
covered with various types of shielding. The system was
calibrated with thirty (30) cards that were exposed to 100 mR
gamma with the 60Co calibration source at the Union Carbide
Corporation Y-12 Plant. The accuracy of the system was computed
to be 7% which is two (2) standard deviations.



LAND —

LLNL —

NLO -

NRC -

OPPD —

PPPL —
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For the first time in the PDIS program, we used our new
NEUTRAK-ER neutron dosimeter. NEUTRAK-ER contains both TLD
albedo and CR-39 track etch type components. When evaluated
in a complimentary manner, it permits energy compensating
corrections which minimizes the severe energy dependence of
albedo technology as well as the gamma interference at higher
neutron energies. In addition, an overlap in response between
the albedo components and the CR-39 threshold permits an
interpretation of the neutron dose regardless of energy.

The neutron dosimeter used in this study was a combination two
component track detector — CR-39 and polycarbonate. TLD-
albedo dosimeters were also used but high gamma background
readings of 330 to 630 mR made an evaluation of these albedo
neutron dosimeters impossible. Gamma measurements made with
TLD-700 dosimeters were also not reported due to this high
background.

Our dosimeter is the ORNL film badge type with Kodak Type 2
dosimetry film. Dosimeters were calibrated by exposing them
to a 225Ra source which has been calibrated at the National
Bureau of Standards. Varjations in dose are obtained by
varying the distance between source and dosimeter. Films from
the calibration dosimeters were developed along with the films
which were to be evaluated. The density of the calibration
films and test films were determined using a film densitometer.
A least squares curve relating film density to dose was calcul-
ated for the calibration data. Doses for the test films were
then calculated using the least squares calibration curve.

Neutron dosimeters used in this study were NEUTRAK 144 monitors
manufactured by R. S. Landauer, Jr. and Company. Film dosimeters
also manufactured by Landauer were used for gamma measurements.

The neutron dosimeter is a Harshaw TLD-600 chip in an OPPD
designed holder. The 3" to 9" (7.6 cm to 23 cm) sphere response
ratio was used to determine a TLD response/dose correction
factor. Gamma doses were measured with a Harshaw TLD-700 chip
in an OPPD designed holder.

Neutron dosimeters used for this study were NTA film and CR-39
track etch manufactured by R. S. Landauer, Jr. and Company.

No corrections were made for the unknown spectrum. A standard
Landauer conversion to an Am-Be source was used.



SNL -

TAEC —

™C -

TVA —

WPPS —
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Neutron and gamma doses were measured using a Harshaw 2271
automated system with a dosimeter holder designed by SNL.

Neutron and gamma dosimeters consisted of TAEC-made CaSO,:Dy
material. The TLD readers were Harshaw Model 20008 and 2000C
systems. Background levels were 16.91 mrem neutron and 11.23
mrem gamma.

Dosimetry was based on a Harshaw NG-67 card system and a
Harshaw 2271 reader. Background levels were 2.2 mrem neutron
and 17.3 mR gamma.

The neutron and gamma dosimeters consisted of Harshaw cards G7
and N6 (4 chips total) in a slightly albedo-like badge arrange-
ment.

Neutron doses were measured using a NEUTRAK 144 dosimeter
manufactured by R. S. Landauer, Jr. and Company. Gamma doses
were measured using a 3 chip TLD badge also manufactured by
Landauer. Some exposures were reported below the minimum
quantity measurable for those systems (10 mRem for X and gamma
and 20 mRem for fast neutron).

The neutron dosimeter consisted of a Teledyne CaSO,:Dy/
CaS0,:0ySLiF albedo TLD (PB-3 Personnel Badge Case) and a
Teledyne Model 9100 reader. Gamma doses were determined
using a Teledyne CaSO,:Dy TLD system. Dose equivalents were
calculated using current Teledyne calculations relating
137Cs calibration dose to dose equivalents.



