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ABSTRACT

This report describes results of a three-year progran that will enable the

Nuc lear Regulatory Commission to improve, demonstrate, and document trace-
ability of 1ts measurements to the national physical measurement standards for
ionizing radiation, The principal actions taken were: (a) characterization
of the response of a thermoluminescence dosimetry system used for routine
sur,eillance of nuclear facilities; (b) characterization of the response of
six models of portable survey instruments; and (c) implementation of routine
quality assurance services that will demonstrate that laboratories which
calibrate survey instruments for the NRC are sufficientiy consistent (in
agreement) with national measurement standards. Tests of the TLD system were
performed as specified in American National Standard N545-1975, plus several
additironal tests not contained in that document., Measurement assurance tests
were conducted for the NRC Region-1 laboratory., The response of the survey
instruments was determined for photon energies as high as 6.5 MeV, and for
beta particles of various energies, including those emitted by 13?‘)(e qas. The
basic principles under which the long-range interactive M)A program will
operate were developed and documented, and the feasibility of the program was
demonstrated,
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QUALITY ASSURANCE FOR MEASUREMENTS OF [ONIZING RADIATION

EXECUTIVE SUMMARY

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

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

Characterization of the Thermoluminescence Dosimetry System

The system consists of the Panasonic thermoluminescence dosimeter (TLD) reader
Mode! 702E and the associated Model UD-801 dosimeters, This particular
josimeter contains one lithium-borate element under plastic with a thickness
of 14 mg/cm?, a second lithium-borate elemeni under plastic of 300 mg/cm?
thickn2ss, and two calcium-sulfate elements, both under 700 mg/cm? of lead.
The tests that were conducted are those specified in American National
Standard N545-1975, with some modification of the performance specifications
to conform with NRC Requlatory Guide 4,13, Additiona! tests were conducted as
required by the NRC for the envisaged dosimeter use, Performance of the
system was determined and evaluated independently for the lithium-borate
elements and the two calcium-sulfate elements,

Some general conclusions are:

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

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

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

Those conclusions are based on these major findings:

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

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



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

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

e When immersed in a semi-infinite cloud of 3'Xe gas, only the lightly-
filtered lithium-borate element responded significantly,

The findings and conclusions lead to several recommendations:

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

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

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

Characterization of Survey Instruments

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

XETEX Model 3058 Digital Exposure Rate Meter (GM)

Ludlum Model 16 Analyzer (sodium iodide)

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

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

Teletector Mode! 61128 (GM).

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

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

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



when exposed to 6.5-MeV photons, behind 2.5 cm of Lucite to establish electron
equilibrium, both the Teletector and the RO-2A instrument responded 20 percent
higher than for gamma radiation from !37Cs. The other instruments showed
greater departure from their response to this reference radiation, although
all except the two sodium-iodide instruments erred in the “"safe" direction,
i.e., their readings were higher in the 6,5-MeV field,

Only the RO-2A instrument responded to beta particles over the entire eneray
range studied, showing a sensinvit; to 2-MeV heta particles that is within
20 percent of its sensitivity to ''/Cs gamma-ray ohotons, As expected, its
sensitivity decreases considerably for lower-eneray beta particles, Compat-
ible results were obtained from studies of this instrumenL's response to
monoenergetic electron beams,

when immersed in a ‘?%e qaseous atmosphere, five of the six instruments
appeared to respond only to the gama radiation, The RO-2A instrument
responded also to the beta radiation, but with very low sensitivity,

Based on these results, the recommendation: are:

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

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

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

e When an instrument 1s used to survey radiation with energies in the
vicinity of 6 MeV, readings should be taken behind increasing thicknesses
of plastic in order to establish an attenuation curve in plastic for the
radiation being surveyed, This curve may then be used for estimating dose
equivalents at depths of interest,

Of the instruments studied, the RO-2A should be used for measurements of
heta-particle fields, Such measurements should, however, be regarded as
approximat ions because of the strong dependence of instrument sensitivity
on beta-particle enerqy,

lglmnuuon of gualn! Assurance Sg!ico

At the request of the NRC, a program was developed to provide increased assurs-
ance that survey measurements made routinely by inspectors are sufficiently
accurate, The program is based on 4 new kind of interaction between NBS and
those laboratories that calibrate radiation survey instruments used by NRC
inspectors, Another aspect of the program is the quality control that should
he practiced by such laboratories,

In the past, the principal method used in attempts to achieve measurements at
the field level that were consistent with (i,e,, in agreement with) the
national physical measurement standards maintained by NBS was calibration of
radiation instruments or sources by NBS, These calibrated items have then

3



been used as transfor standards at an intermediate leve! to, in turn, cali-
brate instruments used at the field level, The basic difficulty with this
method is that the quality of the field-level measurements is unknown, partly
because the quality of the instrument calibration is unknown,

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

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

demonstrates consistency with the national standards, The documentation of

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

At the beginning of this project, NBS was asked to establish improvei inter-
actions, including periodic performance evaluation, with four laboratories.
Argonne National Laboratory, Brookhaven National Laboratory, Eberline Instru-
ment Corporation, and Lawrence Livermore National Laboratory., Each was con-
tacted to determine its interest in participating in NBS services that would
result in demonstrated consistency with NBS, and all responded favorably,
Subsequent ly, 1l was requested by NRC that Lawrence Berkeley Laboratory and
the DOE Radiological and Envirommental Sciences Laboratory also be contacted,

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

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

It 1s recommended that the laboratories that calibrate survey instruments for
N2C inspectors adopt an interactive quality assurance program with N8S, [t
would include:

o [nitial calibration by NBS of the laboratory's in<house standard,

o [Demonstration of consistency with NBS through periodic consistency demons
stration services,

e Constancy checks on the ii<house standard and calibration procedures by the
participating 'aboratory,

e Recalibration of the in-house standard only if the need is determined by
constan.y checks or consistency demonstration results,

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

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

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

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

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

acilities,



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

This final report describes the activities and accomplishments during the
entire three-year program,



PART A

CHARACTERIZATION OF THE THERMOLUMINESCENCE DOSIMETRY SYSTEM

M, Ehrlich
F. J. Schima

C. G, Soares



PART A
CHARACTER!ZATION OF THE THERMOLUMINESCENCE DOSIMETRY SYSTEM

1. The Thermoluminescence Dosimetry System

The sysiem consists of the manual Panasonic thermoluminescence dusimeter (TLD)
reader, Mode! 702F and the associated Model UD-801 AQ dosimeters, The reader
is interfaced with a microcomputer for data retrieval and processing,

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

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

second,

Table A-1, Description of the UD-801 AQ) Nnsimeters

TL £Element
Filters Built
Designation | _ Dimensions Chemical (granular) into Holder
#1 3 mm in diameter, L1,0,0,:Cu 14 mg/cm? of
~0.1 mn thick (mono- plastic
grain layer), bonded
#2 to plastic-film sub- L1,8,0,:Cu 300 mg/cm? of
strate backed by a plastic
carbon film, and
*3 covered with CaS0,:Tm 700 mg/cm?,
10 mg/cm? of Teflon plastic plus lead
#4 CaS0,:Tm 700 mng/em?,
plastic plus lead

A-1



THIN WINDOW

LABEL

SELEMENT
\\
ELEMENT
PLATE
S MECHANICAL LOCK -
ELEMENTS
o)l
Lo
10 CODE |
I Fi3
)t 3
\JN.J iNJ a

Figure A-1 Relationship Between the TLD Elements in their Holder

A-2



SLIDE
REFERENCE

ELEMENT PLATE
DOSIMETER HOLDER

PM
10 CODE
READING UNIT
Running
o T
Meosuring Reoady f
Timer
Pre-Anneal Readout Post -Anneal
Lamp Power

Ot ON

Input Pulses | IIIHH | 1] ||||wn||| II“[ L1 Il |

(TL Signal)
Counter | |
Gate closed open
Qutput Pulses lluulnuL

to be counted

Fiqure A<2 Schematic of Reader Assembly and of Readout and Annealing Sequence

A-3



2. Test Methods

The tests carried out covered mainly those in American National Standard NSAS.
1975 [1], with the methods for test evaluation modified to confor. with Nuclear
Requlatory Commission (NRC) nuulaory Guide 4,13 [2]. Additional tests were
per formed as required by the NRC for the envisaged TLD application,

For the Panasonic Mode! UD-B01 AQ dosimeters used, the only averaging process
carried out was that applying to the responses (or exposure interpretations
from these responses) of the CaSO, :Tm elements 3 and 4, which have identical
filtration, Averaging the responses of different types of phosphors would be
meaningless, Averaging the dose interpretations obtained from the responses of
differert types of phosphors, either with identical or differcat filtration or
obtained from the responses of the same type of phosphor with different
filtration, may lead to meaningful results for some of the tests, but would
cause a considerable loss of information regarding the performance of the
individua' dosimeter elements, Therefore, this procedure would reduce the pos-
sibility of arriving at useful recommendat fons regarding dosimeter design and
applicability,

Also 1n the rest of the performance specifications given in the standard, when.
ever the ori.erign was worded in terms of percent difference between the
measured and the reference response, 1t was modified to specify instead the
range of accentable measured responses,

3. General Test Protocol

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

3.1 Charecterization of the Response of Individual Dosimeter £lement s

The dosimeters were given *YCo gamma-ray exposures each corresponding to

10 WR/h for 90 days (V,e., exposures of 21,6 mR) requiring irradiation times of
about 2 minutes, Fifteen dosimeters were irradiated simultaneously in an array
ensuring uniformity of the radiation<beam cross section ogver the dosimeter
areas and absence of a significant amount of scatter from dosimeter to dosie«
meter, For tests requiring more than 15 dosimeters, sets of 1§ dosimeters each
were irradiated 15 minutes apart to account for the manual readout rate of one
dosimeter per minute, This ensured that fading times for all dosimeters varied
by not more than 15 minutes, The dosimeters were read oul approximately 18
hours after irradiation, Dosimeter characterizations were performed between
any two test cycles and the individual test readinas were divided by the
average of the particular dosimeter.response characterization bafore and after
the test, (As a rule, the characterization readings before ana after the tests
were equal to within one standard deviation; no trends were observed with
dosimeter use,)

A-4
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While specific irradiation conditions depended o1 the type of test, the general
precaut ions regarding dosimeter positioning in the radiation frelds and timing
of laboratory irradiations relative to readout were similar to those discussed
in 3.1, The irradiations for most tests were performed in the sane geometry as
the irradiations for characterizing the response of the fosimeter elements {t«
3.1). For the studies of the dependence of response on enerqy and direction of
the radiation, the dosimeters were irradiated singly, During laboratory back-
ground i‘rradiations at ambient temperatures, the dosimeters were stored in
their trays, All tests were performed with a number of replicates sufficient
to ensure compliance with the requirements of the standard at the 9S.percent
confidence level,

1.3 Readout of Dosimeter flement Preparat ) S

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

4, Re Stud

4.1 Compar ison of Per! f the Ma \ t ¢ R

Figures A3 and A4 show the results of axperiments done at NBS and at the MRC
Region 1 (King of Prussia) laboratory to compare performance of the manual and
sutomatic reader, respectively, The purpose of the experiments was (1) ¢. e
paring the glow curves obtained with the !ithium borate and the calcium sulfate
elements of the Panasonic UD-RO1 dostmeters read in both the manual and the
automat ic reader, and (7) establishing whether the gating circuits in the two
readers are adjusted for integration over comparable (and adequate) portions of
the respective alow curves,

To obtain the qlow curves generated by the two readers, PMT yoltage pulses due
to the TL signal were counted with multi-channel analyzers in the scaling mode
over 4 period of approximately five seconds with the slower manual reader and
of approximately one second with the automatic reader, The gating«pulse traing
that start and stop the PMT pulse integration were recorded with the same
m:zn? and matched to the glow curves. (See the entries “READ GATE™ on the
araphs,

he§
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The figures demonstrate that in spite of a difference of more than a factor of
two in signal-integration time, the shapes of the glow curves are comparable
for the particular settings of the two types of readers, and the portions of
the glow curves over which the signal 3is i1ntegrated are comparable and
adequate, Therefore, it was concluded that the results of the NBS system-
characterization studies would alse hold for the NRC readout conditions,

4.2 Three-year Follow-up on the Manual Reader

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

(2) the counting rate obtained from a short flash of the reader lamp through a
small aperture (the "reference-element count", checked routinely as part of the
"zero check" performed prior to readout of each dosimeter); (3) the automatic
reader-sensitivity adjustment (the "sensitivity correction factor", which takes
into account variaticns in light collection efficiency with reader use and 1s
performed after readout of five dosimeters); ind (4) the reproducibility over
the three-year period of the response of a set of ten fully characterized dosi-
meters irradiated at a level corresponding to natural background accumulated
during three months,

Figure A-5 shows the results of the study. Averages of twelve successive read-
ings of dark count, reference-element count, and sensitivity-correction factor,
selected throughout the three-year period, are plotted as a function of “reader
1ife", measured by the total number of dosimeters read during the three years
(a number over 10,000). Shown also are selected sets of averages of the
responses obtained from the readings of the calcium-sulfate elements of the ten
dosimeters chosen for this follow-up, which had been subjected to a total of 89
readout cycles throughout the three years, The error bars represent the stan-
dard deviations of the respective averages.

The average dark counts are seen to have remained fairly constant over the
reader 11fe considered, with only one anomalously high average count, This is
an indication that there has been no appreciable change in the performance of
the photomultiplier or of any pertinent component of the reader electronics.

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

The sensitivity correction factor, which ic a function of the count rate from a
reference light source, 15 also seen to decrease monotonically, the decrease
amounting to between 8 and 10 percent over the three years, The short-term
increases, observed after cleaning the infrared filter of the photomultiplier,
amounted to at most two percent of the correction factor,

The averages of the dosimeter responses obtained from the readings of the cal-
cium sulfzte elements for a selected number of the dosimeters' readout cycles
show no trend with reader life, indicating that the automatic reader-sensi-
tivity correction remained adequate over the entire three-year period.

A-¢



% % y

- * (a)

Q

:g b

324—+ 0 )

s [ TTTIvp 0074874

o] ! -

i p7 ! Thod

s 12 ' a

- — \v/ -

R RiAARTIRSRRATRACTIATS

S oYY AARAEAAR AAR
l.4| (b)

S - 4

s 1.2 oy

E; I,(Shi;fs 8 A ana AN SNV N A AOADL A, s a5

© —

> i

= 0.8} —

p L 2

» PR A SETX e

'g 7k (¢) —4

5 3

e ¥

U L =

w

& sl— o) Q Q <Z) O —

4 ¢¢ 4

- b

g T "

p—

o e e LR A

d O 2000 4000 6000 8000 10000
TOTAL NUMBER OF DOSIMETERS READ

Figure A-5 Three-Year Follow-Up, Manual Reader. (a) Counts during period of

open counter gate, Triangles: dark counts; squares: reference
element counts, (b) Sensitivity correction factor generated by
reader, (c) Average response of the CaS0,:Mn elements of ten

selected dosimeters as produced by the reader's automatic correc-
tion procedure,

A-9



5. Tests by ANSI N545-1975 Specifications as Modified by the NRC and by N8BS

In the following, a brief statement of the performance specifications 1s given
for each test, followed by an outline of the procedure and a review of the test
results, including a statement of whether or not the two types of dosimeter
elements complied with the specifications (i.e,, "passed" or "failed"). Where
in order, recommendations are made concerning dosimeter application,

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

Ferformance specifications

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

Procedure

This test wis carried out on 90 of the available 300 dosimeters, which were
irradiated to 21.6 mR of ®9Co gamma radiation, an exposure that is equal to the
exposure to which the dosimeters would be subjected during irradiation for a
three-months' monitoring period at a rate of 10 uR/h. The evaluation of the
readings proceeded under three assumptions on how the NRC laboratory plans to
calibrate the dosimeters (or the dosimeter-reader system): (1) each element of
each dosimeter characterized individually; (2) reader calibration by averaage
reading on each type of dosimeter element; and (3) reader calibration by
average reading on the most reliable dosimeter element(s), say the two calcium
sulfate elements, Accordingly, the following quantities were computed: For
method (1), the readings on each element corrected according to the element's
individual characterization and then averaged; for method (2), the average of
the readings referred to the reader calibration for the particular element; and
for method (3), the average of the readings referred to the reader calibration
for the calcium sulfate elements, Subsequently, the standard deviations from
the averages of the readings on the 90 dosimeters and the 95-percent one-sided
(upper) confidence intervals on the standard deviations were determined for the
three methods, the latter following a procedure given in NBS Handbook 91 [3].
Since, by this procedure, dosimeter readings are referred to exposure, the
results can be used to test either according to the performance specifications
of Section 3.1 or according to those of Section 4.3.1.

Results

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

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

Table A-2. Uniformity of TLD Response

Dosimeter Method 1 Method 2 Method 3
Element Avg. % SD % Su | Avg. % SD % Su | Avg. % SD % Su
e*ement 1 1.0 9.4 10.7 | 0.98 7.2 8.2 0.9 1:2 8.2
element 2 | 0.99 8.1 9.2 | 0.99 7.4 8.4 1.1 7.4 8.4
CaS0, :Tm
eﬁement 3 1.0 2.9 3.3 1 0.99 5.4 6.2 0.99 5.4 6.2
element 4 | 1.0 3.0 3.5 10.98 5.6 6.4 0.98 5.6 6.4

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

Avg. -- average (mean)

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

5.2 Reproducibility (ANSI N545-1975, Section 4.3.2)

Performance specifications

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

Procedure

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

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

Recommendation

Where good reproducibility is required for readings at levels close to natural
background, one should nocl rely on the lithium-borate elements, However, there
are indications that their reproducibility is adequate at higher exposure
leve's.,

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

Performance specifications

At ambient temperatures, the ratio of the response obtained for the field cycle
to twice that obtained for one-hal? of the field cycle shall not be less than
0.90 when the dosimeters are placed in an area in which the field exposure rate
is known to be constant. For extremes of high and low temperatures the cor-
responding ratios shall not be less than 0,85,

Procedure

(a) At Ambient Temperatures

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

(4].

(b) At Temperatures Other Than Ambient

For the work at ~-20°C and ~+50°C, five different environments were created at
each temperature by placing small amounts of saturated salt solutions in the
bottom of sealable jars., The salts were chosen so as to produce, in the gas
phase above the saturated solutions, air of relative humidities characteristic
for the particular salts and temperatures, once the liquid and gas phases were
in equilibrium [5,6].
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Table A-3a. Reproducibility of Lithium Borate Response

Response, Element 1
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22,3 21,5 24,5 22,7 19,9 19.2 22.8 20.3 21,9 20.7 23,8 22.2 2.0 21.87 L4 5,45 24,2 9.98
20,1 20,2 20,3 0.4 18.7 19.7 211 20.4 21,4 20,3 21.9 20,0 20,91 1.4 .76 24.39 10.08
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P 23,7 25,8 24,0 24,8 25,3 24.9 20.2 20,6 24,7 25.7 1.9 22.9 27.2 246 2405 14T .00 20,37 .07
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4 251 21,5 18.7 210 24.7 21.8 22.6 2.9 22.0 20,5 26,1 20.4 19.4 20,8 21.é3 171 .87 27.72 11.8R
325,05 20,0 2000 24,4 25,1 21,7 2006 20,1 24,2 20.95 22.0 22.6 20.0 20.2 22,86 1.62 T.1H 24,27 10.483
& 21.5 23,2 24,9 21,5 23,0 22,3 22.4 23.4 19.8 22,0 20,3 20.5 20.1 24,7 22,11 L.62 73T 25,07 10.88
T25.5 0.8 24,1 24.4 22,0 20.2 24.3 25.8 72.4 21,7 24,8 25.1 24.0 22.8 23.84 1.51 6.3 20.97 9.48
8 20,6 22,5 22.4 24,7 70,4 21.9 70,8 22.9 24,1 20.7 24.8 24,0 235 2%.4 23,00 1,24 S.39 17,87 0.00
9 26,0 20,8 28,7 20,7 22.8 20.2 20,7 20,7 24,5 21.4 23,9 22.7 20.5 dhb 22,77 .80 T.le 24,18 10443
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11 20,6 25,7 20.8 20.5 20.2 22.9 20.8 21.5 20.4 23.0 22.6 20.3 21.7 21.8  22.83 0.97 400 12.82 4.38
12 23,8 22,6 25,8 24,4 220 20,8 20,7 21.4 71.8 23,5 19.8-22.5 21,6 2.4 22.40 1,44 .84 25,00 3.57
12211 25,0 19.2 20.8 20,5 19,5 19.0 22.2 20,7 22.9 22.0 21.2 8.3 19.1  20.62 1.51 7.31 22.79 13.85
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Response, Element 2

$ 1 2 I 4 5 & 7 8 9 0 11 12 13 W A¥G SO IS ISP IS
1 26,5 22,9 26.8 27.8 19.9 31.7 28,8 28.4 25.7 28.6 20.7 29.6 28.6 27.8 28.79 1.312 4.59 19.45 4.82
$B2VINIBATA.2 05,2 24,2 9.1 25,5 20,1 25,5 24,9 4.9 26,81 191 7.22 19.31 10,72
329.6 25.5 24.0 28.4 29,9 28.7 26.7 27.9 26.5 25.7 26.2 27,4 29.9 28.0 27.14 1.5 5.52 2174 £.20
§ 5.1 25.2 2.7 26.1 6.6 24.4 25,7 74,5 27.2 23.5 24.9 2.2 27,7 W8 25.47 132 S5.19 16.49 R.7I
SN VYT WS WS WI VAN T N.32,09.4 27,92 168 6.01 24.00 8,92
828.7 7.6 27,3 25.8 28,7 9.9 17,6 27,2 27.3 24.9 25,2 28.1 28.8 27.5 2776 1.45 S.22 18.01 1.7
77,5 29.6 25.7 29,5 29,9 27,6 27.9 30.2 29.8 30.0 26.9 28.0 26.5 27.9  28.30 1.50 5.29 17.42 7.86
§ 78,3 29.0 101 30,4 27,5 29,5 24,9 25.7 28,5 9.2 10.1 0.1 28.0 28.4 28.76 1.55 S5.40 19.12 8.01
§ 32,6 25,7 26.2 24.7 77,5 27.7 26,1 29.6 70,9 29.7 26.1 25.8 20.8 29.0 28.20 2.20 7.82 27.30 11.4!
1027.¢ 18,0 27,8 27,5 25.7 15,0 27.8 27,5 29.0 27,7 20.1 26,2 2.8 26.6 27.16 0.87 3.21 10.23 477
11 25,0 26.3 26.9 29.1 26.5 26.6 25,8 27,7 27.5 25,9 29.2 2.1 32.8 27.2 27.66 1.80 &.51 24.27 9.7
12 26,4 29.9 70,6 28.9 25,2 29 0 27.5 28.0 30.2 30,9 26,2 19.7 30,3 25.8 26.73 1.49 5.89 17.75 .75
12285 26,1 26,3 27,3 76,9 26,0 24,5 24.1 27,1 26,1 22.6 2.7 27.8 4.2 25.29 L.76 5.94 20.56 0.3
14 73,2 28.7 2.0 26,3 76,2 26,6 27.6 25.5 26.0 26.7 28.5 20.1 26.0 26.6 26,49 1.40 5.0 15.99 7.88
i527.2 20,8 27,0 26,7 26.5 25.7 25.4 26.2 24.5 26,3 25.7 4.8 2.7 2.7 26,28 1.00 3.82 12.19 S.48

AVG = average

SD -~ absolute standard deviation from average
%SD — percent standard deviation from average
%SP — percent deviation from average (“spread")
%Su = upper 95% confidence limit on %SD
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Table A-3b, Reproducibility of Calcium Sulfate

Response, Element 3 and 4

23.4 23,6 23,6
23.1 24,1 23.8
24.5 0.3 4.7
3. 5

|

23.4 24.2 .1 24

25.6 25.3 25.6 26.0 24, 25 25.7 25.9 26.3 25.
7 23,1 23.4 22.9 22,7 23.0 22.9 22.9 22.4 22.7 23.3 23.8 23.0 22.

8 25.3 24,9 24.2 25.0 20,2 24,0 24.4 25,1 24.9 24.7 24.6 24.1 20.8

9 25.9 26.5 25.8 26,1 26,1 25.4 26.1 26,6 25.4 25.6 26.5 26.0 26.0

10 23.4 23,7 23.0 23,5 23,7 23.1 23.6 23.4 23.6 23.5 2.3 23.8 23.8
11 23,5 23.2 22.8 22.9 22.8 23.3 23.2 23.2 2%.3 23.1 22.6 2%.1 22.9
12 25.6 24.9 25.4 25.5 25.1 24,5 25.3 25.1 24,6 25.0 24.9 26,1 25.3
13 21.5 21,4 21.9 209 21.3 22.1 21.5 21.7 21.4 21.5 21.4 21.7 20.9
14 23.7 23.4 23,8 23.6 23.6 23.5 23,3 24.0 23,4 23.7 22,9 2%.6 283
15 24.3 24,5 24,0 24,2 24.1 24,5 24,3 23,5 24.0 24.2 24,1 24,5 23.5

.

AVG — average
SD - absolute standard deviation from average
%SD = percent standard deviation from average

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

%Su = upper 95% confidence limit on %SD
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A set of 20 sealed jars, each containing five individually calibrated
dosimeters, individually sealed in plastic bags and suspended above the fluid
level, was stored in a freezer at ~-20°C. Another set of 20 sealed jars, each
containing four similarly prepared dosimeters, was stored in an oven at ~+50°C.
Halfway through the three-month cycle, two each of the four jars maintained at
the same relative humidity were brought back to laboratory temperature, the
dosimeters contained therein were removed, read out, and then returned to the
jars. The jars subsecuently were resealed and returned to their original
extreme temperatures, At the end of three months, all jars were brought back
to room temperature and all test dosimeters were read out.

For the test at ~-40°C, no attempt was made to maintain environments of dif-
ferent relative humidities, Twenty dosimeters, each sealed in a plastic bag,
were suspended freely in a freczer and kept there for three months, Half-way
through the three-month cycle, 10 of them were briefly removed for readout and
then returned to the freezer, At the end of the three months, all 20
dosimeters were read out.

Results

The 95-percent confidence limits on the ratios are shown in Tables A-4 through
A-7, as obtained from the readings of the two lithium-borate elements sepa-
rately, and from the combined readings of the two calcium-sulfate elements,
The results are reviewed in Table A-8., The dosimeters are seen to pass all the
tests when response is evaluated from the average readings of the calcium-
sulfate elements, When the evaluation is made from the readings of the
lithium-borate elements, the dosimeters generally fail. In fact, at the
highest test temperature (~+50°C) and a relative humidity of 98 percent, at
which the lithium-borate elements were found to be damaged through liquefac-
tion, the readings of the lithium-borate e'ements are essentially obliterated
(see Table A-7). The failure becomes less prevalent with decreasing levels of
relative humidity.

5.4 Energy Dependence (ANSI N545-1975, Section 4.3.4)

Performance specifications

For photon energies in the range 80 keV < E < 3 MeV. the ratio of the TLD
response to photons of energy E to that of photons of the calibration source
shall not be smaller than 0.80 nor larger than 1.20; for photon energies in the
range 30 keV < E < 80 keV, it shall not be larger than 2.00.

Procedure

Eight photon beams of different qualities were employed: the five heavily-
filtered NBS standard bremsstrahlung beams described in NBRS Technical Publica-
tion 250 [7], (excerpted from that publication in Table A-9), a 3-MV
bremsstrahlung beam filtered throu%h ~2.5 cm of lead, and two gamma-ray beams
from the radionuclides 137Cs and 6YCo. At each beam quality, three exposure
levels between ~50 and ~200 mR (all in the linear range of the TLD's response
curves) were used, except for the 30C-MV bremsstrahlung beam, for which irradi-
ation was administered at two levels between ~250 and 500 mR., Two dosimeters
were exposed at each level. From the resulting response data, response per
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unit exposure was obtained, (Where required, individual recalibrations with
60Co gamma radiation were performed., The adopted readout schedule--see
Section 3,3--permitted us to ascertain that, at the higher exposure levels,
there were indeed residual filled traps left after the initial exposure read-
outs. They were emptied by the second readout,)

Table A-4, Dependence of Exposure Interpretation
on Length of Field Cycle at
Ambient Temperatures and Relative Humidities

AVERAGE READINGS
L1,B8,0,:Cu element CaS0,:Tm elements
1 2 3 and 4 combined
84% rel, hum, (NH.CI)
Readout after:
Ist half-cycle 0.22 + 0.04 0.17 + 0,04 0.25 + 0.03
2nd half-cycle 0.26 + 0,05 0.21 + 0.05 0.28 + 0,03
Both half cycles (avg.) | 0.24 + 0,05 (.19 + 0.05 0.26 + 0.03
Whole cycle 0.46 + 0.06 0.34 + 0.08 0.57 + 0.02
Ratio, both half-cycles 0.96 + 0,23 0.90 # 0.31 1.08 + 0.14
(avg.) to whole-cycle
readings
95% confidence limit +0,13 .18 +0.08
on ratio
Results

The results of the study are shown in Table A-10, where the average values of
the response ratios derived from the readings on six dosimeters, the standard
deviations, and the 95-percent confidence intervals on the averages (computed
as in 5,2) are given., In the energy range 80 keV < E < 1,25 MeV, the
dosimeters pass the test when response is determined from the readings of the
Tithium-borate elements under their respective filters, while they fail when it
is determined from the readings of the calcium-sulfate elements (under lead).
On the other hand, for 3-MV filtered bremsstrahlung, the dosimeters pass when
response i1s determined from the readings of the calcium-sulfate elements (under
lead) but not when it is determined from the lithium-borate elements, where
lack of build-up material required to establish a condition close to electron
equilibrium is particuiarly pronounced, Below 80 xeV, the dosimeters pass when
response 1s determined from the readings of either element of both types of
phosphor.

Recommendation

The filtration of the calcium-sulfate elements should be replaced by filtration
resulting in less attenuation of the incident radiation,
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Table A-5. Dependence of Exposure Interpretation
on Length of Field Cycle at ~20°C

AVERAGE READINGS
Li,8,0,:Cu element CaS0,:Tm elements
#1 #2 £3 and #4 combined
B i (a) 84% rel, hum. (NH,C1)
Readout after:
lst half-cycle 0.30 + 0.04 0.18 + 0.05 0.31 + 0.02
2nd half-cycle 0.25 + 0.07 0.15 + 0.03 0.30 + 0.01
Both half cycles (avg.) 0.27 + 0,06 0.17 + 0.04 0.31 + 0.02
Whole cycle 0.60 + 0,08 0.40 + 0.05 0.62 + 0,04
Ratio, both half-cycle 1.10 + 0.29 1.19 + 0.35 1.02 + 0.08
(avg.) to whole-cycle
readings
95% confidence 1imit +0.21 +0.25 +0.06
on ratio
(b) 72% rel. hum, (Ca(NO,),)
Readout after:
1st half-cycle 0.31 + 0.06 0.18 + 0.03 0.32 + 0.01
2nd half-cycle 0.22 + 0.03 0.14 + 0,03 0.30 + 0.01
Both half cycles (avg.) 0.27 + 0,07 0.16 + 0,04 0.31 + 0.02
Whole cycle 0.64 + 0.09 0.34 + 0,05 0.65 + 0,02
Ratio, both half-cycle 1.19 + 0,33 1.04 + 0,27 1.04 + 0,06
(avg.) to whole-cycle
readings
95% confidence limit +0,24 +0.20 +0.04
on ratio
(c) 68% rel, hum. (CuCl,)
Readout after:
1st half-cycle 0.29 + 0.07 0.18 + 0,02 0,32 + 0,01
2nd half-cycle 0.28 + 0.05 0.16 + 0.04 0.30 + 0,01
Both half cycles (avg.) 0.28 + 0,06 0,17 + 0.04 0.31 + 0,01
Whole cycle 0.59 + 0.06 0.36 + 0.04 0.63 + 0,03
Ratio, both half-cycle 1.05 + 0.24 1.04 + 0,24 1.00 ¢+ 0.06
(avg.) to whole-cycle
readings
95% confidence limit +0.17 +0.17 +0.05
on ratio
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Table A-5 (Continued).

Dependence of Exposure Interpretation
on Length of Field Cycle at ~~20°C

AVERAGE READINGS

Li,B,0,:Cu element CaS0,:Tm elements
#1 #2 #3 and #4 combnn;;
(d) 33% rel. hum, (MqCl,)
Readout after:
Ist half-cycle 0.31 + 0,05 0.18 + 0.04 0.32 + 0.02
2nd half-cycle 0.26 + 0.07 0.15 + 0.03 0.30 + 0.02
Both half cycles (avg.) 0.29 + 0.06 0.16 + 0.04 0.31 *+ 0.02
Whole cycle 0.61 + 0.04 0.36 + 0.04 0.64 + 0.02
Rati1o, both half-cycle 1.06 + 0.25 1.11 + 0.28 1.05 + 0,08
(avg.) to whole-cycle
readings
95% confidence limit +0.18 +0.20 +0.06
on ratio
(e) 18% rel. hum, (LiCl)
Readout after:
Ist half-cycle 0.28 + 0,07 0.19 + 0.04 0.31 + 0,02
2nd half-cycle 0.34 + 0.21 0.15 + 0.03 0.29 + 0,02
Both half cycles (avg,) 0.31 +0,15 0.17 + 0.04 0.30 + 0,02
Whole cycle 0.56 + 0.09 0.34 + 0.03 0.64 + 0.04
Ratio, both half-cycle 0.90 + 0.47 1.00 + 0,24 1.06 + 0.09
(avg.) to whole-cycle
readings
95% confidence limit +0.33 +0.17 +0.06
on ratio
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Table A-6.

Dependence of Exposure Interpretation
on Length of Field Cycle at ~-40°C

AVERAGE READINGS

p

Li,8,0,:Cu element CaSO, :Tm elements
#1 #2 #3 and #4 combined
Readout after:
1st half-cycle 0.27 + 0.06 0.19 = 0.06 0.33 + 0.03
2nd haif-cycle 0.23 + 0.05 0.17 * 0.05 0.30 + 0.02
Both half cycles (avg.) 0.25 + 0.06 0.18 * 0.05 0.31 + 0.03
Whole cycle 0.49 + 0.08 0.35 + 0.04 0.62 + 0.05
Ratio, both half-cycles 0.98 *+ 0.27 0.95 + 0.30 0.98 + 0.12
(avg.) to whole-cycle
readings
95% confidence limit +0.19 +0.21 +0.09
on ratio

5.5 Directional Dependence (ANSI N545-1975, Section 4.3.5)

Performance specifications

When the dosimeter is rotated about two axes perpendi~ular to each other, the

ratio of *“e response averaged over all directions to *

asponse obtained in

the usual calibration orientation shall be not less than 0.90 and not more than

1.10.

Procedure

This experiment was performed with four different dosimeter supports:

® Bare dosimeter with low-scatter support;

e Dosimeter in plastic bag, taped directly against a wooden utility pole;
e Dosimeter in plastic bag, in plastic mesh cage, with cage taped against the

utility pole;

e Dosimeter in plastic bag, taped to a 30.5-cm Al spoke, which in turn was
fastened against the ~25-cm-diameter pole.
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Table A-7, Dependence of Exposure Interpretation
on Length of Field Cycle at ~+50°C

AVERAGE READINGS
L1,B,0,:Cu 2lement CaS0,:Tm elements
#1 #2 #3 and #4 combined
(a) 98% rel, hum, (H,0)
Readout after:
Ist half-cycle -0,02 + 0,02 -0.01 + 0.01 0.28 + 0,02
2nd half-cycle -0.01 + 0,02 -0.01 + 0.01 0.25 + 0,01
Both half cycles (avg.) | -0.01 + 0.02 -0.01 + 0.01 0.26 + 0,02
Whole cycle -0.08 + 0.16 -0.01 + 0,02 0.51 + 0.04
Ratio, both half-cycle 2.65 + 6.49 0.56 + 1,31 0.97 + 0.10
(avg.) to whole-cycle
readings
95% confidence l1imit +4.64 +0.93 +0.07
on ratio
(b) 75% rel, hum, (NaCl)
Readout after:
1st half-cycle 0.39 + 0,06 0.24 + 0,06 0.29 + 0,01
2nd half-cycle 0.36 + 0.06 0.20 + 0.05 0.26 + 0.01
Both half cycles {avg.) A3 . 0.06 0.22 + 0,06 0.27 + 0.02
Whole cycle’ 0.68 + 0,11 0.41 + 0,09 0.56 + 0,02
Ratio, both half-cycle 0.91 ¢+ 0.21 0.94 + 0.31 1.04 + 0.08
(avg.) to whole-cycle
readings
95% confidence 1imit +0.15 +0,22 +0.05
cn ratio
(c) 47% rel. hum. (Na,Cr0,)
Readout after:
Ist half-cycle 0.45 + 0,04 0.31 + 0.06 0.29 + 0.01
2nd half-cycle 0.39 + 0.07 0.28 + 0.07 0.27 + 0,01
Both half cycies (avg.) 0.42 + 0,06 0.30 + 0.07 0.28 + 0.02
Whole cycle 0.78 + 0,08 0.47 + 0,12 0.57 + 0.02
Ratio, both half-cycle 0.94 + 0.17 0.79 + 0,27 1.02 + 0.07
(avg,) to whole-cycle
readings
95% confidence limit +0.12 +0.19 +0.05
on ratio
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Table A-7 (Continued). Dependence of Exposure Interpretation
on Length of Field Cycle at ~+50°C

AVERAGE READINGS
L1,8,0,:Cu element CaS0,:Tm elements
#1 #2 #3 and #4 combined
(d) 31% rel. hum, (MgCl.,)
Readout after:
Ist half-cycle 0.42 + 0.05 0.28 + 0.05 0.29 + 0.01
2nd half-cycle 0.36 + 0,03 0.26 + 0.07 0.27 + 0.01
Both half cycles (avg.) 0.39 + 0.05 0.27 + 0.06 0.28 + 0.01
Whole cycle 0.76 + 0.08 0.43 + 0,07 0.58 + 0.02
Ratio, both half-cycle 0.97 + 0.16 0.80 + 0,22 1.03 + 0.07
(ava.) to whole-cycle
readings
95% confidence limit +0.11 +.08 +0.05
on ratio
(e) 11% rel. hum, (LiC1)
Readout after:
1st half-cycle 6.45 + 0,11 0.28 + 0,07 0.29 + 0,02
2nd half-cycle 0.38 + 0,07 0.23 + 0,05 0.27 + 0,02
Both half cycles (ava.) 0.42 + 0.10 0.25 + 0.06 0.28 + 0,02
whole cycle 0.86 + 0,07 0,47 + 0.09 0.58 + 0.02
Ratio, both half-cycle 1.03 + 0.26 0.92 + 0.28 1.04 + 0.08
(avg.) to whole-cycle
readings
95% confidence limit +0.19 +0.20 +0.06
on ratio

Four individually calibrated dosimeters were used for each point in each of the
four geometries., The dosimeters were irradiated while rotating continuously.*
In the low-scatter geometry, the speed of rotation was ~140 rpm., In the other
three geometries, the speed was exactly 2.0 rpm, with the irradiation starting
at perpendicular radiation incidence upon the front of the dosimeter and con-
tinuing for exactly six revolutions, Two axes of rotation, perpendicular to
each other and passing throuyh the sensitive dosimeter volume either parallel
to the long or to the short symmetry axis of the dosimeter, were used in the
low-scatter qeometry; one axis, parailel to the 'ong symmetry axis of the
dosimeter, was used in the geometries involving the utility pole,

*The dosimeters also were irradiated in eight fixe! orientations (see
Section 6), However, the results of that study cannot be used to test for
performance by the specifi~ations of ANSI N545-1975,
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Table A-8, Summary, Results of Envirommental Tests
(ANSI N545-1975, Section 4.3.3, Dependence of
Dosimeter Response on the Length of the Field Cycle,
and ANSI N545-1975, Section 4.3.7, Moisture Dependence)

(-

Environmental Conditions Test Results* for Evaluation
from Readings of

Temperature | Relative Humidity L1,8,0,:Cu CaS0,:Tm
¥ % element #1 | element #2 | both elements
~40 ambient F F P
fin freezer)
~20 84 P o P
. 72 p F p
” 68 o p 2
¢ 33 P P P
. 18 F F P
room ambient F F P
(in laboratory)
room 100 F F p
~4+50 98 F F p
" 75 F F P
. 47 F F o
: 31 P F p
" 11 F F p

*P . pass (ratio of twice the response for one-half of field cycle and response
for whole field cycle »>0.90 at room temperature and >0.85 at other tem-
peratures, when evaluated on the 95% confidence level)

*F . fail (ratio of twice the response for one-half of field cycle and response
for whole field cycle <0.,90 at room temperature and <0.85 at other tem-
peratures, when evaluated on the 95% confidence level)

The distance from the source to the dosimeters was ~2 m at all times. Exposure
levels were usually in the vicinity of 120 mR, [In one instance an exposure
level of ~21.6 mR, corresponding to 10 uR/h for three months, was used, The
source-to-pole distance--and therefore the exposure rate at the pole--varied
during each dosimeter revolution,* However, an inspection of the data for
support geometries with and without pole showed that the effect dia not cause a
change (decrease) of the relative response by more than 3 percent.

*This is inevitable because (1) the distance between the source and the
dosimeter is kept constant and (2) the available source-to-dosimeter distance
is limited, The recult is a distance-dependent modification of the dependence
of the pole-scatter contribution to dosimeter response on the angle of
radiation incidence,
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Table A-9, NBS Bremsstrahlung Beams Used for Energy Dependence Study

HEAVILY FILTERED X RAYS
Constant Half-Value|Effec-|Fxposure
Beam Code |Potential Added Filter* Layer tive Rate
Designation Pb Sn Cu Al | Cu 1 Al |Energy|Min, |Max,
0ld| New kV mm mm mm mm | mm mm | keV |mR/s|{mR/s
HFC| H50 50 0.1C {0 0 2.5010.14| 4.19]| 38 0.3| 1.5
HFE| --- 100 0.50 |0 ¢ 2,5010.74111.20] 70 0.8) 4
HFG| H150 150 0 1.51 | 4.00 |2.5012.45(16.96] 117 0.7| 4
HFI| H200 200 0.77 (4,16 | 0,60 |2.47{4,09/19.60} 167 0.5) 4
HFK| H250 250 2.72 (1,04 | 0.60 |2.50|5.25]21,55| 210 0.5( 4

*The inherent filtration is approximately 1.5 mm Al,

(a) Results for bare dosimeters with low-scatter support

Table A-11 shows the range of response values corresponding to a 95-percent
confidence interval for dosimeter rotation around both axes of rotation over
the range of photon energies from 38 keV to 1250 keV, and also includes a
sketch 1llustrating the direction of irradiation relative to the axes of rota-
tion,

For rotation about the major ax1s, the dosimeters are seen to meet the require-
ments at all photon energies when response is obtained from the readings of the
lithium-borate elements (although the performance is marginal at 38 keV for
element 1). They fail below 167 keV when the response is obtained with calcium
sulfate,

For rotation about the minor axis, the dosimeters fail to meet the requirements
over the entire range of energies tested, except when response is obtained from
the readings of lithium-borate element 1, (Even then, performance is only
marginal at 38 keV,) When lithium-borate element 2 is used, dosimeter perfor-
mance 1s adequate only at 125D keV,

When calcium sulfate is used to obtain dosimeter response, the dosimeters fail
at 38 keV, 70 keV, and 117 keV; their performance is marginal at 167 keV, and
they clearly pass only for 210 keV, 662 keV, and 1250 keV,

Note: Performance at energies in the range 1250 keV < E < 3000 keV is expected
To be similar to that at 1250 keV,

(b) Results for dosimeters in plastic bags, hung from a wooden pole in three
different ways.

Table A-12 shows the range of response values obtained in the three different
geometries (dosimeters in a plastic "cage"; dosimeters taped to a spoke
fastened to the pole; dosimeters directly attached to the pole). The major
axis of the dosimeters was made parallel to the axis of the pole. Because of
the presence of the pole, it was impossible to use a second axis of rotation as
long as the dosimeter orientation relative to the pole had to remain fixed.
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Response per Unit Exposure Relative to that

for 89Co Gamma Radiation
L1,8,0,:Cu under plastic of thickness:
Beam Quality 14 mg/cm? 300 mg/cm?
element 1 elenent 2
Avg S Conf, Lim. | Avg. S Conf, Lim,
Effective Enerqy (keV):
38 0.90 | 0.10 0.10 0.76 | 2.05 0.06
70 0.98 | 0.09 0.10 0.85 | 0.05 0.05
117 0.98 | 0,07 0.08 0.88 | 0.07 0.08
167 1.09 | 0.11 2.12 0.91 | 0.07 0.07
210 1.11 | 0.08 0.08 0.97 | 0.08 0.08
662 1.13 } 0.08 0.08 1.03 | 0.07 0.07
1250 1.00 | 0.09 0.09 1.00 | 0.07 0.07
3 MV bremsstrahlung,
filtration: ~2.5 cm Pb | 0.71 | 0.05 0.04 0.79 | 0.05 0.03
CaS0,:Tm under 700 mg/cm? of lead
element 3 element 4
Avg, S Conf, Lim, | Avg. S Conf, Lim,
Effective Energy (keV):
38 0.44 | 0.01 0.01 0.45 | 0.02 0.02
70 0.91 | 0.02 0.02 0.92 | 0,04 0.04
117 0.63 | 0,01 0.01 0.62 | 0.03 0.03
167 0.81 | 0.02 0.02 0.80 | 0,02 0.03
210 0.91 | 0,02 0.02 0.89 | 0,02 0.02
662 1.14 | 0,02 0.02 1.13 | 0.04 0.04
1250 1.00 | 0,01 0.01 1.00 | 0,03 0.03
3 MV bremsstrahlung,
filtration: ~2.5 cm Pb | 0.88 | 0.05 0.04 0.88 | 0.05 0.04
Avg, -- average (mean)
S -- * standard deviation from average
Conf., Lim, -- #95% confidence limit on average
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Table

A-11. Directional Dependence of Dosimeter Response for Continuous
Dosimeter Rotation with Bare Dosimeters and Low-Scatter Support

Response* relative to that for perpendicular radiation
incidence for the following geometries:

o]

o

ATA e d -

N o]

W VoV
Rotation about Rotation about
Eftective ERPey major axis (vertical) minor axis (horizontal)

| G Element 1 Element 2 | Element 1 Element 2
38 keV 0.94 + 0.05* 0.99 + 0.06 | 0.92 + 0.06 0.84 + 0.04
70 keV 1.01 + 0.04 1.00 + 0,06 | 0.96 + 0.05 0.87 *+ 0.05
117 keV 0.97 + 0.04 1.03 + 0.05| 0.95 + 0.06 0.88 + 0.05
167 keV 1.01 + 0.05 0.97 + 0.04 | 0.96 + 0U.05 0.89 + 0.04
210 keV 0.96 + 0.04 0.97 + 0.04 | 0.95 + 0.03 0.90 * 0.03
662 keV 0.98 + 0.05 0.95 + 0,04 [ 0.94 + 0.04 0.94 : 0.05
125C keV 1.01 + 0,04 1.00 + 0.04 | 0.96 + 0.05 0.95 + 0.04
o Element 3 Element 4 | Element 3 Element 4
38 keV 8.16 + 0.25 6.64 + 0.17 | 6.08 + 9,17 6.87 + 0.18
70 keV 1.86 + 0.04 1.84 + 0.03 | 1.66 + 0.04 1.76 + 0.06
117 keV 1.60 + 0.03 1.62 + 0.03 | 1.42 + 0.02 1.50 + 0.05
167 keV 1.06 + 0.02 1.06 + 0.02 | 1.00 + 0,02 1.02 + 0.02
210 keV 0.96 + 0.01 0.96 + 0.02 | 0.93 + 0.02 0.96 *+ 0.02
662 keV 0.93 + 0.02 0.93 + 0.01 | 0.95 + 0.01 0.93 + 0.02
1250 kev 1.06 + 0.02 1.06 + 0.04 | 1.04 + 0.02 1.04 + 0.02

*The range of values shown correspcends to a +95 percent confidence
interval.
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Table A-12,

Directional Dependence of Dosimeter Response
for Continuous Dosimeter Rotation with Dosimeters Hung
on a Wooden Utility Pole in Three Different Ways

Element number and
effective photon

Response* relative to that for perpendicular radiation
incidence, for the following geometries (side view)**:

enerqy
POLE
POLE POLE
Dosimeter in| Dosimeter taped to a| Dosimeter attached
cage hung on| 30.5-cm Al spoke directly to pole
pole
Element 1
38 keV 0.72 + 0.05 0.86 + 0,04 0.62 + 0.05
117 keV 0,79 + 0,04 0.90 + 0,05 0.71 + 0.03
210 keV 0.80 + 0.03 0.94 + (.06 0.75 + 0.04
1250 keV 0.87 + 0,11 0.94 + 0,10 0.93 + 0,12
| S, — — - o . <. ——
Element 2
38 keV 0.70 + 0.05 0,92 + 0.06 0.63 + 0.04
117 keV 76 + 0,03 0,90 + 0,05 0.70 + 0.04
210 keV (.79 + 0.04 0.92 + 0,04 0.73 + 0.03
1250 keV 0,89 + 0,07 0.92 + 0,11 0,90 + 0.07
Flement 3
38 keV 3.69 + 0,26 3.33 + 0.10 2.78 + 0,18
117 keV 1.26 + 0,04 1.29 + 0,02 1.13 + 0,04
210 keV 0.85 + 0,01 0.92 + 0.01 0.78 + 0.01
1250 keV 0.94 + 0,03 1.00 + 0,02 0.90 + 0,03
Flement 4
38 keV 3.23 ¢ 0.13 2.98 + 0.12 2.39 + 0.08
117 keV 1.23 + 0.03 1.27 2 0,03 1.10 £+ 0.03
210 keV 0.84 + 0,01 0.93 + 0,02 0.79 + 0.01
1250 keV 0,93 + 0.03 1.01 + 0.03 0,90 + 0,04

—

*The range of values shown correspond to a *95 percent confidence interval,

**Beam incident perpendicularly to page,

Dosimeter and holder shown for pole

orientation for which beam i1s incident perpendicularly to front of
dosimeter,
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The spoke geometry, on the average, is seen to produce a material improvement
1n dosimeter performance over the plastic-cage geometry, which, in turn, pro-
duces a better performance than the dosimeters hung directly on the pole.
Nevertheless, the dosimeters are seen to pass only for ©%Co gamma radiation,
and then uneguivocally only when the response is determined from the calcium
sulfate elements of dosimeters in the cage or suspended from the spoke,

Note: Response at photon energies in the range 1250 keV < E < 3000 kaV is
expected to be similar to that at 1250 keV,

Recommendation

The response of the calcium-sulfate elements could be materially improved
through judicious lateral shielding by a high-atomic number material (lead,
tungsten) incorporated into the holder (say, in the form of a sleeve around the
phosphor support, taking the place of the present brass sleeve).

5.6 Light Dependence (ANSI N545-1975, Section 4.3.6)

Performance specifications

The ratio of the net response of dosimeters to a 100-mR irradiation above back-
ground, for dosimeters stored bare in the field over a period of one field
cycle, to that of identically irradiated dosimeters stored wrapped in househoid
aluminum foil, shall not be smaller than 0.90 or larger than 1,10,

Procedure

A batch of 20 dosimeters was used for this experiment, 10 irradiated to 100 mR
of ®YCo gamma radiation, 10 left unirradiated., Five each of the irradiated and
of the unirradiated dosimeters were wrapped in household aluminum foil, the
other five were left bare. All dosimeters were sealed in plastic bags supplied
by the NRC Region 1 laboratory (10 dosimeters per bag) and the bags were hung
in an open off-site field, so that the dosimeters were in a vertical north-
south orientation, facing south, After 1 1/2 months (i.e., in the middle of
the field cycle), the bags were rotated so that the badge orientation was
reversed, At the end of the field cycle, all dosimeters were read cut; the
averages and the readings of the dosimeter elements not initially irradiated in
the laboratory were subtracted from those of the irradiated elements; for each
of the two irradiation conditions, the ratios were formed of these differences,
for the dosimeters stored bare divided by those for the dosimeters stored
wrapped in aluminum, and the 95-percent confidence limits on these ratios were
computed, as in 5.3,

Results

Table A-13 shows the averages of the five readings and the standard deviations
from these averages obtained for each type of dosimeter element and for each of
the four different conditions of handling of the dosimeters. Further shown are
the ratios of the net averages for the unwrapped and the wrapped dosimeters,
and the standard deviations and 95-percent confidence limits on these ratios.
When response is determined with the lithium-borate elements, the dosimeters
f:il the test. They pass when response is determined with the calcium-sulfate
elements,
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Table A-13. Light Depe dence of TLD Response

RESPONSE
Li,B,0,:Cu element CaS0, :Tm element
1 2 3 4

Conditions:

Unexposed, unwrapped|l1.73 ¢+ 0.05)1.17 *+ 0.15/1.35 * 0.05/1.35 * 0.05

Unexposed, wrapped |1.54 * 0.05(1.12 *+ 0.05/1.32 * 0.06{1.36 * 0.09

Exposed, unwrapped [4.43 + 0.26)4.68 * 0.22|5.50 + 0.12]5.55 ¢ 0.12

Exposed, wrapped 5.60 * 0.36/5.00 * 0.13]|5.64 + 0.1115.71 ¢ 0.04
Difference, unwrapped 12.70 ¢+ 0.26(3.51 * 0.27(4.15 + 0.13|4.20 + 0.13
Difference, wrapped 4.06 £+ 0.37)3.87 + 0.13/4.32 + 0.13}4.35 + 0.10
Ratio (unwrpd./wrpd.) |0.66 *+ 0.09/0.91 + 0.08]0.96 + 0.04/0.97 + 0.04

95% confidence limit +0.08 +0.07 +0.04 +0.03

on ratio

Note: This test was performed in the Washington, DC, area during the summer,
when ambient temperatures of as much as 95°F occur frequently. An ambient
temperature of 95°F was shown to produce temperatures up to 115°F (46°C) inside
the dosimeters wrapped in aluminum foil, and temperatures up to 140°F (60°C) in
dosimeters without foil wrap. Therefore, the fading of the lithium-borate
elements could have been due in part to the high temperatures--although the
fact that element 1 faded considerably more than element 2 speaks for the
effect being mainly due to light.

5.7 Moisture Dependence (ANS! N545-1975, Section 4.3.7)

Performance specifications

The ratio of the response of dosimeters stored for a period equal to the field
cycle in rlastic bags containing water to that of dosimeters stored in dry
plastic bags shall not be smaller than 0.90 or larger than 1.10.

Procedure

A batch of 20 unexposed dosimeters was used for this test, with 10 dosimeters
placed in a dry zip-lock plastic bag and 10 dosimeters supported about two to
three inches above the water level in another zip-lock plastic bag. The bags
were locked and placed in an area of the laboratory in which the exposure rate
was monitored periodically and was expected to remain constant. Al]l dosimeters
were read out at the end of three months. The averages and standard deviations
from the averages were obtained for all readings. The ratios formed of the
averages of the readings for the "wet" and "dry" conditions, along with their
standard deviations and the 95-percent confidence 1imits on the ratios, were
computed as in 5.3.
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Results

The detailed results are shown in Table A-14, which gives, for each type of
dosimeter element, the averages of the readings and the associated standard
deviatiuns, the "wet"-to-"dry" ratios and associated standard deviations, and
the 95-percent confidence limits on the ratios. Both lithium-borate elements
stored under "wet" conditions were discolored, and their response was practi-
cally obliterated., Thus, when dosimeter response is determined with the
lithium-horate elements, the dosimeters fail, They pass when response 1s
determined with the calcium-sulfate elements, The pass-fail 'nformation for
this test is included in Table A-8,

Table A-14., Moisture Dependence of TLD Response

RESPONSE
L1,B,0,:Cu element CaS0,:Tm element
1 2 3 4
Dry Controls 0.64 + 0.06 | 0.48 + 0.04 0.57 + 0.07 | 0.59 + 0,02
Wet Badges 0,02 + 0.2 | 0.005 + 0,009 | 0.57 + 0,06 | 0.61 + 0,07
Ratio (wet/dry) 0.03 + 0,04 | 0,01 =+ 0.02 1.00 + 0,15 } 1,04 + 0,12
95% confidence +0.02 +0.01 +0.09 +0.07
limit on ratio

5.8 Self-irradiation (ANSI N545-1975, Section 4.3.8)

Performance specifications

For TLDs deployed durring a period equal to the field cycle in an area in which
the exposure rate is <10 uR/h, the exposure inferred from the TLD response
shall not differ from the known exposure by more than an exposure equal to that
resulting from a rate of 10 uR/h during the field cycle,

Procedure

Around 40 individually calibrated dosimeters were deployed for three months
where a continuous environmental radiation monitor indicated an exposure rate
of ~3.6 WR/h (or a total three-month exposure of 7.74 mR). At the end of the
three-month deployment period, the dosimeters were read out and the individu-
ally corrected readings were interpreted in terms of exposure,
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Results

Table A-15 shows the average exposure interpretation of the natural background
exposure for all four dosimeter elements, and the difference hetween this expo-
sure interpretation and the exposure calculated from the measured rate, The
differences, in all instances, are seen to be well below the 21.6-mR exposure
resulting from three months of deployment in a 10-R/h field, Thus, the dosi-
meters passed the test on a confidence level approaching 100 percent,

Table A-15., Self-irradiation of TLDs

Difference Betweei

Avq. Exposure Avg. Exp. Interpret,
Dosimeter Element Interpretation, mR | and 7.74-mR Exposure
(+ stand. dev.) Actually Received
(+ stand., dev,)
L1,8,0,:Cu #1 9.6 ¢ 1.4 1.9 + 1.4
#2 6,9 + 1.1 -0.8 + 1.1
CaSO,:Tm  #3 11.7 + 0.7 3.9 + 0,7
#4 11.7 + 0.6 3.9 + 0.6

6. Tests Going Beyond ANSI N545-1975

6.1 DNirectional Dependence, Discrete Angles of Incidence

Procedure

The experiment was performed similarly to the one described in 5.5, except that
up to eight discrete angles of incidence were used,

(a) Results for bare dosimeters with low-scatter support

Figures A-6 through A-20 cover the results obtained in the low-scatter support
geometry for rotation about the long ("major") and short ("minor") axes of the
dosimeter (see sketch in table A-11), for seven radiation qualities, and for
continuous rotation about the chosen axes (data from tables A-11 and A-12) as
well as for discrete angles of radiation incidence., While the performance
specifications, in accordance with the standard, are given only in terms of the
response averaged over all directions, an inspection of the response for
discrete angles of incidence aids in the understanding of the averaged results.
Here are some of the striking features revealed in the figures:

e There is a pronounced over-response at low energies of the calcium-sulfate
elements for lateral radiation incidence, for which the elements are not
shielded by the lead filters, This shortcoming could be easily remedied
(see recommendation to 5.5).

e DNosimeter response determined with lithium-borate element 1 shows the least
dependence on direction of radiation incidence,
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e There is an under-response of the lithium-borate elements for lateral
radiation incidence, which probably could be remedied only by a redesian of
the dosimeters, (Note, e.q., that the pronounced under-response at 270°
for rotation about the minor axis 1s probably the result of the lead-
filtered calcium sulfate elements shielding the lithium-borate elements,)

e As expected, some of the extreme features for certain angles of radiation
incidence are averaged out.

e In environmental dosimetry applications, the major uncertainty 1n the expo-
sure interpretation from the response of the lithium-borate elements
probably 1s not due to angular dependence but to poor reproducibility of
response, particularly at low irradiation levels, This 1s shown in
Figure A-13, which gives the results for the anguiar dependence of the
response of these elements at levels corresponding to a three-month
irradiation at 10 WR/h,

(b) Resuits for field support geometries involving a utility pole

Table A-16 shows that, as expected, the main feature of the results as compared
with the results for the dosimeters supported in a low-scatter geometry 15 the
reduction of the response in the direction of radiation incidence in which the
pole shields the dosimeter from the radiation beam, This effect decreases with
increasing distance of the dosimeters from the pole and with increasing photon
energy. In the worst case (effective photon enerqy of 38 keV), the response of
the lithium-borate elements in the direction in which the pole is completely
shielding the dosimeters is only ~8 percent of that for perpendicular radiation
incidence, regardless of which support geometry is used; for the calcium
sulfate elements, the corresponding responses are ~15, ~18, and ~40 percent,
respectively, for the dosimeters attached directly to the pole, the dosimeters
in the cage, and the dosimeters taped to the spoke, At this low energy, the
difference between the response for the various support geometries 1S much more
pronounced for directions of partial shielding (say, 45 degrees off the direc-
tion of complete shielding):

e For the case of the dosimeters placed directly against the pole, dosimeter
response determined with lithium-borate is seen to be still reduced to
between 10 and 15 percent relative to that at perpendicular radiation inci-
¢ence,

e There 15 seen to be only a slight improvement for the cage support.

e Yet, for the dosimeters on the spoke, there is essentially no effect of the
pole on dosimeter response 45 degrees off the direction of complete shield-
ing.

At the low energies. the spoke geometry also assists in removing the orders-of-
magnitude over-response of the calcium sulfate elements for the lateral irradi-
ation direction, at least when the dosimeters are oriented so as to have the
pole shield them laterally, However, this result could be achieved also (and
even more effectively) by incorporating a lateral lead shield into the
dosimeters.
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Response relative to that for perpendicular radiation incidence

A-47

Dependence of TLD Response on Direction of Radiation Incidence,
with Dosimeters Hung on Wooden Pole in Three Different Ways
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6.2 The Salt-Spray Test

Performance specifications

For dosimeters deployed at a reactor site near the seashore, the quotient of
the response obtained for the field cycle to twice that obtained for one-half
of the field cycle shall not be less than 0.90.

Procedure

In mid-July 1982, 10 fully characterized dosimeters were taken to the NRC
Region-1 laboratory for deployment at a reactor site in New Jersey. Five of
the badges were deployed for roughly one-half of one field cycle and returned
for readout in September; the other five remained deployed for one full field
cycle and were then returned for readout in late October. After readout, the
average response, corrected for post-readout residuals, was calculated for each
of the four elements of the five dosimeters that had been deployed for the same
length of time, and the ratio was determined of the average responses for the
full field cycle (108 days) and of 108/63 times the average responses for the
partial field cycle (63 days).

Results

Table A-17 shows the results of this evaluation, giving average readings, stan-
dard deviations, and 95-percent confidence limits on the desired rativs. The
dosimeters are seen to pass easily when the calcium-sul fate elements are used
for the evaluation, pass when lithium-borate element 2 is used, but fail for
element 1,

Table A-17. Results of Salt-Spray Test

RESPONSE
L1,8,0,:Cu element CaSO, :Tm element
1 2 3 4
Readout after:
partial cycle 0.5 *+ 0.06 | 0.40 + 0,04 | 0,49 £ 0,02 | 0.49 ¢ 0.01
whole cycle 1.09 + 0,13/ 0,78 + 0,04 | 0.87 ¢ 0,02 | 0.87 ¢ 0,01
Ratfoll) 1,09 + 0,18 | 1.15 + 0,12 | 1.04 + 0.05 | 1.04 + 0.03
95% confidence limit | +0.22 +0.15 +0.06 +0.04
on ratio

r’uesponso for whole cycle divided by 108/63 times response for partial cycle
(see text).
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6.3 Dosimeter Drop Tests

A group of 48 individually characterized dosimeters was divided into four sgb-
groups of 12 dosimeters each. The dosimeters in two of the subgroups were lc.t
unirradiated and the others were given an exposure of ~20 mR. Subsequently,
the dosimeters of one of the irradiated and one of the unirradiiled subgroups
(a tota) of 24 dosimeters) were dropped individually from a height of 10 feet
onto concrete. No damage was observed on any of the dosimeters. They were
read out in the usual manner and re-characterized, along with the two groups of
dosimeters that had not been dropped (controls). The average responses of the
dropped dosimeters and of the controls are shown in Table A-18, along with the
associated standard deviations. No effect on dosimeter response is evident.

Table A-18. Comparison, Response of Dropped Dosimeters and of Controls

RESPONSE
Li,8,0,:Cu element Caso,:Tm element

Condition 1 2 3 4

Dropped, irradiated (0.9
Control, irradiated |1.0
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Dropped, unirradiated|0.01 + 0.04
Control, unirradiated|{0.02 ¢ 0.03
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6.4 Response to Beta Particles

Procedure

A study was performed of the response of the dosimeters to the three beta-
particle sources described in Table A-19. Six of a set of individually charac-
terized dosimeters were irradiated one at a time on each source, two each at
three levels of absorbed dose to water between 25 and 100 mrad. Absorbed dose
delivered at the surface and at 7 mg/cm’ was calculated from available source-
calibration data. Other dosimeters of the same set were ?1von Co-60 gamma-ray
exposures. Aftcr correction for differences in individual dosimeter sensitivi-
ties, beta-particle dose delivered was evaluated in terms of absorbed duse to
water and plotted against Co-60 gamma-ray response evaluated in terms of expo-
sure. Over the range of irradiation levels covered, these plots were linear,
the slopes representing the conversion factors to absorbed-dose interpretation
from Co-60 gamma-ray exposure interpretation of a given dosimeter response to
beta-particles.

Results
Table A-20 shows the values of the conversfon factors with 95-percent confi-
dence intervals for all four dosimeter elements and for the four beta-particle

sources employed at the indicated source-to-dosimeter distances. Following is
a discussfon of the results shown in the table,
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T&ble A‘lgo

Amersham-Bucnler Beta-Particle Sources

(a) Physical Characteristics of Sources Supplied to NBS

Type of Source Source Nominal Activity,
and Appr. Half Life|Radioactive Element Encapsulatton._"_ MBq(mC1); date L
905y 90y 905y car??nate 50 mg/cm? Ag |1850(50); December 1982
28.5y pressed‘ into Ag [+0.1 mm steel
foil
905y / S0y 05y car??nate 50 mg/cm? Aq |74(2); December 1982
28.5y pressed( into Ag [+0.1 nm stee)
foil
2081y 20611 pressed(!) |20 ma/em? Ag |18.5(0.5): Decembor 1982
3.78y into Ag foil
147pm 147pm pressed(1) 5 mg/cm? Ag |5i8(14); December 1982
2.62y into Ag foil
(b) Beta-Particle Ranges
r—. Avg., and Max, Range in
Beta-Partic! ar plastic
_Jype of Source | Energies (Mev) {L_ cm mg/cm? cm mg/cm?
905y (2) £ =0.19 41 49
Emax = 0.546 187 225 0.17 204
90y £ =0.935 375 452
Emax * 2.284 1037 1249 0.98 1170
2001) £ =0,20a 58 70
Emax * 0.763 291 351 0.27 320
14 7pm F = 0.062 59 7.2
Emax * 0.225 51 61 0,047 56

(puring the rolling stage.

(z)tssentially, none of the beta particles from *YSr penetrate the combined
filtration of (1) the source encapsulation, (2) the 10 cm of air between
source and beam-flattening filter, and (3) the beam-flattening filter,

(J)Averaqe and maximum energies are for i1deal point source,
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Tabl~ A-20.

600y Gamma-Ray Exposure to Response to Beta-Particles

Conversion Factors from Dosimeter Response in Terms of

in Terms of Absorbed Dose to Water

(a) At the water surface

Distance Conversion Factor
Type of Source (cm) | Element 1 Element 2 Element 3 | Element 4
L47pm 20 P wan . con
2041) 30 1.25 = ,07 .- .- “--
o R 50 0.59 + .05 | 1.14 + .10 29 + 2 29 + 4
(50 mC1)
Wsr/ 2% 30 0.58 + ,05 | 1.02 + .07 31 +3 30 +3
I ——— - - ) S
(b) At a 7 mg/cm? depth in water
Distance Conversion Factor
Type of Source (cm) Element 1 Element 2 Element 3 | Element 4
L«7pm 20 wew - - -
2041 30 1.19 + ,06 “e- .- ..
S5y /90y 50 0.62 + ,05 | 1,19 + .11 30 £ 2 31 + 4
(50 mCi)
905y / 20y 30 0.60 + .06 | 1.06 + .07 32 +3 32 +3
(2mC1)
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Response to 0Sr/90Y beta particles (Ep., = 2.28 Mev for *0y; 30Sr beta
particles are essentially removed by source filtration). For Tithium-borate
eTement 2 under 300 mg/cm® of plastic, the interpretation of the resgonse in
terms of beta-particle dose is seen to differ from that in terms of OCo gamma-
ray exposure by at most 20 percent at both irradiation distances and depths,
while that of lithium-borate element 1 leads to an underestimation of beta-
particle dose by ~b0 percent, because of insufficient buildup in the 23 mg/cm?
"open-window" layer of plastic. The lead filtration over the calcium-sulfate
elements (elements 3 and 4) causes the ahsorbed dose to be underestimated by a
factor of ~20.

Resqonse to 20411 beta particles (E.. = 763 keV). At the 30-cm source-to-
osimeter distance, the heta parfic?gs are seen to penetrate only the "open-
window" shield of the lithium-borate element 1 (23 mg/cm? of plastic), giving a
beta-particle dose interpretation that is within 20 percent of the 50Co gamma-
ray exposure interpretation at a 7 mg/cm’ depth in water.

Response to !“/Pm beta particles (E,., = 225 keV). After traversal of 20 cm of
air, the beta particles are not suf??cientTy energetic to penetrate to any of
the dosimeter elements.

6.5 Response to Gaseous Beta Emitters

Procedure

The experiment was performed four times. Each time, six individually charac-
terized dosimeters, encased in cellophane wrappers, were suspended by a copper
wire along the central axis of the immersion chamber, not more than 20 cm below
the plane of the hood. For the first two experiments, the !33Xe gas was intro-
duced after deployment of the dosimeters, while fur the experiments 3 and 4 the
dosimeters were deployed 1 minute after the !?3Xe gas had been introduced, and
the readings of the survey instruments, which were to be studied along with the
personnel dosimeters, had stabilized. The dosimeter irradiation ended with
their removal from the chamber aiu the removal of their cellophane wrappers.
The grab samples of the chamber atmosphere taken during the four immersions
indicated that there had been no substantiai xenon loss during the periods of
immersion.

The immersion times were chosen so that the resulting products of activity
concentration times time ranged from 3.0 x 10® to 1.6 x 10! pCi h m=3. The
corresponding values for absorbed dose to air and for the total dose equivalent
were deduced from these values by means of the conversion factors for semi-
infinite clouds given in Appendix B, Models for Calculating Doses from Noble
Gases Discharged to the Atmosphere, of NRC Regulatory Guide 1.109 [8]. The
conversion factors consisted of a beta term, taken directly from Table B-1 of
the Guide, and a gamma term, for which a geometric correction factor for K

x rays and 81-keV gamma rays was applied. For_absorbed dose to air, the value
of the total conversion factor was 1.201 x 10-7 mrad m3/gCi h, consisting of a
beta term of 1.198 x 107 and a gamma term of 3.4 x 10-1Y mrad m3/pCi h, For
the dose equivalent, the total conversion factor was 3.51 x 108 mrem m3/pCi
consisting of a beta term (conversion to shallow dose equivalent) of

3.42 x 10~® and a ?amma term (conversion to total-body dose equivalent) of

9.5 « 10°'% mrem m’/pCi h.




Table A-21 shows the results of the experiments, expressed in terms of the
factor with which one has to multiply the interpretations of the TLD response
in terms of perpendicularly incident ®%Co gamma radiation in order to obtain
interpretations in terms of absorbed dose to tissue (i.e., in terms of the
total dose equivalent) in a semi-infinite cloud.
shielded by filtration in front and back of the dosimeter, it is reasonable *o
consider here only the results obtained with element 1.

The results of experiments 1 and 2 are seen to be gquite erratic.

Since all but element 1 are

They are

included in the table only in order to demonstrate the difficulty that may
arise when calibrations are attempted before the activity is uniformly distri-
The results of experiments 3 and 4 agree well,
indicating that the response of lithium borate in terms of dose equivalent in a
uniform semi-infinite cloud may be obtained by dividing by five the exposure
interpretation obtained from the response of the lithium-borate element 1 in a
plane-parallel #9Co gamma-ray beam, incident perpendicularly to the dosimeter

buted in the immersion chamber.

surface.
Table A-21. Conversion Factors from Dosimeter Response
in Terms of ©0Co Gamma-ray Exposure to Response to
Simulated Semi-infinite !33Xe Cloud in Terms of
Absorbed Dose to Tissue
Concentra-|Dosimeter|Absorbed Conversjon Factor
tion of |Immersion|Dose to
Experiment| !33xe Time Tissue | Element | Element | Element | Element
Number pCism=3 h mrad 1 2 3 4
1 1.56x10% 11.0¢0.3{0.81+0.19/0.2420.2710.1840.06{0.18%0.06
3 3.654x10% 2 25.7+0.6]0.20+¢0.12| <0.01 <0.01 <0.01
2 9.208x10% | 17.86* |5780+120{0.43+0.02{0.010.15/0.05+0.08/0.03+0.04
LA ) 2.160x101°91 1.98 1505+¢30 10.22+0.12/0.01+0.45]0.02+0.06}0.02%0.15

*Dosimeters deployed prior to breaking of ampoules containing !33Xe,

6.6 Measurement Assurance Test for the NRC Region-1 Laboratory

This test was carried out in the form of an "intercomparison”.

Both NBS and

the NRC Region-1 laboratory calibrated 50 Panasonic 802-AQ0 dosimeters for use
in this test in four separate batches of roughly equal numbers of dosimeters.
The dosimeters in one batch remained unexgosed; the dosimeters in rach of the

other three batches received identical 13

Cs gamma-ray exposures in the range

between 20 and 100 mR, each batch being assigned a different exposure level.
Then the laboratories exchanged one-half of the dosimeters in each batch, for
readout and exposure interpretation along with the dosimeters that had remained

in the laboratory of their origin.
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obtained from the calcium-sulfate dosimeter elements, which are altogether more
reliable than the lithium-borate elements, The NRC exposure assignment and
interpretation is seen to be approximately four percent higher (somewhat more
at the lowest exposure level) than those of NBS, This may be explained on the
basis of the larger contribution of low-energy, essentially isotropic, scat-
tered radiation to the exposure delivered by the NRC panoramic source than to
that delivered by the NBS beam source. The calcium-sulfate dosimeter elements
are particularly sensitive to this radiation (see, e.q., tables A-11 and

A-12).

Table A-22, Intercomparison, NRC-NBS !37Cs Gamma-Ray Exposure Interpretation

Batch Origin | Exposure Assigned Exposure Difference,
by Interpretation | (Xypr=Xnpc)/X
Lab, of Origin by T -
Readout Lab.*
mR mR %
NRC 20.6 19.7 ¢+ 0.3 +4.6
NRC 48.5 46.7 + 0.6 +3.9
NRC 80.0 77.8 ¢+ 1.2 +2.8
NBS 21.6 23.1 * U.6 +6.9
NBS 40.0 41.7 + 0.9 +4.3
NBS 80.0 83.4 + 2,2 +4,3

*Average and standard deviation from average for all dosimeters in a
qgiven batch,

6.7 Lang-Term Physical Stability of Dosimeters Submitted to Repeated Use

The same set of 300 dosimeters was used throughout the entire study covered by
this report, Except for the dosimeters submitted to conditions of very high
temperatures and relative humidities (Section 5.3) or to "wet" conditions
(Section 5,7), none of the dosimeters showed any signs of physical failure,
such as loss of contact between the heat-absorbing surface and the phosphor--a
condition that had been observed by the Nuclear Regulatory Commission's Region-
1 laboratory and subsequently also by the manufacturer, In order to spot the
first signs of such a "bubbling” problem, it 1s recommended to run glow curves
routinely, since any reduction of phosphor heating duc to loss of contact would
be reflected in a displacement of the glow curve,

A-54



7. Conclusions and Recommendations

7.1 Summary of Test Results

Results of the tests conducted in accordance with ANSI N545-1975 are summarized
in Table A-23. An indication of failure for any particular characteristic
tested does not necessarily mean that all pertinent performance specifications
were unsatisfied, This is particularly true when the performance requirement
was stated over a broad range, such as energy dependence. Failure to meet
performance specifications over only a small part of the range would neces-
sarily mean failure of the test for that characteristic, even though perform-
ance was satisfactory over most of the range. The dosimeter may perform
adequately in an application where the range of interest 1s narrower than that
stated in the ANSI N545-1975 performance specifications., The ieader should
keep this in mind when observing the gross results indicated in Table A-23, and
should refer to the indicated references for more detailed interpretation of
the test resu ts,

Table A-23, Summary of Test Results (ANSI N545-1975)

Dosimeter Performance' Determined by
Reference [Reference| lithium-borate calcium-sulfate
Characteristic in in element elements

Tested This Report |ANSI N545 1 2
uniformity 5.1 3.1 p p P
uniformity 5.1 4.3.1 F F o
reproducidility 5.2 4,3.2 F F p
length of field

cycle %3 4.3.3 F F o
energy dependence 5.4 4.3.4 F F F
directional

dependence 8.5 4.3.5 F F F
light dependence 5.6 4.3.6 F F P
moisture

dependence 5.7 8.3.7 F F p
self-irradiation 5.8 4,3.8 p p p

y passed all performance specifications for the characteristic tested,
F - failed to pass all performance specifications for the characteristic
tested.

For those tests that went beyond ANSI N545-1975 (Section 6 of this part), no
performance specifications exist that were developed using a consensus process.
The test for Adirectional dependence, using discrete angles of radiation inci-
dence, showed a pronounced over-response by the calcium-sulfate elements for
lateral incidence of low-enerqy radiation (see 6,1), It was also shown that
dosimeter response will be drastically reduced if the dosimeters are shielded
by a supporting pole, The salt-spray test, using performance specifications
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similar to those for dependence on the length of the field cycle (ANSI N545-
1975, Section 4,3.3), showed that the test was passed easily when the calcium-
sulfate elements were used for the evaluation, passed when lithium-borate
element 2 was used, but failed for element 1., No effect on dosimeter response
was evident when the drop test was performed. The study of dosimeter response
to beta-particle sources showed that the calcium-sulfate elements cause the
absorbed dose to be underestimated by a factor of about 30, for even the
highest energy betas (2.28 MeV) used in the study. The lithium-borate elements
respond considerably better, but show a strong dependence on beta-particle
energy (see 6.4 for details),_When immersed in a semi-infinite cloud of xenon-
133 gas, only the lithium-bo:gfe element 1 responded significantly, I[ts
response in terms of dose equivalent may be obtained by multiplying by 0.2 the
exposure interpretation obtained for cobalt-60 gamma radiation (see 6.5).

7.2 Conclusions Based on Test Results

The test results support a number of conclusions., As mentioned earlier, such
conclusions must be balanced against the requirements for a particular applica-
tion of a dosimetry system, Those requirements may, or may not, be equivalent
to the performance specifications used in the tests reported in this document.

As shown in Table A-23, the dosimeter fails to meet ANSI N545 performance
specifications, regardless of which element is used to determine performance,
for two characteristics--energy dependence and directional dependence,
Recommendat ions for improving both of these characteristics are given in 7.3,

Performance of the lithium-horate elements is inferior to that of the calcium-
sulfate elements for a majority of the test characteristics, The obvious
exception is response to beta particles, in which case the lithium-borate
elements demonstrate the better performance, Liquefaction of the lithium-
borate elements under conditions of high humidity and temperature, and the
consequent loss of readout information, may present operational problems, At
the lea:t, it represents a deployment limitation that must be considered, (See
5.3 and 5.7.)

7.3 Recommendations

The test results, and the conclusions baced on those results, lead to several
specific recommendations that should be considered,

In Section 5,2, it is shown that all dosimeters consistently fail the test for
reproducibility when performance is determined from the lithium-borate
elements, As a result, it is recommended that these elements not be relied on
when good reproducibility is required for readings at levels close to natural
background,

The test for energy dependence (Section 5.4) resulted in the failure of the
calcium-sulfate elements to meet performance specifications for enercies in the
range of 80 keV to 1,25 MeV, This led to the recommendation that the filtra-
tion of these elements be replaced by filtration resulting in less attenuation
of the incident radiation,
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Results of the tests of directional dependence (Sections 5.5 and 6.1- indicate a
failure of the calcium-sulfate elements to pass the performance specifications,
particularly at lower photon energies, It 1s therefore recommended that the
response of these elements be improved through judicious lateral shielding by a
high-atomic number material incorporated into the holder (possibly in the form
of a sleeve around the phosphor support, taking the place of the present brass
sleeve).
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PART B
CHARACTERIZATION OF SURVEY INSTRUMENTS

1. Characterization of Radiation Beams

1.1 Photon Beams

1.1.1 Bremsstrahlung

This section deals with the spectrometry of the NBS bremsstrahlung beams that
were used for instrument calibration during most of the period of the inter-
agency agreement covered by this report, During the third year of the agree-
ment, after the studies of most of the radiation-survey i1nstruments had been
completed, the NRS Center for Radiation Research had a new x-rav machine
installed, which extended the range of available constant potentials to 300 kV,
At that time, some of the bremsstrahlung beams used formerly were discontinued
and some new ones were added, The adaptations required for spectrometry with
the new machine are not as yet available,

Pulse-height distributions were obtained with a high-resolution intrinsic
gqermanium spectrometer for exciting potentials in the range from 10 to 250 kV,
and were unfolded using detertor response functions and unfolding procedures
developed at NBS,[9] Figures B-1 through B-9 show the final spectra, The
delta functions drawn in Figures B-1 through B-5 (straight lines with arrows)
represent the characteristic K-fluorescence x-ray lines stemming from the
tungsten target and the lead filtration in the beams; they were separated from
the continuum portion of the spectra, along with extraneous !ines, produced In
some cases by the gold pinhole collimator used 1n the experiments, which were
discarded, The percentage contribution of the characteristic tungsten and lead
K-shell x-ray lines to the total number of photons in the bean are shown in
Table B-1, For Lthe spectra produced at constant potential between 15 and

30 kV, there also was a small contribution from characteristic tungsten L-shell
x-ray lines, which 15 shown in Table B-2, but was not plotted in Figures B-8
and B-9, The discontinuities in the continuum portion of some of the spectra
are due to the photon absorption edges of the target or the lead filtration
(tungsten K-edge at 69.5 keV, lead K-edge at 88,0 keV).

As a check on the consistency of the unfolding procedure, half-value layers
were obtained from the appropriate integrals over the unfolded spectra,

Table B3 shows a comparison of the aluminum and copper half.value layers and
homogeneity coefficients obtained from attenuation measurements [7] with those
derived from the unfolded spectra, There qenerally 15 agreement to within +5
percent, which is well within the uncertainties in the values calculated from
the spectra, Only for the low-enerqy, lightly filtered beams, does the dif.
ferer 2 between the values obtained from the attenuation measurements and those
calculated from the spectra tend to be larger, This is qualitatively come
patible with the larger distance (400 cm) and consequently higher air filtra-
tion for the spectral measuremente as compared with the S0-cm distance used for
the attenuation measurements,
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to NBS Bremsstrahlung Beams Used for Instrument Calibration

Contribution of Characteristic Tungsten and Lead X-Rays

Percent Contribution of Sharacteristic X-Ray Lines
NBS Beam|Constant [57.982 keV|59,318 keV|67.152 keV|72.804 keV|74,969 keV|84.78 keV
Code |Potential
New![01d| (kV) (WKa,) (WKa,) | (WKB,,3) | (PbKay) | (PbKa;) |(PbKB,,;)
H250 | HFK 250 0.1 0.1 0.1 0.1 0.2 0.1
M250 | MFO 250 0.1 0.5 0.4
-= |MFM 250 2.2 4.3 2.1
H200 [HF I 200 - 0.0 - 0.1 0.1 0.0
-= |MFK 200 3.6 6.9 £/
H150 |HFG 150 -- 0.0 0.0
M150 |MFI 150 3.9 7.0 2.6
I
e ¥HFE] 1M 1.8 3.9 2.5
M100 |MFG 100 o | 1.2
L100|LM 100 1.5 “ur 0.8
-- |MFE 75 0.1 0.1 0.1
-- |LK 75 - 0.3 -

lpdded for convenience.
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Table B-2. Contribution of Characteristic Tungsten X-Rays
to NBS Bremsstrahlung Beams Used for Instrument Calibraticn

Percent Contribution of

NBS Beam Constant Characteristic X-Ray Lines
Coge Potent1al | 8.4 keV | 9.7 keV | 11.3 keV

New!| 01d (kV) (WLa) (WLB) (WLy)
S60 | MFC 60 -- -- --
M60 | MFB 60 e - .-
H50 | HFC 50 -- -- .-
M50 | LI 50 -- -- --
M30 | LG 30 .- 0.4 0.4
- LE 20 0.4 0.8 0.4
L20 | LD 20 5.5 10.3 2.1
15 | LC 15 6.9 11.2 3.0
L10 | LB 10 -- -- .-

lAdded for convenience, Work was performed prior to
introduction of new code.

B-12



Table B-3, Comparison of Half-Value Layers and Homogeneity Coefficients for
Selected NBS Bremsstrahlung Beams Obtained from Attenuation Measurements
with Those Calculated from Photon Spectra

Half-value Layer Homogeneity

NBS Beam|Constant | Measyred® |Calculated?® [Coefficient®
Code |Potential| Cu Al Cu Al

Newl|01d| (kV) (mm) |{(mm) | (mm) |(mm) [Meas. | Calc.

6 | 5.19 120.9 - 0.96
.3 | 3.48 |18.6 | 0.98 | 0.96
8 | 2.44 {16.4 | 0.92 | 0.92

H2S0|HFK| 250  [5.25 |2
meso(MFol 250  [3.25 |1
-- |mFM| 250  [2.23 |1

H200 |HFI! 200 4,09 |19.6 | 4.04 3 --

-- |MFK] 200 1.24 |13.,2 . .3 | 0,92 | 0.89
HIS0|HFG| 150 2.45 |17.0 | 2,35 [16.3 - 0.94
MISO|{MFI| 150 0.66 |10.3 . .

-- |HFE| 100 0.74 |11.2 | 0 °° |.0.. 0.88
M100 |MFG| 100 0.20 | 5.03| 0.27 ; 4 73} 0. 0.69
L100 LM 100 -- 2.78) G.081] 2./¢] 0.59  i.51

-- IMFE 75 0.12 | 3.23 0,11 | 3.33} 0,74 | 0.68
S75 LK 75 -- 1.86| 0.064; 2.04| 0.63 | 0.59
S60 |MFC 60 0.090| 2.79| 0.088f 2.77| 0.79 | 0.74
M60 |MFB 60 - 1.62| 0.051| 1.67} 0.68 | 0.64
H50 |HFC 50 0.14 | 4,19} 0.14 | £¢.15} -- 0.88
M50 LI 50 -- 1.02} 0.037| 1.22| 0.66 | 0.66
M30 |LG 30 -- 0.36] 0.016| 0.49| 0.64 | 0.69

-= |LE 20 -- 0.23] 0.009| 0.27f 0.78 | 0.76

-

ladded for convermience. Work was performed prior to intro-
duction of new code.

From attenuation measurements at a distance of 50 cm,

3From spectra obtained from measurements at a distance of
400 cm.

“Ratio of first Al HVL to second Al HVL,
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1.1.2 Gamma Radiation

One each of the relatively low-output collimated horizontal-beam !37Cs and ®UCo
gamma-ray sources were used for most of the instrument studies described 1in
this report. These sources were supplemented by a low-output 13705 gamma-ray
source used free in air in a 411 geometry.

Spectrometry is difficult on these types of sources, since even the relatively
low-output sources used for protection-level instrument calibrations are too
intense for direct spectrometry, and it therefore becomes necessary either to
use a simulated source of the same geometry with much reduced radiation output,
or to deduce the initial spectrum of the source from spectral measurements 1n a
Compton-scattered beam. So far, spectrometry has been performed on only one of
the NBS (vertical-beam) 99Co gamma-ray sources.[10,11] It was found that, for
a field size of 25cm x 25cm at a distance of 1 meter, 6.5 percent of the total
exposure stemmed from radiation of photon energies less than 200 keV.[11] (The
corresponding number for a Scm x 5cm field size at a distance of 1 meter was
~4%,) It is expected that the scatter contribution to exposure is comparable
or smaller for the other collimated beams (particularly those from sources of
low output). For the 137Cs gamma-ray source that was used in 41T geometry, the
contribution to exposure from room- and air-scattered radiation is discussed 1n
Section 2.2 of this report.

1.1.3 ~6.E£-MeV Photons

The objective was to provide, for the study of the radiation-protection instru-
ments, a photon spectrum close to the one present in the vicinity of power
reactors as a consequence of the activation of water by fast neutrons, For
this purpose, essentially monoenergetic photons of energies 6.1, 6.9, and

7.1 MeV were produced in the NBS positive-ion Van de Graaff accelerator in the
nuclear reaction, 1% (p,ay)!®0, by having protons of an energy of ~2 MeV
impinge upon a ~6 mg/cm? Caf , target, A similar setup had been used earlier by
the National Research Councif of Canada [12].

Beam Diagnostics

Figure B-10 shows the pulse-heigh: distribution obtained with an intrinsic Ge
detector (active volume: ~60 cm®; nominal resolution and efficiency at

1.25 MeV: ~15% and 2 keV, respectively), demonstrating that, n addit-on to the
high-energy photons stemming from the nuclear reacticn, there is some 0.511-MeV
annihilation radiation present, as well as some photons of energies 0.2 MeV.
The annihilation radiation could not be removed by either lead or steel filtra-
tion, since the filtration produced about as much annihilation radiation as 1t
absorbed. This radiation, as well as the low-energy photon contamination,
probably is present around power reactors, as well. There also was contamina-
tion of the beam by electrons, which was detected during the determination of
absorbed-dose rate at the point of interest (see below), and was taken into
account by an appropriate choice of the method for specifying dose rate in a
phantom,

Bean diagnostics showed the inverse-square law to hold for distances »1 m from
the target, Also, at a distance of | meter, beam uniformity over a circular
area of ~30 cm in diameter was found to be adequate for instrument calibration,
the fluence in a direction making an angle of ~22.5° with that of the beam axis
being reduced by only ~10 percent relative to the on-axis fluence,
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Beam Dusimetrz

The beam was standardized in terms of aosorbed-dose rate to water as determined
at a distance of 1 meter from the source in a 20cm x 20cm x 20cm Lucite phantom
(which had been found to give the same results as a 20cm x 30cm x 30cm phan-
tom). Because of the relatively low absorbed-dose rates of <30 mrad/h it was
impossible to carry out the in-phantom measurements with a small 1onization
chamber--which would have been the instrument of choice. A thermoluminescence
(TL) dosimetry system, employing LiF (TLD-100) samples, was used instead. Its
sensitivity (dosimeter response per unit of absorbed dose to water) as measured
in Lucite 1s known to be independent of photon energy for bremsstrahlung up to
25 MeV.[13] While at higher douse levels, the standard deviation of the
cystem's response is ~1 percent for individually calibrated TL samples, 1t
ranged from about 2 to 6 percent for the nine samples irradiated simultaneously
at the various depths i1n the Lucite phantom at the low dose levels that had to
be used in this study. TLD readings were related to beam output via either a
plastic-scintillator system (Nuclear Enterprises 110 with associated elec-
tronics) or an ionization chamber (Exradin Model A6), used as the monitor,

Figure B-11 is a plot of the logarithm of corrected TL response per monitor
unit as a function of depth in the Lucite phantom, The strong attenuation for
depths up to ~2.5 cm in Lucite suggests contamination of the beam with elec-
trons of energies below ~5.5 MeV, For larger depths, attenuation is seen to be
exponential, a least-squares fit yielding a constant slope of -0.0141 + 0.,0047
for the straight line on the semi-log plot, [t was therefore decided to choose
a depth of 2,5 ¢cm in the Lucite phantom for defining the absorbed-dose rate,
Absorbed-dose rate to water at the same point was derived from the absorbed-
dose rate to Lucite using data derived from absorbed-dose calorimetry,[13] The
uncertainty in the determination of the absorbed-dose rate to water at the
point of interest for instrument calibration i1s estimated to have an upper
bound of ~10 percent,

1.2 Beta Particles

1.2.1 Beta-Particle Beams

The Amersham-Buchler beta-particle sources, whicn ha! been initia'ly standar-
dized at the Physikalisch-Technische Bundesanstalt (P18) were used for instru-
ment calibrations in beta-particle beams. (See vable B-4 for some of the
source characteristics.)

Beam Diagnostics and Dose-Rate Checks

A aumber of preliminary measurements were performed with an extrapolation ioni-
zation chamber prior to putting the sources to use at NBS, Table B-5 shows the
results of a check of the PTB dose-rate standardizaticn, The agreement with
the NBS measurements is seen to be satisfactory. The results of a check on the
uniformity of the dose rate over the beam cross section is shown in

Figure B-12, For 99Sr/9%0y and 204TI, the dose rate is seen to vary by less
than #5 percent along a horizontal distance of ~20 cm, The variation over the
same distance is somewhat larger for !“7Pm, Another set of results of interest
is shown in Fiqure B-13, demonstrating how critical instrument positioning is
in calibrations with beta-particle beams, particularly when the mean beta-
particle energy is low (e 3., for the 1“/Pm source).
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Figure B-11 Dependence of Corrected TL Response per Monitor Unit on Uepth 1n a
Lucite Phantom, While, for the experiment, the source=to-phantoms-
surface distance was maintained at | meter, the points shown here are
for a constant source-to-detector distance of 1 meter, They were
obtained from the measured data by an inverse-square correction, The
different symbols represent data points measured on several separate
days during two series of runs, one in the fall of 1982, the other in
the sumsier of 1983, Different types of monitors at different
locations were used for the two series, The data from the two series
were fitted to each other by making their averages coincide, The open
and solid symbols are for data obtained with cubica) phantoms of 20-¢m
and 3 -um side lengths, respectively,
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Tdble B-4l

Amersham-Buchler Beta-Particle Sources

(a) Physical Characteristics of Sources Supplied to NBS

Type of Source Source Nominal Activity,
and Appr. Half Lijgwkadioactive Element|Encapsulation MBq(mCi); date

90gp/90y 30sp ca{Y?nate 50 mg/cm? Ag |1850(50); May 24, 1982
28.5y pressed into Ag |+0.1 mm steel

foil
30gp/90y 05y car?gnate 50 mg/cm? Ag |74(2); Dec 16, 1982
28.5y pressed( into Ag [+0.1 mm steel

foil
204y 20417 pressed‘!) |20 mg/cm? Ag |18.5(0.5); Dec 16, 1982
3.78y into Ag foil
147pp 147pm pressed(!) |5 mg/cm’ Ag [518(14); Dec 16, 1982
2.62y into Ag foil

(b) Beta-Partic'e Ranges

Avg. and Max. Range in
Beta-Particl? air plastic
Type of Source | Energies (MeV) 3) cm J__u!g/cnz cm mg/cm?

90gp(2) £ = 0.19 a1 49

Emax = 0,546 187 225 0.17 204
90y E = 0.935 375 452

Emax « 2,284 1037 1249 0.98 1170
2041y £ =0 244 58 70

Epax = 0763 201 | 251 | o0.27 320
14 7pp £ = 0.062 59 7.2

Emax = 0+225 51 61 | 0.087 56

(I)During the rolling stage.

(2)issentially, none of the beta particles from ®OSr penetrate the combined
filtration of (1) the source encapculation, (2) the 10 cm of air, and
(3) the beam-flattening filter.

(3)Average and maximum energies are for ideal point “ource.
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Table B-5. Comparison of Absorbed-Dose Rates to Air
Obtained by NBS and by PTB

Source Absorbed Dose Rate
Nominal At source-to- uGy/s* 5
Type activity | detector distance Ratio,
(mC1) (cm) NBS PTB NBS/PTB

147pm 14 20 0,234 0.227 1.03
2061 0.5 30 0.293 0,293 1.00
905y / 90y 2 30 1.707 1.685 1.01
. 50 11 451 449 1.01

. - 30 62.4 61.9 1.01

. . 50 22 .4 22.2 1.01

*Referred to Jan, 1, 1983, 20°C, and 760 mm Hg.
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Figure B-12 Degree of Non-Uniformity of Beta-Particle Dose Rate over the Beam Cross Section,
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1.2.2 Gaseous Beta Emitters

An exposure chamber was designed and built in which radiation-protection
instruments may be subjected to gaseous sources of beta radiation. The chamber
also can be used to study radon exhalation and transport through materials of
interest. The chamber is in the form of a right circular cylinder, three feet
in diameter and three feet high. it is self-supporting, with stainless steel
walls thick enough to allow for over-or-under pressurization by 10 percent of
one atmosphere. Major access is through a clear plastic hood on top, with
provision for five probe-access ports on the side, at various levels.

Figure B-14 shows the partly constructed chamber prior to the installation of:
the hood, with glove port and instrument shelf; a mass-flow detection instru-
ment; circulating pumps, valves, piping, etc.; and a fan, placed at one-third
of the height of the chamber, with the air flow directed tangentially upward.

Ampoules of radioactive gases of known nominal activities are introduced into
the chamber through the top, and are then broken while the fan is running.
This aids in distributing their contents uniformly throughout the air in the
chamber. In order to determine exact radioactivity concentrations in the
resulting gaseous medium, gas samples are taken by means of suction bulbs and
counted. Concentrations then may be computed from the total volume of the
chamber assembly of 0.846, m® (main tank: 0.6004 m®; upper neck: 0.0579 m?;
mid-plane 2-inch neck: 0.0006 m3; immersion hood: 0.1663 m?; and side arm:
0.0210 m?). Estimates of the attenuation of beta particles emitted by !33Xe
gas introduced into the air of the chamber showed that the chamber provides for
a gaseous medium that is a good approximation of a semi-infinite beta emitter
for an instrument placed at the top center or at the bottom center of the
chamber.

1.3 Essentially Monoenergetic Electron Beams

Because of the strong dependence of instrument response on beta-particle spec-
trum, it is of advantage to perform some instrument response studies with
essentially monoenergetic electrons, and thus to establish an irstrument-
respense function. For this reason, the NB8S 500-kV linear accelerator and the
4-MV electron Van de Graaff were adapted to this work by attaching t» the beam-
handling system a device capable of scanning the electron bezm in two dimen-
sions over an area large enough to cover a radiation-survey instrument with a
sufficient degree of uniformity. After passing the scanning assembly, the beam
was allowed to exit from the vacuum through a 16-cm? window, consisting of

?5 um of Kapton (cross-linked Mylar).

Beam Diagnostics

Studies were performed on the energy degradation of the stationary beam as a
function of distance traveled in air and in the Kapton window, using an intrin-
sic germanium detector. Figure B-15 shows a representative plot of spectral
end points, deduced from the pulse-height distributions in this detector, as a
function of the traversed layer of air for a nominal 300-keV electron beam,
prior to correction for the ~50-keV beam degradation in the Kapton window and
in the window and deadlayer of the detector.. The diameter of the portion of
the beam cross sections over which beam intensity lies within ten percent of
maximum was determined for the scanned electron beams at the source-to-detector
distances for which the dose rates were suitable for the study of radiation-
protection instruments. The results are shown in Table B-6, confirming that
the beam cross sections are adequate for most instrument studies.
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Table B-6. Diameter of Portion of Beam Cross Section Over Which
Intensity is Within 10 Percent of Maximum

Electron Diameter (cm)
Energy
for window-to-detector distance of:

20 cm 30 cm
200 keV 8.3 ————
300 kevy 6.7 11
400 keV 5.7 8.7

50 cm 100 cm
1.5 MeV 8.9 22
2.5 Mey 5.7 14
3.5 Mev 4.4 11

Beam Dosimetry

Absorbed-dose rates to air were determined for electrons emerging from the
vacuum with energies that were between 100 and 400 keV. The measurements were
made at a location suitable for the study of radiation-protection instruments.
The readings of the extrapolation chamber were compared with those of a large
ionization chamber that was used as a beam monitor at a fixed location at the
beam periphery, to permit correlation of ansorbed-dose rates to instrument
readings. This procedure can be used over the entire range of electron
energies of interest. and is estimated to be capahle of yieldina values of
absorbed-dose races to water at tne depths of !sterest, with uncertainties
having ar upper bound of around ten percent,
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2. Studies of Instrument Response

2.1 Instruments Studied

Table B-7 gives a 1ist of the types of survey instrurments studied, of the types
of detectors they incorporate, and of the minimum thickness of the detector
"windows". Photographs of these instrumen’s are shown in Figures B-16 through
B-21. A more detailed description of their features follows.

The XETEX Modei 3058 Digital Exposure Rate Meter

This instrument uses two GM tubes to detect radiation. It is powered by four
Type AA batteries and was supplied with a plug and charging unit for use if
rechargeable (NiCd) batteries are used. The instrument has a three-digit read-
out which is cycled over the instrument courting-time base, at the end of which
tim: a static display of the computed exposure rate is presented. Discrete LED
indicators in the upper and lower right-hand corners of the readout indicate
whether the measurement is in mR/h or R/h. The range change is automatic,
exposure rates up to 100 mR/h being measured by the low-range GM tube while
higher exposure rates are measured by the smaller, high-range, tube. The maxi-
mum reading is 99.9 R/h. Exposure rates above 100 R/h cause this instrument to
cycle continuously.

The Ludlum Measurements Inc. Model 16 Analyzer

This instrument was purchased with a PR-0016 scintillation-detector probe. It
has a fast-slow time-constant switch and a discriminator-window switch. Full
scale reading is 500 counts per minute, with switch multipliers of x1, x10,
x100, ard x1000. No information is provided for conversion of count rate to
eaxposure units. Instructions for setting high voltage, threshold level, and
window width are provided. The counter can be used with proportional, GM, or
scintillation detectors and is set to count correctly using a pulser. Calibra-
tion of the counter-detector system is accomp’ished by using 3 krown radiation
source to determine the probe "efficiency”.

The Eberline Ion Chamber Survey Meter Model RO-2A

This is an ionization-chamber instrument with four exposure-rate ranges, 50 and
5 R/a, 4nd 500 and 50 mR/h, The ionization chamber is located in the front of
the pottom of the instrumenrt, and has 2 thin window for beta-particle measure-
ments. A protective window and sliding heta shield are at the bottom of the
instrument case. The ionization chamber is polarized using two 9 volt batter-
ies. There is some indication of lack of saturation at exposure rates greater
than about 1 R/h.

The Eberline Geiger Counter Model E-520.

This instrument utilizes two GM tubes as detectors. The small internal GM tube
is used for the x100 range only, full-scale reading for this condition being

2 R/h. The larger external GM tube operates when the range switch is in the
x0.01, x0.1, x1.0, and x10 positions. Both GM tubes are shielded in an effort
to minimize energy dependence for exposure measurements.
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Table B-7. Types of Survey Instruments Evaluated

Minimum Thickness

Detector of
Name and Designation Incorpurated Detector Window

(mg/cm?)
Xetex Digital Exposure Ratemeter, G. M. counter 30
Model 305B
Ludlum Model 16 Analyzer, with NaI(T1) crystal 1300
PR-001c probe
Eberline Ion Chamber Survey Meter, lonization chamber 7
Model RO-2A
Eberline Geiger Counter, Model E-520, | G. M. counter 30
with the HP-270 external GM tube and
Model SK-1 speaker
Eberline Micro-R/h Meter, Model PRM-7 | Nal(T1) crystal 860
Eberline Teletector, Model 61128 G. M. counter 90
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The Eberline Micro-R/h Meter Model PRM-7.

The instrument uses a scintillation detector to sense photon radiation. The
most insensitive range is 5 mR/h full scale. Other r nges are 500, 50, and 25
uwR/7h, full scale,

The Eberline Teletector Model 61128,

The instrument features a telescoping arm at the end of which is the detector
assembly, With the arm fully extended the detectors are about 3.8 m (12 ft)
from the readout, allowing measurements of radiation in inaccessible areas or
from behind barriers. The instrument weighs about 3 kg (7 1b) and a shoulder
strap is provided to assist in carrying it,

The detector assembly consists of two GM tuhes, one for high-range measurements
(1000 R/h and 50 R/n) and one for low-range measurements (2 R/h, 50 mR/h and

2 mR/h). The low-range GM tube has an end window for beta-ray detection with
the window protected by a coarse screen and a removable rubber cap. The high-
range GM tube is located on a circuit board about 7 mm off axis and behind the
low-range GM tube (toward the readout). Both GM tubes are surrounded by a lead
shield which is affixed to a fiber-board cylinder, The lead shield is about
0.2 mm thick around the low-range tube and about 0.8 mm thick around the high-
range tube,

2.2 Study Conditions

Instrument response was determined for all types of radiation covered without
any changes in "sensitivity" settings, which were maintained at factory levels,
Since only one instrument of each type was available, no information could be
obtained on variations in the performance of individual instruments of the same
tyoe,

The instruments were studied (1) in the photon beams over an energy range from
~40 keV to ~6.5 MeV; (2) in the beta-particle beams from 147Pm, 20%4T], and
905r/ 9% sources (maximum energies between ~200 keV and ~2 MeV); (3) immersed
in the !33xe gaseous beta-particle emitter; and (4) where considered useful,
also in the close-to-monoenergetic electron beams of energies between 100 and
400 keV,

2.3 Response to Photon Beams up to 1250 keV

?2.3.1 The XETEX Model 305B Digital Exposure Rate Meter

The linearity of the instrument response was tested for several exposure rates
using gamma radiation, In addition, the dependence of the instrument response
to various x-ray spectra was investigated. The results of these tests are
shown in Table B-8, where the higher radiation energies are the gamma rays from
60Co and !37Cs, and the remaining energies are effective energies derived from
absorption data for heavily filtered x rays.[7]
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Table B-8,

Study of Energy Dependence and Scale Lirnearity,
XETEX Model 305B, SN 8284
(Radiation incident upon back of instrument.)

High-Range GM Tube

Low-Range GM Tube

Radiation Energy|Fxposure Rate|sensitivily* |Exposure Rate|sensit vity*
(keV) (R/h) (mR/h)
1250 30 1.05
39 1.08
1.0 1.10
0.40 1.08
662 80 0.94 101 0.96
8.0 0.98 4.9 1.09
1.0 1.04 0.8 1.11
210 1.62 1.64 125 0.73
0.48 1.64
167 1.22 2.00 99 0.86
0.42 2.04
117 0.27 2.27 81 0.92
70 0.67 1.24 189 0.42
38 1527 0.005

*Sensitivity 1s defined here and in all subsequent tables in Part 3
as the quotient of the instrument reading and exposure rate,
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The enerqgy dependence of the response of the high-range GM tube 1s different
from that of the low-range GM tube., The energy-compensating filter wrapped
around the low-range tube is under a circuit board and cannot bhe seen directly;
however, radiographs indicate it 1s also wrapped in a filter,

2.3.2 The Ludlum Measurements Inc., Model 16 Analyzer

The Analyzer was tested for its respunse to !'37Cs gamma rays and for heavily-
filtered x-ray spectra. The slow time constant was used and the window was
switched to "out", In all cases the radiation beam was directed perpendicular
to the axis of the probe. The results are given in Table B-9, The sensitivity
of this instrument is seen to be very dependent on the energy of the radiation.
For example, the sensitivity for photons of 70 keV effective energy is eighteen
times higher than it is for 137Cs gamma rays.

The data shown are for the analyzer switches in the "window-out" position. The
instrument in this case 15 a count-rate meter, With this <witch in the
"window-1n" position, the analyzer can be set to discriminate against pulse
heights greater than a selected level. No attempt was made to adjust high
voltage, threshold, or window settings for measurements at the various enecr-
gies, Readings with the window "in" for 137Cs gamma radiation were found to be
from 12 percent to 19 percent of the window "out" reading, depending on the
radiation-scattering conditions. The corresponding sensitivities for these
conditions would be factors of about 10 to 5 times lower than tie sensitivities
for the window "out" condition.

2.3.3 The Eberline lon Chamber Survey Meter Mcdel RO-2A

The instrument, when received, did not check properly for the BAT 2 condition
and was returned to the company for repair. Upon i1ts return, tests were per-
formed at a few points for scale linearity and for energy dependence using the
500 mR/h range. The results are shown in Table B-10. In all cases, the radia-
tion was directed toward the bottom of the instrument, with the beta shield
closed, Since the energy dependence tests were carried out for about the same
exposure rates, the results are not complicated by the instrument's rate depen-
dence,

2.3.4 The Eberline Geiger Courter Model E-520

No tests were attempted for the x0.01 range, but some scale linearity checks
were made cn all the other ranges. Energy dependence was determined for both
the internal and external GM tubes.

Tabie B-11 shows the results. The instrument is seen to exhibit some non-
linearity for the higher exposure rates on the x10 and x100 ranges. This non-
linearity does not influence the energy dependence data since the exposure
rates were adjusted to make the instrument readings nearly the same at each

energy.
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Tahle B-9,

Study of Energy Dependence and Scale Linearity,
Ludlum Analyzer Model 16 with Scintillator Probe PR-0016
(A11 readings on the x1000 range,)

Radiation Energy | Exposure Rate Reading Sensitivity
(keV) (mR/h) (103 counts/min) | (10° counts/mR)
662 2.8 365 7.9
662 1.4 190 8.2
662 0.73 110 9.0
210 0.51 414 49
167 0.33 384 70
117 0.20 374 110
70 0.19 460 148
38 0.52 440 51
Table 3-10. Study of Energy Dependence and Scale Linearity,

Eberline lon Chamber Survey Meter, Model RO-2A, SN 953
(Readings corrected to 22°C and 760 mm Hg.)

Radiation | Exposure Sensitivity in Range
Enerqy Rate
(keV) __(R/h) 50 mR/h | 500 mR/h | 5 R/h | 50 R/h
1250 10 1.02
4,0 0.93
1.0 0.96
0.40 0.97
662 40 0.89
10 1.04
4.0 0,93
1.0 0.96
0.36 0.97
0.10 0.99
(mR/h)
18 1.03
9.9 1.03
¢10 380 1.06
167 390 1.09
117 340 1.15
70 330 1.13
38 430 0.93
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Table 8-11. Study of Enerqy Dependence and Scale Linearity,
Eber l1ue Seiger Counter Model E-520, SN 2101
(Radiaticn incident ormal to the bottom of the case.)

Radiation

I

662

210
167
117

38

x0.1

xl

x10

Energy Range Exposure Rate Sencitivity*
(keV) Fetc
Internal GM Tube
(R/h)

1250 x100 1.50 1.18
0.50 1.25
662 1.79 0.97
1.50 C.%
0.89 1.01
210 1.62 1.1}
167 1.32 1.33
117 1.21 1.47
70 2.48 0.76
38 1.53 0.06

External GM Tube; beta-shield closed.

(mR/h)

1.9
2.7

17
14
b

196
153
95

155
127

98
116
245
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*Meter needle hangs up at 3/4
tapping for correct reading.
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2.3.5 The Eber!ine Micro-R/h Meter Model PRM-7

Initial tests at Ns5 with collimated !37Cs jamma-ray beams resulted in signifi-
cantly lower sensitivities (icwer by 25 and 40%, respectively, for two instru-
ment ranges) than those given by the manufacturer, whn calibrated using a small
4-11 137Cs gamma-ray source with a calibrativn traceable to MBS, In order to
demonstrate the reason for this discrepancy and the 2<sociated difficulties in
the use of this type of instrument, studies were performea Lcth with the colli-
mated beams used for the other instruments, and with a 137Cs gamma-ray source
in a 4-11 geometry, similar to that used by the manufacturer,

{a) Studies in colilimatcd heams,

Table B-12 shows the results of the study oif the energy dependence of instru-
ment sensitivity for the 5000 R/h range. For ease or .cmparing the results of
the measurements (columns 3 and 5) with the data of column 4, sencitivity is
shown relative to that for !37Cs gamma radiation, with the normalization factor
given in a footnote., The sensitivity at 70 keV is seen to be sixteen times
that for 137Cs gamma radiation. This large cnergy dependence of the sensiti-
vity is not unexpected, In fact, a comparison of the measured relative sensi-
tivities with the ratio of the energy-absorption coefficients of Nal and air
(column 4) shows that the measured values of sensitivity vary generally in
accord with the expected sensitivities, except that, at low energies, measured
sensitivity 1s modified by attenuation in the instrument case, the detector
can, and the Nal(Tl) detector itself,

Table B-12. Study of Energy Dependence,
Eberline Model PRM-7 Micro-R/h Meter, Ser. No. 393
‘@adiation incident normal to the bottom of the instrument.)

Relative Sensitivit
Radration S Inmityally Calculated < asured
Energy Range Measured with Added
(keV) (uR/h) Filtration3
1250 5000 0.43 0.78 0.45
662 " 1.00 1.00 1.00
210 = 9.5 5.9 4.4
167 " 7.4 10 5.4
117 : 11 28 9.9
70 . 16 95 - |
38 o 10 39 0.20

ISensitivity normalized at 662 keV (137Cs gamma rays).
Multiply by 0,76 tu get absolute sensitivity,

“Ratio of Nal energy-absorption coefficient to that of
aiwr, normalized at 662 keV,

1.3 mm Sn filter wrapped around detector; sensitivity
normalized at 662 keV. Multiply by 0.71 to get absolute
sensitivity,
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(b) Studies in 4-1 geometry.

Since the manufacturer uses a small calibrated !3/Cs gamma-ray source in a 4-n
geometry to obtain the calibration associated with this type of instrument,
ctudies were performed at NBS in a 4-I geometry as well as with collimated
sources. The manufacturer provided the dimensions of the room used for cali-
bration, and the source-to-instrument distances employed. The room available
at NBS for studies in a 4-I1 geometry has solid concrete walls and is

9m x 6m x 4.5m high. A supporting stand, mounted on a track perpendicular to
the long axis of the room, was used to support the instrument and source
holders at a height of 2 m from the floor. The source-instrument axis was
parallel to the long axis of the room. Maintaining the height above the floor
and a source-to-instrument distance of 1 m, instrument sensitivity was deter-
mined with the source-instrument assembly in the center of the room, and with
the assembly moved to locations closer to the 9-m long wall. Table B-13 shows
that instrument sensitivity is markedly increased as the assembly is moved
toward the scattering concrete wall. The room-scatter contribution to exposure
rate was determined independently as a function of distance from the same wall,
and of source-to-point-of-measurement distance, by comparing the exposure rate
measured with a relatively energy-independent air-equivalent ionization chamber
with that computed for the same location from the source-calibration data. The
scatter contributions obtained in this way are shown in Table E-14. For a geo-
metry similar to that used by the manufacturer in the calibration of the
instrument's 500 uR/h range, the room-scatter contribution is seen to be ~11
percent.

Table B-13. Variation of Epberline Model PRM-7 Sensitivity with
Proximity to a Scattering Surface
(Instrument-to-source axis parallel to a 9-m wall,
and 2 m from floor. Distance between instrument
and '3/Cs source: 1 m),

Distance | Sensitivity Relative
to 9-m Wall|to that at Room Center

'm)

3.0 1.00
2.5 1.04
2.0 1.06
1.5 1.09
1.0 1.19
0.5 1.35
0.25 1.53
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Table B-14. Influence of Irradiation Geometry on
Measured Exgosure Rates from Open-Air (4-11)
137¢s Gamma-Ray Source

Source to Distance *9 9-m Increase in
Chamber Distance | vistance to Floor Wall Exposure Rate
(m) (m) (m) (%)
1.15 2.0 3.0 T
- i 0.91 4.8
5 i 0.25 11.0
. 1.1 3.0 3.4
- . 0.91 6.0
" " 0.25 13.5
1.816 B 3.0 6.7
e l 0.91* 10.6

*This geometry is similar Lo the one used by the manufacturer for calibra-
tion of the 500 uR/h range.

Based on these results, and considering only single Compton scattering from
concrete (producing ~400-keV scattered photons), one arrives at an increase in
sensitivity indication by ~19 percent in the manufacturer's !37Cs gamma-ray
field as compared with the sensitivity in a clean !?/Cs gamma-ray beam. In
effect, there will be an even larger sensitivity increase since there will be
contributions from multiple scattering as well, producing even lower photon
energies. As a consequence, it may be concluded that the discrepancy four in
the initial NBS tests is plausible, since, because of the considerable amount
of low-energy scatter in the manufacturer's radiation field, the manufacturer
adjusted the sensitivity control of the instrument (i.e., turned down the sen-
sitivity indication) by more than would have been necessary, had the radiation
field been that of a clean !37Cs gamma-ray source.

(c) Conclusions regarding field use of this type of instrument.

The Eberline Micro R/h Meter, Model PRM-7, is a very sensitive type of instru-
ment, but because of the strong energy dependence of its sensitivity, its
general usefulness is doubtful unless it is calibrated (and its sensitivity is
adjusted) using a radiation field identical with the one to he measured. This
means that, in many instances, the initial instrument calibration by the manu-
facturer may be useless or even misleading. (Note that, in the case of the NBS
instrument, the manufacturer's s nsitivity adjustment led to a material under-
estimation of exposure rate in the NBS collimated !37Cs gamma-ray beam.)
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The general usefulness of this instrument could be increased by decreasing the
energy dependence of its sensitivity through added filtration around the detec-
tor. To demonstrate this, we surrounded the Nal(T1) crystal with a 1.3-mm
shield of tin (which is not necessarily the optimum choice), and then repeated
our study of the sensitivity as a function of photon energy. The results are
shown in the last column of Table B-12. The sensitivity peak in the range of
70 to 200 keV is seen to be reduced, while there is relatively little influence
on the sensitivity for !37Cs or ©9Co gamma radiation; yet, the sensitivity is
suppressed excessively below 70 keV. However, by using suitable filter
materials or combinations of materials, it should be possible to optimize the
dependence of sensitivity on photon energy in the enerqgy range of interest.

Another approach to circumventing the problem with survey instruments incor-
porating high-atomic-number detectors such as Nal(T1) is taken in the Ludlum
Analyzer, Model 16. Its detector, with the analyzer window "out", is influ-
enced by scattered radiation from room surfaces in the same way as the Eberline
Micro R/h Meter, Model PRM-7. But the Ludlum Analyzer scale is in units of
count rate, with the responsibility for calibration in terms of other quanti-
ties left to the user.

2.3.6 The Eberline Teletector, Model 61128

The instrument was tested using cesium-137 gamma rays and heavily filtered

x rays. In tests for high-range exposure rates the position of the high-range
tube was known and the 7 mm offset from the probe central axis was taken into
account.

The instrument is powered by four "C" batteries. The condition of the battery
supply is checked with the control switch in the "B" position. A black line
over the upper third of the meter scale is the range for indication of battery
condition. The battery condition was checked before all tests and found to be
within the range defined by the black line. During the course of the tests, as
the batteries became depleted, the battery test reading decreased until it no
longer reached the black line on the meter. The effect of battery condition on
the meter readings was found by using a precision power supply in place of the
batteries. The effect of the battery condition on the instrument reading is
shown in Table B-15, where it is shown that exposure rate readings on the high
range decrease by 14 percent for a decrease from 6.0 volts to 4.0 volts (the
minimum indicated by the black line). Since the actual battery potential
available to the instrument during the various radiation measurements is not
known, the relationship of readings taken at different times is also not known.
As a result measurement data such as for energy dependence are normalized to
rrasurements taken on the same day.

Initial testing of the Teletector was performed using collimated-beam
cesium-137 gamma-ray sources. Three different sources were used to produce
exposure rates extending from about 1 R/h to 670 R/h, allowing measurements on
the 2, 50, and 1000 R/h ranges. The results of the measurements where the
high-range GM tube is utilized are given in Table B-16 in terms of sensitivity.
Sensitivity is defined here as the quotient of the instrument reading and the
standard exposure rate., There appears to be a trend downward in sensitivity
for the high-range GM tube as the exposure rate increases. There is some
difficulty in estimating readings on the logarithmic scale if the readings are
between scale divisions. The uncertainty in readings is reduced by positioning
the detector in the gamma-ray beam so as to produce readings on scale divi-
sions. This could not be done in all cases.
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Table B-15.

Change in Teletector Readings with Change in
Power Supply Potential for Constant Exposure Rate

(2 R/h Range)

rWVPotential Teletector Reading | Teletector Readings Normalized
(volts) (R/h) to Reading at 6.0 volts
6.2 1.80 1.03
6.1 1.75 1.00
6.0 1.75 1.00
5.5 1.70 0.97
5.0 1.65 0.94
4.5 1.60 0.91
4.0 1.50 0.86
3.9 1.55 0.88
3.8 0.60 0.34

Table B-16. Sensitivities for Teletector Model 61128
High-Range GM Tube Using Cesium-137 Gamma Rays
Range | Reading | Exposure Rate Sensitivity
(R/h) (R/h) (R/h) (01d batteries)
1000 90 100 0.90
130 150 0.87
175 200 0.88
260 300 0.87
340 400 0.85
420 500 0.84
563 672 0.84
50 1.7 1.76 0.97
3.0 3.34 0.90
5.0 5.65 0.88
7.0 7.94 0.88
7.2 8.19 0.88
10 11.8 0.86
15 17.5 0.86
20 22.5 0.89
25 27.8 0.90
30 33.4 0.90
40 48.1 0.83
50 65.2 0.77
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Tests for sensitivity for the low-range tube were carried out using, in addi-
tion to the collimated beam source, small cesium-137 sources in a 41l geometry.
The data are shown in Table B-17, where sensitivities are given for old and new
battery complements. As opposed to the downward trend in sensitivity for the
50 R/h and 1000 R/h ranges as the exposure rate increases, the sensitivity for
the 2 R/h range increases with increase in exposure rate. Within reading
accuracy there appears to be no trend in sensitivity for the 2 mR/h and 50 mR/h
ranges. The data of Tables B-16 and B-17 are reduced to mean sensitivities in
Table B-18 for ease of comparison of sensitivities for the different ranges, as
well as comparison of data for old and new battery complements.

Table B-17. Sensitivities for Teletector Model 6112B Low-Range GM Tube
Using Cesium-137 Gamma Rays

Range | Reading | Exposure Rate Sensitivity Sensitivity
(R/h) (R/h) (R/h) {01d batteries) | (New batteries)
2 1.0 0.85 - 1.18
1.0 0.99 1.01 --
1.49 1.18 -- 1.26
1.5 1.42 1.06 “-
2.0 1.51 -- 1.32
2.0 1.78 1.12 --
(mR/h)| (mR/h) (mR/h)
50 1.6 1.59 -- 1.01
2.6 2.68 -- 0.97
3.5 3.45 1.01 -
5.0 §.23 -- 0.96
8.5 8.44 -- 1.01
9.5 10.5 0.90 --
15 15.5 .- 0.97
33 34.8 -- 0.95
34 40.2 0.85 --
a6 47.9 -- 0.96
2 0.08 0.133 0.60 .-
0.10 0.137 0.73 --
0.18 0.220 -- 0.82
0.45 0.563 - 0.80
0.65 0.903 0.72 --
0.90 1.14 .- 0.79
}ed 1.54 0.84 .-
1.7 2.17 - 0.78
L_.. 2.0 2.73 0.73 --
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Table B-18. Mean Sensitivities for Teletector,
High- and Low-Range GM Tubes

Range Mean Sensitivity | Mean Sensitivity
(014 batteries) (New batteries)
r—»‘
1000 R/h 0.86 --
50 R/h 0.89 e
2 R/h 1.09 1.25
50 mR/h 0.92 0.98
L_ 2 mR/h 0.72 0.80

The dependence of the Teletector exposure readings on the energy of the radia-
tion was investigated for both high- and lTow-range GM tubes using heavily fil-
tered x radiation. The combinations of x-ray tube potential and filtration are
the NBS H series for which effective energies have been determined. The
results of the measurements are shown in Table B-19, where the data are nor-
malized to the sensitivities for the H300 combination of x-ray tube potential
and beam filtration. The effect of the lead shield on the high-range GM tube
response can be seen by the drop in sensitivity between 80 keV and 100 keV (the
K shell critical x-ray absorption energy is about 88 keV). This effect is not
obvious in the data for the low-range GM tube and the 2 R/h range; however, for
the 50 mR/h range where additional copper filtration was used to lower the
exposure rate and higher effective energies are produced, evidence of the lead
absorption edge is seen in the sharp drop in sensitivity above 80 keV and the
relatively flat response between 120 keV and 166 keV. These data are shown in
Table B-20 where the x-ray effective energies are indicated as being greater
than the H series effective energies but have not been determined,

Table B-19. Dependence of Teletector Model 61128
Exposure Rate Readings on Radiation Enerqy

NBS Effective Normalized Sensitivities*

feam Enerqy Low-Range High-Range

Code GM Tube GM Tube
(kev) (2 R/h Range) | (50 R/h Range)

H50 38 0.12 0.01 L

H60 a6 0.59 0.02

H100 80 2.62 0.79

H150 120 1.78 0.56

H200 166 1.42 0.93

H250 211 1.17 1.04

H300 252 1.00 1.00

*The sensitivity, at H300, for the low-range GM tube
is 0.91 and for the high-range GM tube it 1s 1.31.
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Table B-20. Dependence of Teletector Model 61128 50 mR/h Range
Exposure Rate Readings on Radiation Energy

X-ray ube | Effective Normalized
Potential Enerqgy Sensitivity*
(kV) (kev)
50 »38 0.12
60 >46 0.81
100 >80 2.35
150 >120 1.44
200 >166 1.36
250 »211 1.11
300 >252 1.00

*The sensitivity for an x-ray tube poten-
tial of 300 kV, the H300 filters, plus
additional copper filtration, is 0.380.

2.4 Response to ~6.5-MeV Photon Beam

2.4.1 Procedure

Instrument sensitivity was determined with the geometric center of the instru-
ment's radiation-sensitive volume (the "detector") at a distance of 1 m from
the source. Layers of plastic were added over the front surface, in order to
establish quasi-electron equilibrium and thus eliminate a possible influence on
the instrument response of the electron and/or low-energy photon contanination
in the beam.* Sensitivity was expressed as scale reading per unit of absorbed
dose rate to water at a depth of 2.5 cm in a Lucite phantom, obtained from the
readings of the calibrated NE 110 plastic scintillator which was used as heam
monitor. In order to associate scale readings of the survey (rate) meters in
the photon beam whose intensity fluctuated in time with the reading of the
calibrated (integrating) beam monitor, scale reading per monitor count was
obtained by averaging up to twenty or more individual scale readings taken
during each of three successive thirty-second periods, and dividing their
average by the value of the monitor counts integrated over the same periods.

*The measurements on the Eberline Model E-520 Geiger Counter were performed
with its probe both behind Lucite slabs and enclosed in Lucite cylinders, with
wall thicknesses of 2 and 5 cm, respectively. Within the experimental errors,
the results were the same, confirming that complete enclosure fn Lucite of the
active detector volume was unnecessary.
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To check on the constancy of the scintillation monitor, i1ts readings were com-
pared with those of an Exradin, Model A6, 800-cm? ionization chaasber with an
added cubical Lucite shell of a thickness of 2.5 ¢cm. Based on a total of close
to 50 thirty-second runs, the relative coefficient of variation for the ratios
of the readings of the scintillation and ionization monitors was found to be
+1,6 percent, with most of the uncertainty probably stemming from leakage of
the ionization chamber, Therefore, the use of the scintillation monitor for
establishing the relationship to absorbed-dose rate as determined from the
readings of the LiF TLD-100 dosimeters was considered adequate.

2.4,2 Results

Instrument sensitivity (scale reading per unit absorbed-dose rate to water at a
?2.5-cm depth in a Lucite phantom) was determined as a function of Lucite thick-
ness added over the detector, Figure B-22 shows semilogarithmic plots of the
resu'ts, For added Lucite thicknesses of less than ~2 cm, the shape of the
curves of sensitivity-versus-Lucite thickness is seen to vary considerably with
instrument type, depending mainly on wall thickness of the detector, For
larger thicknesses of added Lucite, the curves reflect, at least qualitatively,
the decrease in instrument response due to beam attenuation in Lucite, The
sensitivity values shown in the figure for an added 2.5 cm of Lucite were com-
puted from the least-squares fit to the data for added Lucite thicknesses of
more than ~2 cm,

The results are summarized in Table B-21, giving the sensitivity of the instru-
ments irradiated with the detector behind 2.5 cm of Lucite, with absorbed-dose
rate to water determined at a depth of 2.5 c¢m in the Lucite phantom, Listed
are nominal dose rates for the calibration of each instrument, sensitivity and
its units, and instrument orientation during calibration, Here, "vertical"
means that the plane of the meter dial was perpendicular to the .ncident photon
beam, and "horizontal, side" means that the dial plane was paraliel to the
beam, with the instrument case on 1*s side,

In the fourth column of Table B«21, sensitivity in the ~6.5-MeV beam 15 com-
pared with that to '¥7Cs gamnma radiation (ignoring the relatively very minor
correction arising from the '37Cs gamma-ray beam having been characterized in
terms of exposure rate and the ~6,5-MeV beam in terms of absorbed-dose rate to
water), The Teletector, Mode! 61128, demonstrates sensitivity in the higher-
energy beam that is essentially the same as for '?7Cs gamma radiation, Without
any further adjustment, the sensitivity of the Eberline [on Chamber STrvty
Meter, Model RO-2A, 15 seen to come to within 20 percent of that for 137Cg
gamma radiation, and the sensitivity of the Xetex Digital Exposure-Rate Meter,
Mode! 3058, comes to within a factor of two--both in the “"safe" direction
(1.e,, reading high)., The two instruments incorporating Nal(T1) detectors read
low 1n the ~6,5-MeV beam by factors of 2,5 to 3.3 unless their sensitivity is
adjusted for the particular radiation field,

2.4,3 Recommendation

If any of the instruments is to be employed for surveys in an area in which
photons of energies in the vicinity of 6 MeV may be present, it 1s suggested
that readings be taken behind increasing thicknesses of plastic over the front
of the instrument, 1n order to establish an attenuation curve in plastir for
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Figure B<22 Instrument Sensitivity (Scale Reading per Absorbed-Dose Rate to Water
at a 2.5<cm Depth in a Lucite Phantom) as a Function of Lucite Thick-
ness Added Over the Front Surface of the Active Detector Volume,

Solid straight lines: Least-squares fit to the data, The values for
the sensitivities given at the arrows [for an added Lucite thickness
of 2.5 cm) were computed from the least-squares fit, For the Eberline
Geiger Counter, Model E-520, the full circles were obtained with the
probe completely enclosed in Lucite cylinders of the respective

thicknesses,
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Taole B-21.

Instrument Sensitivity in the ~6.5-MeV Photon Beam

at a Depth of 2.5 ¢m in Lucite

Sensitivit r]
Instrument Nominal . elative Meter
Dose Rate Absolute to 662 keV |Orientation
(mrad/h) Sensitivity
Xetex Digital Exposure- 20 1.9 (mR/h)/(mrad/h) ~2.0 vertical
Ratemeter, Mode! 3058
Ludlum Model 16 Analyzer 10 4,2 x 10 ~0.3 vertical
(counts/min)/(mrad/h)
Eberline lon Chamber 30 1.2 (mR/h)/(mrad/h) ~1.2 vertical
Survey Meter, Model RO-2A
Eberline Geiger Counter, 30 2.7 (mR/h)/(mrad’h) ~2.3 vertical
Model E520, with HP-270
External GM probe
Eberline Teletector, 25 1.0 (mR/h)/(mrad/h) ~1.2 horiz., side
Model 61128
Eberline Micro R/h meter, 10 290 (WR/h)/(mrad/h) ~0.4 horiz., side
Mode! PRM-7
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the radiation field to be surveyed. This is necessary because the components
of the particular radiation field may be different from those encountered in
the ‘9 (p,ay)!®0 beam employed by NBS for response studies. This attenuation
curve for the field to be surveyed then may be used for estimating the dose
equivalents at the depths of interest.

2.4.4 Estimate of Overall Uncertainty of Results

Among the individual components that enter into an estimate of the overall
uncertainty associated with the instrument sensitivities presented in this
section are:

{a) Determination of absorbed-dose rate to water from TLD measurements in
Lucite (see also Section 1.1.3), and calibration of the monitor in terms of
thic absorbed-dose rate.

(b) Positioning of instruments such that the geometric center of the detector
is at the point of known absorbed-dose rate.

(c) Least-squares fit of instrument sensitivity data obtained as a function of
thickness of Lucite over the instrument's surface.

(d) Ability to read instrument scale and to -elate average of scale readings (a
rate) to monitor reading (an integral reading). This uncertainty varies with
the type of instrument.

We estimate an uppar bound for the overall uncertainty of between 20 and

t25 percent. While this is a relatively large uncertainty, it probably is
sufficient for obtaining the information required for the selection of the type
of instrument best suited for surveys in ~6-MeV ph ton fields.

2.5 Response to Beta-Particle Beams

From a comparisor of Table B-4, giving iverage and maximum ranges of the beta-
particle sources available at NBS for these studies, and Table B-7, giving per-
tinent instrument characteristics, it is evident that some of the instruments
are not equipped with sufficiently thin windows to give a response to the beta
particles from all three types of available sources. Nevertheless, all six
types of instruments were initially placed in the beams of all three types of
sources. Measurements were made both with the geometric center of the sensi-
tive detector volumes and with their "beta windows" at the distance for which
absorbed-dose rate to tissue was known.

Table B-22 shows the results of the measurements made with the geometric center
at the point of known absorbed-dose rate. The relationship between the results
of these measurements and the measurements with the point of known absorbed-
dose rate at the "beta window" is shown in Figure B-23 fur the Eberline Mode!l
RO-2A instrument, demonstrating the importance of a detaileu description of
instrument-irradiation conditions. The fact that all instruments had to be
studied at the same distance from a particular source in order to guarantee
spectral comparability presented a difficulty since 1t made it impossible to
select absorbed-dose rates providing mid-scale readings. As a consequence,
instrument reading in some instances was off-scale on one range and close to
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Table B-22. Instrument Sensitivity to Beta Particles,
with Measurements Referred to Geometric Center
of Sensitive Volume

Absolute Sensitivity Sensitivity Pelative
Instrument to 137Cs Gamma Rays
- Units(l) 90y / 90y 2047) 147pm 905, /90y |204T) |147pp
N mR/h (2) (2)

XETEX Digital 0.00 0.04 (3)(5) 0,00 0.04 {(3)(5)
Exposure-Ratemeter mrad/h
Mode! 3058 (6)
Ludlum Model 16 il 230(®  |g6(#) 110(4)(5) (4) (a) |(4)(5)
Analyzer
Eberline lon 5$§é§g 0.90 | 0.44 0.14 0.93 | 0.43 [0.14
Chamber Survey
Meter, Model RO-2A
Eberline Geiger [COUILSZNINL | ggg 3 (3)(5) 0.58'7 0.03 |(3)(5)
Counter, Model
'E520, with HP-270
External GM probe
Eber)ine P 0.16 | 0.022 0.0009'3)] 0.13 | 0.02 [0.001
Teletector,
Model 6112
Eberline Micro  |=MA 3.0 0.86% | 2,69 0.008 | (&) |(a)(5)
R/h Meter, (6)
Mode! PRM-7

(I)The units in the numerator are for scale reading, those in the denominator for absorbed -
dose rate to air at the point of measurement,

(Z)Dos- rate too high for low-level G.,M, tube, resulting in a “zero" reading, because, in
the calibration geometry used, the high-level tube was shielded from the beta particles of
the source,

(3)0bserved reading close to background,

() Window thickness greater than CSDA range of beta particles from this source.

(5)Window thickness greater than effective range of 1“7Pm beta particles as measured in
Mylar with the Eberline Model RO-2A instrument,

(G)For these instruments, sensitivity values were obtained by subtracting from the measured
values a background estimated from readings with the source shutter closed,

(7)¢om converted to mR/h using 1200 CPM « 1 mR/h.
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the bottom of the scale on the next range. The most severe case occurred with
the Xetex Model 503 instrument, which gave a reading of 0.00 mR/h when the low-
level GM tube was facing the 90gy/ 90y source and the high-level tube was
shielded by parts of the instrument,

Table B-22 shows that the Eberline Model RO-2A instrument, having the thinnest
entrance window, is the only type studied that can Le used over the entire
beta-particle range covered, and, under the chosen irradiation conditions, has
a sensitivity to ?%Y beta particles that is within 20 percent of its sensiti-
vity to !37Cs gamma-ray photons (see also Table B-10). Yet, for 1“’Pm beta
particles, its sensitivity is lower by a factor of ~7, Both Nal(Tl) detectors
(Eberline Model PRM7 and Ludlum M del 16) detected significant amounts of
radiation (probably bremsstrahlung and some photons) even with the source
shutter closed. The behavior of response as a function of distance from the
source suggested that some of this radiation originated in the vicinity of the
source or source shutter, The effect was reduced significantly by a 1/4-inch
steel plate in front of the detector,

2.6 Response to Monoenergetic Electron Beams

Inasmuch as the purpose of this study was to examine the response of the six
types of instruments to electrons corresponding to beta particles iower 1in
energy than those from 1“7Pm, but none except the Eberline Model RO-2A instru-
ment was previously found to have a sufficiently thin entrance window to admit
such beta particles, this was the only instrument studied. Electron beams of
energies 100 to 400 keV at their point of exit into air were employed,

Table B-23 shows sensitivity data for this instrument, obtained at the indi-
cated distances from the exit window of the electrons into air to the instru-
ment's front entrance window of 7 mg/cm?, where absorbed-dose rate to air had
been determined, Since the upper bound on the uncertainty of these data is
about +50 percent, sensitivity is given with one significant figure only, The
values shown seem grossly compatible with the instrument's sensitivity to 1“7Pm
beta particles shown in Table 8-22,

2.7 Response to Gaseous Beta Emitter

The response of the survey instruments when immersed in a '33xe gas atmosphere
was studied, The chamber used for these studies is described in Section 1.2,
Five of the instruments were placed on a well-vertilated shelf inside the
chamber's special plastic hood, Each instrument was within easy reach of a
single glove port, and each instrument or its probe could be placed at the
central measurement position, from which it was estimated to view a semi-infi-
nite cloud of !¥%e beta emissions, The sixth instrument, the Teletector,
because of its length, was placed 1n a side arm attached to the chamber at the
mid-plane, The GM-tube probe was inserted into the chamber a nominal 15 cm,
u?ich. it was estimated, also viewed a semi-infinite cloud of 133Xe beta emis-
sion,

The experiment was conducted three times to achieve a range of }33Xe concentra-
tions inside the chamber, and corresponding dose rates to the chamber air, The
air was sampled five minutes after the !33Xe was introduced, and periodically
thereafter, Results of a typical sampling sequence are shown in Table B-24,
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Table B-23. Sensitivity of Eberline Model RO-2A Survey Instrument
to Essentially Monoenergetic Electrons

Electron Distance Sensitivity
Energy
(keV) (cm) (mR/h)/(mrad/h)
200 30 0.09
= 20 0.2
300 30 0.3
by 20 0.3
400 30 0.4
" 20 0.4

Table B-24. Concentrations of !33xe Determined from Samples

Sampling | Radioactivity Concentration
Time (nCi/cm?)
10:36 3.18 (1.10%)
10:41 3.28 (1.07%)
10:45 3.42 (0.38%)
10:49 3.34 (1.05%)

Values of absorbea dose rates to air were calculated from the !33Xe concentra-
tions, using the conversion factors for semi-infinite clouds given in NRC
Regulatory Guide 1.109, Appendix B [8]. The conversion factors consist of a
beta term, taken directly from Table B-1 of the Guide, and a gamma term, to
which a geometric correction factor for K x rays and 81 keV gamma rays was
applied. For absorbed dose to air, the value of the total conversion factor is
1.2012 x 10-7 mrad m*/pCi h, consisting of a beta term of 1.1978 x 10-7 and a
gamma term of 3.4 x 10-'° mrad m®/pCi h.

The results of the three immersion experiments are shown in Table B-25. Each
entry for instrument response is the average of at least three readings of the
instrument, and all values have been background corrected. The third column of
the table indicates the total (beta plus gamma) absorbed dose rate to air,
while the fourth column shows only the gamma dose rate. Those instruments that
responded to only the gamma radiation are cbviously the Teletector, the

Xetex 3058, and the Eberline E-520. Both the Eberline PRM-7 and the Ludlum
Model 16 went off-scale when exposed to the highest concentration of !¥¥xe.
Since the windows of these two instruments are too thick (see Table B-7) to
admit beta rays from '33xe (E_. = 346 keV, £ = 100 keV), they obviously
responded to only the gamma rgafation.
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Table B-25. Response of the Survey Instruments when Immersed in !33fe Gas

55-8

Experi-{ 13%xe Total Gawma Instrument Response
ment |Concentra- Air Air
tion ]Dose Rate|Dose Rate|Teletector | Xetex PRM-7 Ludlum RO-2A E-520
TpCi/m3) |(mr mr TWR/h) | [ R/h) Tcom). [(MR/RT|™ (mR,A)
2.16x101% | 2600 7.36 3.75+.14 5.18+.08|off scale off scale |185:60 (10.0+0.4
3.41x10° 410 1.16 0.07+0.03 1.0+0.2 }4100+200 |510,000+10,000137.0+1.8]1.45+.20
3.65x10% 43.9 0.124 .0025+.001110.10+.05}280+10 20,750+250 13.5+1.5]0.175+.027




Evidently the only instrument that responded to the beta radiation is the
Eberline lon Chamber Survey Meter, Model RO-2A, For only the beta response,
the absolute sensitivity of this instrument 1s approximately

i - o0 28

This is one-half the sensitivity shown in Table B-22 for the same instrument
when exposed to beta particles from '“7Pm, which have comparable energy. The
reduced sensitivity in the gaseous enviromment, when compared with the sensiti-
vity indicated in Table B-22 for a confined-beam geometry, may partly be due to
the fact that the entrance-window geometry of the instrument |imits its
response to only a fraction of the beta radiation emanating from the infinite
hemisphere over which the dose rate is calculated,

3. Conclusions and Recommendations

3.1 Summary of Instrument Studies

Studies of instrument response to photon beams with enerqgies up to 1250 keV
yielded results that were both expected and unexpected, FEneray dependence
studies of the XETEX Model 305B showed responses that are typical for instru-
ments that use GM tubes as detectors, Because the low-range tube is eneragy
compensated, and the high-range tube is not, their energy dependence is signif-
icantly different (Table B-8), The Ludlum Model 16 Analyzer shows an energy
dependence that is typical for instruments of this type, with a sensitivity for
70-keV photons that is 18 times higher than it is for 662-keV gamma rays

(Table B-9), The Eberline Mode! RO-2A instrument exhibits the lack of  nerqy
dependence that is expected from ion chambers, Energy dependence of the
Fberline Geiger Counter Model E-520 is typical for GM instruments, but there is
?Iso some evidence of non-linearity for higher exposure rates on some ranges

Initial studies of the Eberline Model PRM-7 micro-R meter, using collimated
137Cs gamma-ray beams, resulted in sensitivities that were 25 and 40 percent
lower, respectively, for two instrument ranges than those given by the manufac-
turer,

The reason for this discrepancy was discovered to be Lhat the manufacturer used
a 4-n 137Cs ganma-ray source for the initial calibration in an environment
where the low-enerqgy scatter was significant, Because this instrument has an
appreciable energy dependence (the sensitivity at 70 keV is 16 times that for
$62 keV gamma radiation), its sensitivity was greater in the manufacturer's
calibration field, and the sensitivity control was adjusted accordingly, In
the NBS field, which had no low-energy scatter component, the instrument's
sensitivity was therefore lower,

Studies of the Teletector Model 61128 showed that the effect of battery condi-
tion on the instrument reading can be appreciable, On the high range, readings
decreased by 14 percent when the power supply voltage decreased from 6 volts to
4 yvolts (the minimum indicated by the black line), In addition, there appears
to be a downward trend in sensitivity for the high-range GM tube as the



exposure rate increases (Table B-16), This trend i1s reversed on the 2 R/h
range, where the sensitivity increases witn increasing exposure rate (Table
B«17). Studies of energy dependence for the low-range GM tube show a sensi-
tivity at 80 keV effective photon energy that i1s 2.6 times as high as the
sensitivity for 250 keV photons (Table B-19).

When the instruments were exposed to ~ §,5-MeV photons, with the detectors
behind 2.5 ¢m of Lucite to establish electron equilibrium, the Teletector
demonstrated sensitivity that was 20 percent higher than for '37Cs gamma radia-
tion., The sensitivity of the Eberline lon Chamber Survey Meter, Model RO-2A,
was also within 20 percent of that for the '37Cs reference, and the sensitivity
of the Xetex Model 3058 instrument came to within a factor of two of this
reference enerqy, Both of these instruments erred in the “"safe" direction,
i.2,, their readings were higher in the ~6,5-MeV field, 0On the other hand, the
two instruments that use Nal detectors showed readings that were low by factors
of 2,5 to 3.3 (see Table B-21),

Studies of response to beta-particle beams showed that only the Eberline ion-
chamber instrument, Model RO-2A, responded to beta particles over the entire
enerqy range studied, lUnder the conditions chosen for the studies, it showed a
sensitivity to *0v beta particles that is within 20 percent of its sensitivity
to '37Cs gamma-ray photons, Yet, for “/Pm beta particles, its sensitivity is
lower by a factor of about seven (Table B-22), Compatible results were
obtained from studies of this instrument's response to monoenergetic electron
beams (Table B-23),

When the six survey instruments were immersed in a !3%e gas atmosphere that
representad a semi-infinite cloud, five of them apparently responded to only
the gamma radiation, Evidently the only instrument that responded to the beta
radiation is the Eberline lon Chamber Survey Meter, Model RO-ZA, Its absolute
sensitivity for ‘3%e beta particles is about 0,07 (mR/h)/(mraa/h),

3.2 Conclusions Based on Stuql,ﬂesults

The studies generally confirmed what is accepted as common knowledge regarding
the performance characteristics of the various types of survey instruments,
The M instruments demonstrated their typical energy dependence, and ths Nal
instruments did the same, but more so, The lone ionization chamber instrument
showed the flat energy response expected from that type of detector,

The discrepancy between results obtained by NBS for the Eberline PkM.7 instru«
ment and the initial sensitivity adjustment provided by the manufacturer is a
qood example of a possible consequence of appreciable enerqy dependence, For
an instrument of this type, meaningful measurement results depend upon calibra-

tion using an enerqgy spectrum that is similar to the spectrum of the radiation
to be measured in the field,

The dependence of the response of the Teletector, Model 61128, on battery
voltage may limit the usefulness of this instrument, Even though a decrease to
4.0 volts may be regarded as acceptable, the accompanying ld-percent decrease
in exposure rate readings may be unsatisfactory, The difference in mean
sons:::vitt&s of the various ranges of this instrument (Table B-18) is
significant,
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The difference in response of the various instruments to ~ 6.5 MeV photons,
when each detector is placed behind 2.5 cm of Lucite, is substantial, The
sensitivities, relative to the sensitivity for 137Cs photoas, range from ~ 3 to
~0,3. This order-of-magnitude difference appears to be a function of the type
of detector employed,

Studies of instrument response demonstrated that only those instruments with
sufficiently thin windows will respond quantitatively to beta particles., What
may be interpreted as response to beta particles may instead be response to
low-energy photons, Accurate measurement of beta-particle dose, using survey
instruments whose primary purpose is measurement of exposure rates from
photons, may be extremely difficult,

3.3 Recommendations

Although very few recommendations are made, as such, in the body of this
report, the results of the various studies support some additional recommenda-
tions for consideration by NRC inspectors,

Results of the enerqy dependence studies show that only the ion-chamber instru-
ment has the flat response that will result in accurate measurements regardless
of the photon energy spectrum, Within its range of exposure rates, it 1s
recommended that this type of instrument be used for guantitative measurements,
Instruments that use GM or Nal detectors may be used for detection of radia-
tion, because of their high sensitivity and fast response, but should not be
used for measurements, Exceptions can be made if the energy spectrum of the
field being encountered 1s well known, and the response of the particular GM or
Nal instrument 1s also well known for the same energy spectrum, but this is
rarely the case,

Recause of the appreciable dependence of the response of the Teletector instru-
ment on battery voltage, it 1s recommended that special efforts be made to
replace batteries well before the voltage fa'ls tu the minimum acceptable
(black=1ine) level,

when one of the instruments is used for surveys of radiation with esergies in
the vicinity of 6 MeV, it is suggested that readings be taken with increasing
thickresses of plastic placed over the detector, in order to establish an
attenuation curve in plastic for the radiation field being surveyed, This is
necessary because the particular radiation field of interest may differ from
that used by NBS for the response studies, The attenuation curve for the field
being surveyed may then he used for estimating the dose equivalents at the
depths of interest (Table B8-21 and Figure B-22),

0f the instruments studied, it 1§ recommended that the Eberline lon Chamber
Survey Meter, Mode! RO-2A, be used for measurewents of beta-particle fields,
Recause of the strong dependence of instrument sensitivity on the enerqy of the
beta particles (Table B«22), such measurements must be regarded as approxima-
tions, This 1s particularly true if low-energy photons are also present

(Table B-25).
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PART C
IMPLEMENTATION OF QUALITY ASSURANCE SERVICES

Introduction

This part of the report describes the development of a program that includes a
new kind of interzction between NBS and laboratories that calibrate radiation
survey instruments used by NRC inspectors. The program was developed at the
request of the MRC, to provide increased assurance that survey measurements
made routinely by inspectors are sufficiently accurate.

At this time, the program is limited to calibrations of instruments used to
measure photon (x and gamma) radiations, since these are the types most com-
monly encountered. The same principles can, however, be applied to beta and
neutron radiations, and it 1s hoped that similar programs will b2 developed for
them in the future.

1. Concepts of Measurement Quality Assurance

1.1 Basic Concepts

Measurements made to determine compliance with regulations, and thereby ensure
the adequacy of radiation protection procedures, must be made with sufficient
accuracy. If the measurements are sufficiently accurate, they are safd to be
of high quality. [f high-quality measurements are desired, appropriate actions
must be taken on a continuing basis to assure that the total measurement uncer-
tainty relative to a national standard is quantified and sufficiently small to
meet requirements. These collective actions constitute measurement quality
assurance (MOA).

To achieve MQA, methods must be availahle for taking appropriate actions.

Among these methods muct be some that enable the measurement result obtained at
the field level tu be consistent with (1.e., 1n agreement with) the nationa)
physical measurement standards maintained by NBS.

1.2 Methods for Achieving Consistency

Over the past 50 years, the principal method used in attempts to achieve con-
sistency has been calfbration of radiation instruments or sources by NBS.
These calibrated ftems are then used as transfer standards at an intermediate
level to calibrate other sources or instruments used at the field level or, in
relatively few cases, are used directly at the field level. The basic diffi-
culty with this method is that the quality of field-level .easurements s
undemonstrated and is therefore unknown,

Essentfally all instruments used for routine radiation protection measurements

are calibrated at an intermediate level because NBS does not calibrate instru-

ments used for that purpose. In this case, the unknown quality of the measure-
ment arises in large part from the unknown quality of the calibration,

C-1



The calibrat on process is inherently limited to the measurement device, and
provides no assuracsce of measurement quality. Consistency with the national
standard is merely implied, and is not demonstrated. Tais fundamental limita-
tion has become increisingly unacceptable in the radiation measurement com-
munity. As shown in tne left column of Fijure C-1, the consistency of the
measurenent must be {mplied because the chain of comparison ends with the
instrument and does not extend to the measurement itself.

If demonstrated consistency of a measurement with a standurc is desired or
required, the method illustrated by *he right column of Figure C-1 may be used.
It is a quantitative determination of the dcgree of consistency because it
employs an actual measurement performa ice test and evaluation. Demonstrated
consistency is more desirable than implied consistency because it is based on a
demonstration that the complete measurement process is functioning properly,
including the instrument, its user, and the procedures.

Demonstrated consistency s usually achieved throcgh utilization of a device
which may be in the form of a radiation source or a dosimeter that originates
from NBS or an intermediate standards laboratory. Table C-1 summarizes the
procedures that are used for the various evaluations of ability toc adequately
perform a particular measurement function. If the participant's performance is
within agreed-upon limits of accuracy, that achievement is appropriately docu-
mented.

A performance evaluation that demonstratss consistency with national standards
may be provided by either NBS or an intermediate standards laboratory. Since a
demonstration of satisfactory performance can not reasonably guarantee similar
performance for an indefinite period of time, the demonstration process should
be repeated periodically.

The right column of Figure C-1 i!'lustrates an ideal! method that results in
demonstrates consistency of fisld-level measurements with the national stan-
dards, throucgh services provided by an intermediate laboratory. At this time,
there are only a few national programs that enable the demcnstration of consis-
tency for field-level measurements. D3efore the consistency-demonstration 1ink
can be made bhetween the fieid and intermedizte levels, however, it is necessary
to establish this type of interaction between the intermediate and NBS levels.
It is therefore prudent to “irst concentrate efforts on the development of
consistency demonztration for this intaraction, which wili result in the mixed
method shown in Figure C-2. In this case, demonstrated consistency will exist
between NBS and the intermediate level, along with implied consistency between
the field and intermediate ievels. This method, although not ideal, represents
a necessary and sianificant first step toward ultimate achievement of the ideal
illustrated in the right column of Figure C-1.

1.3 Traceability

If the actions taken to achieve consistency with national standards are
adequately documented, those documents provide evidence that specific actions
were taken at a specified time. This documentary evidence that a series of
actions were taken to make a field measurement consistent with a national stan-
dard is commonly referred to as traceability. A gencral definition of trace-
ability is therefore "the ability to show that appropriate documented actions
have been taken to demonstrate or imply that a measurement is consistent with a
standard”.

c-2
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Procedures for Performance Evaluation

To Evaluate Abiiity to
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Evaluator
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For Evaluation by
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Calibrate an
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Calibrate Same
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Comparison of
Calibration Factors

Measure Radiation
Fields (Radiation
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Measure an
Uriknown Field

Measure the
Same Field

Comparison of
Measurement
Results

Measure Radioactivity
(Activity Units)
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of a Source
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Comparison of
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Results
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(Radiation or
Activity Units)

Calibrate a
Source
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Same Source
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Calibration Results

—
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Dosimeter

Accuracy of
Administered Dose
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Known Dose
to the
Dosimeter

Accuracy of Read-out
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More specific definitions of traceability, corresponding to either implied or
demonstrated consistency, are possible. The documentary evidence resulting
from the calibrations that provide implied consistency may be called "instru-
ment traceability”. It is the ability to show that a particular instrument (or
radiation source) has either been calibrated using the national standard or has
been calibrated using a transfer standard in a chain or echelon of calibrations
ultimately leading to a comparison with the national standard. In this case,
traceability takes the form of one or more calibration certificates or

reports.

Wwhen consistency with a national standard is demonstrated, the results of the
performance evaluation are stated in a letter or report from the laboratory
that conducted the evaluation. This documentary evidence constitutes what may
be called "measurement traceability", which is the ability to show that a per-
formance evaluation was employed to demonstrate measurement results that were
consistent with the national standard.

1.4 Measurement Quality Assurance Program
To provide a reasonable degree of assurance that performance remains satisfac-
tory at all times, the measurement maker at the field level or at the inter-
mediate standards laboratory should have « measurement quality assurance
program. Such a program can include a variety of periodic actions, depending
upon the specific nature of the measurement. In a general sense, an MQA
program consists of procedures that enable a measurer to assure on a continuing
pasis that the total measurement uncertainty relative to the national standard
is quantified and sufficiently small to meet requirements. It can include
internal constancy checks, such as the frequent use of stable radiation sources
to check instrument response, and control charts that would warn of unusual
response or instability in the measurement process. An important element in an
MQA program is, of course, the periodic external performance evaluation that
maintains demonstrated consistency with the national standard.

Figure C-3 illustrates the essential principles and procedures of an MOA
program that includes periodic interaction with NBS. In this case, the par-
ticipant is assumed to be an intermediate standards laboratory that routinely
calibrates dosimetry instruments for users at the field level. As a result,
the first row of Table C-1 applies and the comparative device takes the form of
a dosimetry instrument. Upon initiation of this interactive MQA program, the
participant's in-house reference standard would be calibrated by NBS. As long
as subsequent internal constancy checks and external performance evaluations
produced satisfactory results, this transfer standard would never again need to
be recalibrated.

1.5 Documentation

As indicated by the lower third of Figure C-3, this example of an interactive
MOA program results in demonstrated consistency with NBS that is appropriately
documented. In general, the additional types of documents that should be pre-
pared for an intermediate laboratory's MJA program are: (1) the procedures
used for the periodic consistency demonstration with NBS (performance evalua-
tion); (2) the routine in-house quality control procedures; and (3) the pro-
cedures used for providing routine services. This complete set of documenta-
tion, along with the procedures outlined in Figure C-3, will provide a very
high degree of assurance that an intermediate standards laboratory performs
adequately in a continual manner.
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Contacts with NRC Contractor Laboratories

At the beginning of this project, NBS was asked to provide consistency demon-
stration services to *v:" laboratories that either were calibrating survey
instruments for NRC inspectors or would be in the future. The laboratories

initially 1dentwfwed were Argonne National Laboratory,
]

Brookhaven National
Laboratory, Eberline, and Lawrence Livermore National Laboratory. Each was
contacted to determine its interest in participating in services that would

result in demonstrated consistency with NBS

Argonne National Laboratory
On January 26, 1981, NBS staff members visited Argonne National Laboratory
(ANL) to discuss the possibility of establishina measurement quality assurance
(MOA) interactions. Discussions were held with members of the ANL health
physics group and the electronic maintenance shop which supports that group.
At this time, instruments used by NRC inspectors are calibrated in the elec-
tronics shop, using radiation sources owned by the health physics group. New
calibration fa("wties are being established in another building, but progress
is slow due to lack of funds.

Present facilities include approximately 25 curies of cobalt-60 in a source
used to calibrate instruments at a distance of about 100 cm. This provides an
exposure range of 50 mR/h to 10 R/h, with the use of absorbers to change expo-
sure levels. For lower exposure levels, there is a 1-mg radium source that
provides a range from 2 mR/h to 20 mR/h, at distances from about 7 to 20 cm.

The ANL health physics staff members were generally in favor of establishing
MQA interactions with NBS, and a suitable program will be implemented.

rookhaven National Laboratory
Initial contact with Brookhaven National Laboratory (BNL) was made via tele-
phone on August 14, 1981. After the nature and purpose of the proposed MQA
interactions were described to the person in charge of the BNL calibration
laboratory, he responded favorably but indicated the need for conferring with
higher management before responding officially. On August 24, he responded via
telephone that BNL does desire to participate in MQA interactions with NBS. At
this time, interactions are desired for gamma radiation from cesium-137 and
cobalt-60.

Eberline (a division of Thermo Electron Corporation)
On September 9, 1981, the Southeast Service Center of Eberline was visited in
Columbia, South Carolina, and discussions were held with the manager of the
laboratory. This facility calibrates survey instruments for NRC inspectors in
Region I1I.

The gamma calibrations are performed with three cesium-137 sources, with acti-
vities of 10 mCi, 10 Ci, and 1000 Ci. These provide exposures ranging from
0.7 mR/h to slightly over 400 R/h. The two larger sources are in vertical
10-inch diameter steel pipes surrounded by concrete shields. Whe not in use,
the sources are stored about 7 meters helow the point where instruments are
placed for calibration. The intensity of the field depends upon the location
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Subsequent to the initial identification of the four laboratories by the NRC,
it was requested that Lawrence Berkeley Laboratory and the Radiological and
Environmental Sciences Laboratory be added. Both laboratories were contacted.
and both expressed an interest in estanlishing MQA interactions with NBS.

Although the Battelle Pacific Northwest Laboratory is not among the labora-
tories that currently calibrate instruments for NRC inspectors, the possibility
of MQA interations with BPNL was investigated, with positive results. There-
fore such interactions for photon radiation will also be extended to this
laboratory at this time. In the future, BPNL desires to have MOA interactions
with NBS for beta and neutron radiations, as well as photons.

Request for Information

-

0 obtain the infecrmation reguired for the planning and conduct of consistency
demonstration services, a questionnaire was distributed to the potential par-
ticipants (see Appendix C-1). The questionnaire asked for essential charac-
teristics of the photon beam(s) used by the participating laboratory, a
description of the laboratory's in-house standard, the maximum acceptable
difference between NBS and the laboratory's results, desired frequency of NBS
consistency demonstration services, and status or intentions regarding in-house
constancy checks.

As of March 1, 1984, completed questionnaires had heen received from Argonne
National Laboratory, Eberline, Lawrence Livermore National Laboratory, and the
Radiological and Environmental Sciences laboratory (RESL).

Photon Beam Characteristi’s

50 that an appropriate performance evaluation could be designed, prospective
participants were asked to describe the characteristics of the photon beam(s)
they would use to calibrate the instrument circulated by NBS. For x-ray beams,
the characteristics of importance are generating potential, first and second
half-value layers, exposure or dose rate, and size of the field at the calibra-
tion position. For beams produced by radionuclides, the essential characteris-
tics are the particular radionuclide, the exposure or dose rate, and the field
size.

Only one respondent (Livermore) expressed an intention to use Xx-ray beams, and
characterized thcm in terms of the NBS beam codes at exposure rates ranging
from 10 to 1000 k/h. The four respondents specified !37Cs as a radionuclide
they intended to use, with desired exposure rates from 0.1 mR/h to 1000 R/h.
Two responding laboratories (Argonne and Livermore) specified 60Co, at exposure
rates of 1 R/h and 5 R/h.

In-House Standards
The prospective participants were asked to describe their in-house standards,
and to provide the date of the last calibration by NBS. The four respondents
use a variety of ionization chambers as their reference standards. Dates of

last calibration Ly NBS ranged from 1975 to 1983.
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(2) NBS will calibrate the laboratory s in-house standard jonization
chamber(s), for the agreed-upon radiation qualities and rates. Constancy
checks on these standards will be performed by the calibration laboratory
immediately before and after NBS calibration, and at suitable intervals there-
after.

(3) Consistency with the national standards will be demonstrated through
periodic NBS consistency demonstration services. These will consist of circu-
lation of suitable iori_ation chambers from NBS to the participating laboratory
for calibration and return, and subsequent comparison of calibration factors.
These services will not be used to establish calibration factors for the in-
house standards. A cumulative record will be maintained, by NBS and by the
calibration laboratory, on performance of the calibration laboratory as deter-
mined by the consistency demonstration service. This record will demonstrate
consistency in a broader sense--not only in terms of agreement with NBS, but
also in terms of continued satisfactory performance.

(4) Constancy checks on the stability of the in-house standard and the consis-
tency of *he calibration procedures will be carried out by the calibration
laboratory. These checks should make use of long-lived radioactive sources and
highly reproducible measurement procedures, as well as comparison of every
routine repeat measurement with its expected value. Accumulation of long-term
records is the most effective method for confirming stability of instruments
and consistency of procedures.

(5 1f the in-huuse constancy checks and the consistency demonstration results
are within the stated acceptable limits, the in-house standard will not be
recalibrated. If the acceptable limits are exceeded, steps will be taken by
and by the calibration laboratory to determine the cause. If the in-house
tandard is for any reason suspect, it will be returned to NBS for recalibra-

10n

The MQA program recommended above is intended to supersede the conventional
program of periodic recalibration of the in-house standard ionization chamber.
The in-house standard should not be returned for recalibration until there is
adequate reason to do so. NBY will however necessarily charge a fee for the
periodic consistency demonstration services.

Constancy checks on the in-touse standard and on the calibration procedures are
an essential aspect of the proposed MQA program and are the responsibility of
the calibration laboratory. Redundancy is the key to reliable calibration, and
» well-designed constancy check procedure should involve some redundancy. It
is expected that protocols on reccmmended methods of performing constancy
cnecks on in-house standards and on calibration procedures will be made avail-
able in the future as the result of work by NBS and other organizations.

4.2 Consistency Demonstration Services

It is planned to provide consistency demonstration services to all calibration
laboratories that wish to take advantage of such services. If each laboratory
were served individually, however, NBS might be overwhelmed by the increased
workload caused by calibration of instruments used for consistency demonstra-
tion. In order to carry out this program, the laboratories will be grouped
together according to their beam qualities, so that a single set of
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UNITED STATES DEPARTMENT OF COMMERCE
National Bureau of Standards

Protection-level Measurement Quality Assurance Test

Redundant measurement equipment is supplied in this MQA test so that the equip-
ment can be checked for constancy before the quality assurance measurements are
(‘?’v'"t"\‘,‘.
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Details of constancy-check procedure

(1)

Plug in K261, set switch in the straight-up OFF position.

Plug in K35020, set zero switch to LOCK, power switch to ON.

Connect cutput of K261 to input of K35020, using triax cable supplied.
Check polarizing voltage on rear binding posts of K261. The NBS reading
was 216 V. The black post is +. DO NOT SHORT THESE BINDING POSTS.

After a warm-up of about 20 minutes, check the charge response of the
K3502C as follows:

e Set K261 to -5.00 x 10-11,
e Set K35020 to DOSE mode, AUTO sensitivity, background suppression off,

altitude switches to 0.
® Prepare suitable timer.
Set K35020 to PUSH TO RESET, and start timer at 30 mR. After 5 or more

minutes, end the measurement at a convenfent reading. The NBS number for
this procedure was (1.20 ¢+ 1) mR/s.
e Set zero switch to LOCK.

Check the current response of the K35020 as follows:

Set K261 to -7.1 x 10-12,
Set K35020 to LOCK zero, RATE mode, AUTO sensitivity, background suppres

sion off, altitude switches to 0.
Set display to 0.000 £ 1 digit using zero ADJUST.
Set zerr switch to PUSH TO RESET and record the display for the following

settings:

K261: -7.1 x 16-12 -7.1 x 10-11 -7.1 x 10-10 -7.1 x 1077
The corresponding N2S readings were

K35020: 10.14 = 2 101.1 ¢+ 2 1013 ¢+ 2 10200 + 20

e Set zero switch to LOCK.

Determine the ratios of the currents for the three chambers, using ®%Co
and/or 137Cs beams that include not more than about 10 cm of cable. Use

the plane bufldup caps supplied.

The ratios at NBS were as follows:

137¢cs  80¢q 137¢¢  60Co

96020 96020A :
S0 1031 10.34 sco3s ©  10.60  10.67

These ratios can be determined at any convenient exposure rate. At very
high exposure rates, correction for volume recombination loss may be
1

necessary. The collection efficiency at 216 V is given by f = 1 - kX,
where X {s in R/h, and

k = 2.0 x 10-7
for chamber 96035




Measurement Prgtocol

Instrument | reparation
Turn on power to K35020 with zero switch in LOCK position.
Connect input to chosen chamber using coax cable supplied.

Mount chamber and cable in chamber stem holder and secure with tape, as
necessary.

Align chamber in the beam with front window facing the source and perpen-
dicular to the beam. (The front window has screw heads showing near the
edge.) ror setting distance, the reference plane is the mid-plane of the
chamber.

For gamma-ray calibrations only, use the buildup caps supplied, one each.
for chambers K96020A and K96020, and two for X96035. Note that the active
area of the K96035 is about 40 mm in diameter and is located off center.
[ts position is marked on the front buildup cap.

Calibration Measurements

Calibrate two or three of the chambers under normal calibration condi-
tions.

Use either the RATE or the DOSE mode. The RATE mode is more convenient,
and apparently adequately accurate. Use AUTO sensitivity, background
suppression off, altitude switches at 0.

Normalize readings to 22°C and one standard atmosphere (101.325 kPa,
760 mmHg) .

The electrometer should have had about a 30-minute warm-up before taking
serious measurements.

Additional! Information

Chambers K96020A and K96020 have been calibrated for all NBS beam qualities
from M30 to M300 and H30 to H300, and for !37Cs and 6%Co gamma rays.
Chamber K96035 has been calibrated only for !37Cs and ®%Co. Your x-ray
beam qualities must be consistent with the NBS M or H qualities, 1f a valid
interpretation is to be possible.

This equipment can be used for exposure rates from about 50 mR/h up to
about 103 R/h for x-ray beams, and up to about 10“ R/h for gamma-ray
beams.

Chamber K96020 has a somewhat longer equilibration time than the other
chambers. The polarizing voltage must be on this chamber for some minutes
before stable readings are possibie.




The NBS calibrations were performe
meters larger than the chamber.

[f problems arise during the measurements, they can be discussed with
Paul Lamperti at 301/921-2361.

Report the results in terms of dimensionless correction factors:

your value of exposure rate
indicated exposure rate

If you are testing x-ray beams, give the correction factors for your beams,
and also estimated values for NBS beam qualities, if possible. For each
correction factor, report the following:

Peak kY or y-ray energy

For x rays, lst and 2nd half-value layer, in both Al and Cu, 1f possible
Distance, source to reference plane

Approximate beam size at chamber

Approximate exposure rate at chamber

Also report results of the constancy-check tests.
Sshipping

The shipping container is reusadle. Return to NBS or ship to next partici-
pant, according to directions from Paul Lamperti.

M
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surement process to

alibration” o source calibration”)

levice - an instrument, dosimeter, or radiation source that is used

s > AT U

nstrate nsistency igreement) of measurement results obtained by

measurer

of a measurement result with the appropriate national

1 1
SDNEe( 1f1ed leve |

demons ion - use of a comparative device to obtain measurement

that are in sufficient agreement with a national standard

lemonstration service - a service provided by NBS or by an interme-
standards laboratory to obtain measurement results from a participant

are 1n su cient agreement with a national standard

hecks - use of a source of radiation or electrical charge to produce
ybservable response by an instrument, for comparison with previous
onses to the same source under the same conditions

demonstrated consistency - the achievement of measurement PeSu1ts, when perfor-
mance is evaluated using a comparative device, that are in sufficient

agreement with a standard

lied consistency the achievement of measurement results that are not
demonstrated t« » in agreement with a standard

standard - an instrument or radiatic source that was calibrated by
and 1s used as a reference for calibrations performed by an interme-
ate standards laboratory

rument calibration - a comparison of the response of a given instrument
with the response of a standard instrument when both are exposed to the
same radiation source under the same conditions; or the determination of
the response of a given instrument when exposed to the output of a standard
yource under well-defined conditions

instrument traceability - the ability to show that a particular instrument or
radiation source has either been calibrated using the national standard or
has en calibrated using a transfer standard in a chain or echelon of
alibrations ultimately leading to a comparison with the national standard




maximum acceptable difference - a previously-agreed-upon limit to the amount b
which a participant s measurement result may differ from the result
obtained by the laboratory providing a -onsistency demonstration servi
If the service is provided by NBS, for example, the difference is

v

o I8

participant's value - NB
NBS value

neasurement quality assurance - those actions that enable a measurer to assure
on a continuing basis that the total measurement uncertainty relative to a
national standard is quantified and sufficiently small to meet require-

measurement traceability - the ability to show that a performance evaluation
has been employed to demonstrate measurement results that are consistent
with a naxional standard

national standard - the physical realization of the internationa: definition of
a measurement unit for use as a national reference

source calibration - determination of the output of a radiation source by com-

parison with the output of a standard source, or by the response of a stan-

dard instrument to the output of the source

traceability - the ability to show that appropriate documented actions have
been taken to demonstrate imply that a measurement is consistent with a
standard

transfer standard - a physical measurement standard that has been compared
11-,.:{:?]}/ or indi "9‘\?.‘5;«' with the d;)ur“)brqat(» ndtj()na] standard

uncertainty - an estimate of the limits to the error of a measurement result
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FOR THE QUANTITY EXPOSURE

Participant: :f"}[)'](‘e_\ National | }hv)"']tx)r)’
"alibration | «),;yh{j

Test equipment: 2ithley electrometer Model 35020, SN 6187
y chambers Model 96020, SN 1750,
96020A, SN 8190; and Model 96035, SN 7902

constant current source Model 261, SN 21813

A measurement quality assurance (MQA) test of a calibration laboratory deter-
mines the agreement between instrument calibrations jerformed by that laboratory
and calibrations performed by NBS. Suitable instruments are calibrated by NBS
and then sent to the calibration laboratory, where they are tested for

constancy in accord with procedures formulated by NBS, and then calibrated. The
result is reported in terms of the ratio “"Institution CF divided by NBS CF".

In this ratio, "CF" indicates a calibration factor or a correction factor; a
calibration factor is the quotient of the measured exposure rate in air by the
signal from the instrument, a.d a correction factor is the ratio of the measured
exposure rate in air to the exposure rate indicated by the instrument. Calibra-
tion factors have the units roentgens per coulomb (R/C) in these tests, and
correction factors are dimensionless. The results of an MQA test apply only to
the specific beams and irradiation conditions used by both NBS and the
participating calibration laboratory.

An MQA test for Co-60 gamma-ray beams was performed by personnel of Argonne
National Laboratory (ANL) during 1984 Feb 6-17. The ANL data were reported to
NBS in a letter from E. H. Dolecek dated 1984 Mar 27. The NBS data are
contained in NBS Reports of Calibration DG 8169/83 and DG 8369/83. For the Co-
60 beams used, the ratios of the ANL correction factors to the NBS correction
factors are as follows:

Ionization ANL CF
Chamber NBS CF

K96020 0.973

K96020A 0.973
K90635 0.963

the specified radiation beam, these ratios demonstrate agreement between
aind NBS calibrations that is within the t10% desired by ANL.
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