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ABSTRACT

Researchers from Pacific Northwest Laboratory (PNL) have conducted beta
radiation measurements under laboratory &nd field ccnditions to assess the
degree of the measurement problem and offer suggestions for pcssible remedies,
The primary measurement systems selected for use in this study were the silicon
(Si) surface barrier spectrometer system and the multielement beta dosimeter.
Three boiling water reactors (BWRs), two pressurized water reactors (PWRs), anc
one fuel fabrication facility were visited during the course of the study.
Although beta fields from cubalt-60 were the most commen type found at com-
mercial reactcr facilities, higher energy beta fields were found at locations
associated with spert fuel handling, liquid radioactive waste, and BWR turbine
components. Commercially-available dosimeters and survey instruments were usea
to measure the same laboratory and licensee facility bata fields characterized
with PNL's active and passive spectrometers. A prototype spectrometer was also
used in the laboratory measurements. The commercial instruments and dosimeters
used in this study typicaily responded low to the beta fields measured, espe-
cially where maximum beta energies were less than approximately 50C keV. A
single calibration facter is usually not adequate for either beta dosimeters or
instruments. There is a need for more refinement in beta measurement devices
and trainic 1 for the users of such devices.
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1.0 INTRODUCTION

The considerable variations in beta energies, intensities, and source
geometries found at Nuciear Regulatory Cormission (NRC) licensee facilities
make measurements of beta dose and dose rates difficult. The presence of
gamma fields further complicates the measurement effort. In addition, most
survey instruments and dosimeters used by licensees to measure beta radiation
are actually gamma radiation measurement devices that have been modified for
use in beta fields. This study was undertaken by the Pacific Northwest Labora-
tory (PNL) to determine the extent to which beta radiation measurements made
at NRC-licensed facilities are accurate. The study also sought to identify
the reasons for erroneous measurements and to describe appropriate corrective
action.

Beta spectra and dose rates were measured at three BWRs, two PWRs, and
one fuel fabrication facility. A silicon surface barrier detector with a
depletion depth of 5 mm was used as an active spectrometer to characterize
beta fields. A passive spectrometer consisting of thermoluminescent dosim-
eters (TLDs) covered by varying thicknesses of aluminum was used to complement
the active spectrometer and to measure doses.

PNL used the beta fields characterized with spectrometers to study the
response of commercial dosimeters and survey meters typical of those used by
licensees. The commercial devices were also exposed to several calibrated
beta sources in the laboratory. A prototype spectrometer was exposed to the
same calibrated laboratory sources and the responses were noted.

Section 2 describes the methodology used to obtain the data. Detailed
descriptions of the measurement systems and associated calibration techniques
are presented. The licensee site selection process is documented, as are the
methods used to collect the data in the field. The study findings are pre-
sented and discussed in Section 3. Conclusions based on the study findings
are presented in Seclion 4. Section 5 contains specific recommendations
stemming from the study results and conclusions.



2.0 METHODOLOGY

This section describes the instrumentation and dosimeters used to measure
beta radiation at the selected licensee facilities. The measurement system
calibration methods are documented. The selection, calibration, and use of
commercial survey meters and dosimeters are discussed. Finally, steps under-
taken in site selection and data collection are described.

2.1 MEASUREMENT SYSTEMS

The measurement systems selected for this study were the silicon surface
barrier spectrometer system (Fox and Borkowski 1962) and the multielement beta
dosimeter (Scherpelz et al. 1983).

2.1.1 Silicon Surface Barrier Spectrometer System

Deeply depleted silicon (Si) surface barrier detectors have very good
detection efficiencies for beta particles up to approximately 3.5 MeV. The Si
detector energy response is essentially flat. Although the energy recolution
is not particularly good at room temperature, it is adequate for most field
applications. The major limitation on the use of the silicon surface barrier
detector is its high background due to Compton scattering and backscattering
of electrons. Electronic noise and the backscattering phenomenon drive the
fower Timit of detection to about 70 keV for electrons. From a health physics
perspective, this is not a problem because electrons below ihis energy will
not penetrate the dead surface layer of human skin. In pure beta fields and
where the photon and beta fields can be satisfactorily separated, the spectra
obtained with the Si detector can be used to derive an approximate beta dose
rate.

The silicon detector and associated components are shown in Figure 1.
The 100-mm? circular silicon surface barrier detector is depleted to a depth
of 5 mm. It was mounted, via a rear high voltage mount, on a low noise,
charge-sensitive preamp with a high bias voltage capability. The detector was
enclosed within a 1ight-tight cardboard tube with a 0.025 mm-thick aluminized
riylar window. Cables for the signal, bias voltage, and preamp power connected
the preamp to a multichannel analyzer (MCA) containing an amplifier, bias
voltage source, and preamp power source. The unanalyzed data were obtained
directly from the MCA and stored on magnetic tape in a cassette.

Silicon detectors act as ion collectors. Their structure is basically
the same as that of normal semiconductor diodes for electronic applications,
with a p-type region and an n-type region separated by a junction or depletion
layer where the concentration of charge carriers is practically zero. The
depletion layer is the sensitive part of the detector. The detector is biased
in the reverse direction. When a charged particle penetrates the depleted
region, the electrons liberated there will move to the n-type zone (which has
becrn given a positive voltage), while the positive charge carriers ("holes")
move to the p-type zone. The average energy, E, necessary to create an elec-
tron-hole pair in a given semiconductor at a given temperature is independent
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FIGURE 1. Silicon Surface Barrier Spectrometer System Components

of the type and the energy of the ionizing radiation. Therefore, the number
of electron-hole pairs produced is proportional to the incident energy of the
incident particle, provided the particle is fully stopped within the active
volume of the detector. The value of E of silicon at room temperature is
3.62 eV, compared with about 33 eV needed to create an ion pair in a typical
gas-filled detector. Although the temperatures in reactor containment areas
are often 100°F to 140°F, the advantage of the silicon detector is maintained.
Figure 2 illustrates the response of the silicon detector to three laboratory
beta sources.

2.1.2 Multielement Beta Dosimeter

The multielement dosimeter uses thermoluminescent dosimeter (TLD) chips
placed under several aluminum filters of varying thicknesses. Each filter
attenuates the beta radiation to some degree, depending on the thickness of
the filter. An indication of the beta energy spectrum can be obtained by
examining the relative responses of the TLDs under the different filters and
comparing these relative responses to those of similar dosimeters that have
been exposed to calibrated sources. This spectrum indication allows the
selection of a calibration factor for converting TLD response to dose.
Throughout this report the exposures and exposure rates determined with the
multielement dosimeters are considered to be true or reference quantities.

The multielement beta dosimeter used in this study has seven elements.
Each element consists of three TLD chips covered by a filter made of either
mylar or aluminum. Table 1 describes the filter materials and thicknesses
used in the dosimeter.
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1. Multielement Dosimeter Filter Specifications

Filter Material (in.) ~ (mg/cm?)

Aluminized mylar 0.000002 : 0.013
Al 0.005 0.127 34
Al 0.010 0.25 69
Al 0.020 08 1af
Aj 0.032 ).813 219
Al 0.064 439
Al 0.125 857




A photograph of an 8-element dosimeter is presented in Figure 3. It is
identical to the 7-element dosimeter except that a 6.9 mg/cm? filter and
associated element have been added.

The dosimeters used were actually double-sided: two 7-element dosimeters
were placed back-to-back, separated by a 3.175-mm aluminum sheet between them.
Because the aluminum separator prevents betas that strike cne face of the dosi-
meter from striking the other face, this dosimeter package car be used to mea-
sure the beta radiation coming from two opposite directions. Thus, a dosimeter
placed against a wall could determine separate doses for betas comirg from wall
contamination and for betas emitted by sources in the room.

The thickest dosimeter filter will stop beta particles with an incident
energy of 1.9 MeV or less, and the 0.127-nm filter will stop betas with ener-
gies lower than 180 keV. The mylar filter is so thin that it will stop only
betas with energies below 3 keV. Photons with energies above 40 keV are not
significantly affected by any of the filters,

The response of the dosimeter described above is shown in Table 2. In our
initial characterization of this device, two 7-element cosimeters were exposed
to betas. One dosimeter was exposed to a %%Sr/%0Y source, which has a bete
spectrum with a maximum energy of 2.3 MeV. The other was exposed to a source
of natural uranium, which has a beta spectrum with a virtually identical maxi-
mum energy, but with most betas having energies lower than the source (the
average energy of the uranium source is about 0.8 MeV compared to 0.9 MeV for
305p/%0y), Because of difference in intensity between the two sources, they
are compared by 1isting the percentage of beta particles transmitted through
each filter. The transmission of the aluminized mylar is assumed to be 100%.

It is evident from Table 2 that the TLD responses do decrease with increas-
ing filter thickness, and that the rate of decrease depends on the inciden:
beta spectrum. This feature of the multielement dosimeter is used when analyz-
ing an exposed dosimeter to determine the incident beta energy distribution.
The data in Table 2 also show that the thickest filter allows very little beta
radiation to penetrate to the deepest element.

In another test, a 7-element dosimeter was exposed to radiation from a
13757137 Ba source that was shielded so that only cammas (no betas) were
emitted. This dosimeter had TLD responses that were ouite uniform--the stan-
dard deviation of the seven individual responses was only 2% of their mean
response. Therefore, we may assume that all elements respond identically to
moderate energy photon radiation.

The elements in the dosimeter produced TLD responses depending on the
thickness of the shield covering the TLDs. For each element, the mean value
of the three TLD responses (as determined by the TLD reader) was recorded. A
typical set of this "raw" data, in units of nanocoulombs (nc), for a 7-element
dosimeter is presented in Table 3.
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TABLE 2. Responses of Dosimeters Exgosed to

Natural Uranium and °%Sr/°%Y Sources

Filter U (natural) 905,90y
0.000002-in. Al ;:
(on Mylar) 2.73 (100%) 4.60 (100%)
0.005-in. Al 1.69 (622) 3.59 (78%)
0.010-in. Al 1.46 (54%) 3.05 (66%)
0.020-in. Al 0.886 (32%) 2.38 (52%)
0.032-in. Al 0.590 (22%) 1.53 (33%)
0.064-1in. Al 0.201 (7%) 0.303 (11%)
0.125-in. Al 0.098 (4%) 0.002 (0%)

TABLE 3. Typical Data for Exposed 7-Element Dosimeter

Gamma + Beta Beta

Filter (nc) (nc)
0.000002-in. Mylar 1.99 1.83
0.005-1n. Al 0.81 0.65
0.010-in. Al 0.78 0.62
0.020-in. Al 0.49 0.33
0.032-in. Al 0.30 0.14
0.064-in. Al 0.21 0.05
0.125-in. Al 0.16 0.00

The reading for the TLDs under the thickest filter was used to indicate
the gamma dose. This value was subtracted from the other element readings to
obtain a response for each element to betas alone.

To determine doses from the exposed dosimeters, a ratio of each element's
beta response to the mylar-covered element's beta response was found. These
ratios were compared to ratios for various beta spectra that were determined
during calibration exposures. This comparison was used to select an energy-
dependent calibration factor, which is multiplied by the mylar-covered
element's beta response to determine the beta dose.



The multielement beta dosimeters were calibrated by exposing them to known
radiation sources at the PNL Calibrations Laboratory. The beta sources used in
these calibrations and the maximum energies of the emitted betas are presented
in Teble 4.

The dosimeters were also exposed to calibrated sources of x rags with
effective energies ranging from 15 to 78 keV, and tc a calibrated '37Cs/137Ba
source emitting 662-keV gammas. These measurements characterized multielement
dosimeter response to photons, and showed that photon attenuation is dependent
on filter thickness only for energies less than about 40 keV. For photons with
higher energies, ti.e TLD response is fairly uniform for all elements. This
acsimeter characteristic permits using the response of the element with the
thickest aluminum filter as an indicator of photon dose.

The data from these beta and photon calibrations were ucad to der:ve
calibration factors for determining the beta doses from exposed dosimeters.
More detailed information regarding the derivation and use of multielement
dosimeter calibration factors is contained in Scherpelz et al. [1983).

TABLE 4, [Beta Calibration Sources

Maximum Beta Dose Rate Distance
__Nuclide Energy (MeV) mrad/hr) (cm)
1475y, 0.23 10.2 20
85y 0.62 7750 50
2041, 0.76 64.1 30
%0sy./90y 2.3 164 50
106g,,/106gp, 3.5 200 50

2.2 SURVEY METERS AND DOSIMETERS

Selected commercially available dosimeters and instruments were studied
for performance under laboratory and field conditions. These beta measurement
devices were selected to be representative of the wide variety of instruments
and dosimeters available to the licensee.

2.2.1 Commercial Survey Instruments

The six survey instruments selected for study included four air ioniza-
tion detectors, one plastic wall gas ionization detector, and one Geiger-
Mueller tube. Five were manufactured in the United States and one was of
foreign manufacture. Detector window thickness ranged from 7 mg/cm? to
approximately 60 mg/cm?2. The detector volume varied by an order of magnitude
among the six instruments. All six instruments were combined beta-gamma
survey instruments and in all but one case (instrument A) the design favecred
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TABLE 5. Calibration Factors for Surv:y Instruments

|

7 : 20kt 90c.. ;9 U . 0
Source 147py 85Ky 204T] 905y 90y  Unat  106Ry/106Rh
Energy, Mev 0.23 0.62 0.76 2.3 R 369
(a) " L
Distance '’ 20 50 30 50  contact 50
R 2 “ »y(D 4 " W = a -

A (air ion, 7 l"c/crr“-( ) 2.8 2.6 2.5 1.2 3.2 1.8

208 cc ) 2.0 1.6 bed 1.5
B (gas ion, 60 mg/cm?) 2.8 0.6 0.6 0.1 0.5 0.2

34.4 c« 2.5 0.7 0.6 0.1 0.2
C (air ion, 50 mg/cm?) 3.4 5.9 6.3 0 4.5 2.3

250 c«
D (air ion, 7 mg/cm?) 0.6 1.5 1.2 0.9 2.0 1.2

10 cc 0.5 1.0 0.9 0.9

S ey (c) ]
t I\':P', -),f) mq/cme 1.8 OS O:

17.3 cc 0.8 0S 0S

OO
o
o

F (air ion, 17 mg/cm?) 73 12 6.5 el 7.8 ¥
end 300 cc 17 /. 4.1 1. 3
F (air ion, 17 mg/cm?) 34 3.2 3.0 1.5 1.9
side 300 cc 9.9 - P8 2.0 1.2 B
G INEL dose rate meter 1.0 1.6 1.0 1.0 0.8

(a) The first calibration factor listed under each source for a given
instrument is for the source-to-window distance; the seccend calibra-
tion factor is for the source-to-instrument detector center distance.

(b) Instruments are designated by letters A-G, fc'lowed by the type of
detector, window thickness, and detector volume (except INEL dose rate
neter).

(c) 0S = off scale.

Evidence that the sou~ce to detector distance is not so important for
large area sources is also seen in Tabie 5. Here the window of tne detector
is placed virtually in contact with the uranium slab. Due to the different
sizes of detectors, the source-to-detector center distance varies considerably
among the different instruments. Even so, the measured values of beta radia-
tion on the uranium slab bear about the same relationship to each other as dc
those for the other high energy beta emitters. The calibration factors for
the uranium slab are about twice as large as those for the other high energy
sources because calculating the calibratior. factors based on the exposure at
the instrument's window rather than its center leads to much greater errors at
close distances. This is offset partially, but not entirely, by the differ-
ence in area between the ~anium slab and the other sources. Because

10




calibrating the average survey meter with a uranium slab, in the manner de-
scribed above, is commonly thought to cause an overestimation of the calibra-
tion factor, licensees often use this method of calibration. However, in the
case of instruments B, C, and F, the uranium slab calibration factor would not
always lead to conservative measurements when compared to the other labcratory
calibration sources.

2.2.2 Prototype Beta-Gamma Dose Rate Meter

The prototype beta-gamma dose rate meter was developed at Idaho National
Engineering Laboratory (INEL) and described in a paper by Johnson et al. (1983).
The detector system consists of a very thin plastic scintillator (NE-105)
covered by a light tight aluminized mylar entrance window. The scintillator
is backed by a 1-cm thick, lucite light pipe which is attached to a photomul-
tiplier tube. Pulse shape discrimination techniques are used to minimize
Cerenkov events within the lucite light pipe and photomultiplier tube glass
and direct interaction within the photomultiplier tube dyrode structure. The
INEL beta-gamma dose rate meter is entirely portable but had not been rugged-
ized for routine field use at the time that it was used to measure PNL labora-
tory beta sources.

The INEL portable instrument was calibrated in the same manner as the
commercial survey instruments described in Section 2.2.1. Because the plastic
scintillator has a negligible depth compared to the commercial survey instru-
ment detectors, only one measurement per beta source was required. The cali-
bration factors determined for the plastic scintillator instrument are listed
in Table 5. The calibration factor for the three Physikalisch-Technische
Bundesanstalt (PTB) sources is unity, i.e., the instrument is direct-reading
for 1%7pm, 20471, and %C°Sr/°%Y sources. However, the indicated calibration
factor for ®°Kr is 1.6 and for !06Rh/106Ry, 0.8. Although the geometry and
attenuation for the beta spectra of the latter two sources are different than
that of the PTB sources, this does not adequately explain the apparent non-
lTinearity of the INEL dose rate meter response.

A previous test had also shown the instrument to have a low response for
20471 beta particles (Johnson et al. 1983). However, at the time of the
previous test, the scintillator was an NE-102 device rather than the NE-105
scintillator now in use. The beta responses should not have been affected by
the change in scintillators, but the low-energy photon response of the NE-105
device should be better. The improvement in low-energy photon response was
confirmed by PNL x-ray calibrations. The results are shown in Table 6.
Because the INEL instrument was not used in field environments during this
study, no further comparisons were possible.

2.2.3. Commercial Dosimeters

Five commercial vendors supplied personnel dosimeters for use in this
study. Three of the vendors supplied multiple types of dosimeters. The
dosimeters included four types of film badge, four types of TLD badge, and
one type of pocket fonization chamber. One of the TLD badges was a 4-element
dosimeter. The remainder of the badges were two-element devices. The beta

11



TABLE 6. Measurements of PNL K-Shell Photcns with INEL
Beta-Gamma Dose Rate Meter

Calibrated Air
Exposures (+5%)

E (keV) (mrem/hr) Reading (mrem/hr)
100 396 440
78 420 452
58 648 700
43 1344 1530
34.3 1884 1410
- B 4620 1210
16.1 4236 385

dosimetry problem associated with the two-element dosimeter are described in a
recent report by Sherbini and Porter (1983).

The commercial dosimeters used in this study were calibrated in the same
manner as were the survey instruments, except for a longer exposure period.
The results are displayed in Table 7.

The processor reports for the commercial dosimeters used in this study
(Table 7) indicate that all responded low to the uranium and !“7Pm sources.
The responses of some dosimeters to “°Sr/%0Y and 29%T1 was much closer to the
doses calculated from known dose rates and exposure times,

2.3 SITE SELECTION AND DESCRIPTION

The NRC-licensed facilities chosen for beta spectra, doses and dose rates
measurement were limited in number. However, the three BWRs, two PWRs, and
one fuel fabrication facility were selected to be representative of typical
United States commercial BWR, PWR, and fuel fabrication facilities. The cri-
teria used to compare commercial nuclear power plants included age, location,
and operating status. At commercial power reactors, the two major sources of
beta radiation (®°Co and fission products) both typicaily increase with age.
Therefore only middle-aged (approximately 10 years old) and older (approxi-
mately 20 years old) facilities were considered. To make certain that the
ownership and management of the facilities was as varied as possible, they
were selected from widely separated sections of the United States.

Because PNL researchers had previously visited most of the facilities
chosen for this study, as well as numerous other similar facilities, choices
could be made based on first-hand knowledge of the radiation fields present at
the various facilities. Other studies which proved most useful in this regard
include "Measurement of Low- and High-Energy Photon Spectra at Commercial
Nuclear Sites" (Roberson et al. 1982) and "Neutron Dosimetry at Commercial
Nuclear Plants" (Endres et al. 1981).

12



TABLE 7. Commercial Dosimeter Responses to Beta Calibration Sources

PNL Beta Dosimeter
Beta Exposure A B G D | 4 1 4 C H 1
Source (mrad) (mrad) (mrad) (mrad) (mrad) (mrad) (mrad) (mrad) (mrad) (mrad)
U slab 100 63 8 34 5 0 0
U slab 300 12 95 106 108 50 0 105 )
U slab 500 152
U slab 675 234 232 198 212 160 0 0
U slab 5000 1487 1430 1295 1350 1040 60 55
90, 2000 1934 1057 1345 182 150 7050 0
90g,. 1000 901 604
90g,. 500 605 327
2044, 1000 1000 632 284 116 205 2600
2044y 500 696 136 3
27y, 250 54 396 5.5 6.5 60 0 0 95 12

Although the original intent was to visit each facility during both
operating and shutdown conditions, this proved to be less important than other
considerations. Therefore, when it was found that Site N could not be visited
during shutdown, a similar facility, Site M, was visited as a substitute
shutdown plant.

Because of the similarities in product and operation, the fuel fabrica-
tion facility was chosen mainly on the basis of location. The designations
and basic descriptions of the facilities chosen for this study are shown in
Table 8.

2.4 DATA COLLECTION

At each licensee facility, PNL scientists reviewed site-specific routine
survey data and discussed possible beta exposure sources with onsite health
physics personnel. This information was used in conjunction with the known
equipment capabilities and responses and potential for personnel exposure to
choose specific beta measurement locations.

A1l devices used to measure beta radiation were wrapped in plastic prior
to entry into radiation zones to prevent unnecessary contamination. This
plastic acted as an additional filter for beta radiation.

In areas where the radiation field to be measured had higher dose levels

than adjacent areas, the silicon detector was placed near the source to be
measured and the analyzer was placed in the lower dose area, up to 30 feet

13



TABLE 8. Participating Licensee Facilities

Facility Code(?) Facility Type

BIR
PWR
Fuel Fabrication
BWR
BWR
PWR

oOZTZIXXMTO

(a) The facility code followed by the
number 1 or 2 indicates first or
second visit, e.g., 0-2 denotes the
second visit to Site Q.

away. Because the bete radiation fields usually were accompanied by measur-
able gamma radiation fields, each beta spectrum was obtained by subtracting
the photon portion of the beta-gamma spectrum. To obtain the gamma-only
spectra, beta shields of aluminum, plastic, and lead were placed over the
silicon detector.

14



3.0 RESULTS AND DISCUSSION

3.1 FIELD SPECTRA

The first NkC-licensed facility (Q) visited was an operating BWR of median
age relative to other U.S. reactors. Company health physicists identified
three possible areas of beta exposure. These included the turbine room, pump
room B, and contaminated items near the top of the fuel pool. The first two
areas were expected to contain significant beta fields only if airborne !®N
were present.

Beta measurements were taken in pump room B at the location shown in Fig-
ure 4. The silicon detector spectrum for pump room B is shown in Figure 5.
Because both this spectrum and the nearly identical spectrum (not shown) for
the turbine room exhibited a peak near the endpoint of the spectrum, it was
initially suspected that high energy beta particles might be present. However,
further analyses showed these pezks to be the double escape peaks for photon
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FIGURE 4. Site Q, Pump Room B, Measurement Location
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The initial spectra taken at Site P during the secoid visit were also
obtained under laboratory conditions. Figures 12 and 13 show the beta-gamma
and beta only spectra for a spire bolt that had been removed from the vicinity
of the reactor core. The same results discussed for Figures 10 and 11 apply
here.

Inside containment at Site P, a significant beta field was found at the
bottom of the spare main coolant pump, which was sitting on the upper floor
(see Figure 14). Figure 15 is a result of subtracting the main coolant pump
spectrum obtained with a beta absorber (1/8~in. Pb) from the spectrum obtained
without the beta absorber. Hence, if this were laboratory conditiors, we
would expect a nearly pure beta spectrum. However, in Figure 15, only the
portion of the spectrum below about 300 keV is predominantly of beta origin
$5°Co). The portion of the spectrum from 300 to 1,100 keV is primarily from

OCo photons with the remainder due to neutron interactions in the silicon
detector. Although an attempt was made to obtain beta spectra from radio-
active gases that might have been present in containment, no beta emitters
were identified in the Site P containment atmosphere.

One fuel fabrication facility (Site R) was visited during this study.
Spectra from large buckets of powdered uranium and shallew rectangular con-
tainers (trays and boats) of pellets were obtained. All the spectra were the
predicted, nearly-pure beta spectra characteristic of uranium. Figure 16
shows a virtually unattenuated beta spectrum for a boat of fuel pellets.
Figure 17 shows the effect of a 1/16-in.-thick aluminum absorber. A 3/16-in.
aluminum absorber plus a 3/16-in. Nalgene® absorber were placed over the
silicon detector to obtain the spectrum shown in Figure 18. In Figures 16
through 18 a change in the shape of the uranium beta spectrum is noted, as the
removal of the lower energy beta particles from the spectrum outweighs the
attenuation of the higher energy beta particles. These results are in
contrast with the experimental results (Dudley 1951) referenced in The Atomic
Nucleus (Evans 1955). However, Hankins (1982a) and Simons (1982) have also
shown that, in many cases, considerable spectral shift occurs during beta
absorption.

Site M was the fourth facility visited by PNL during beta field charac-
terization work. This plant, a BWR of median age, was shutdown when spectra
were obtained with the silicon detector system. At this facility, the only
sources found whose beta fields were strong relative to the ganma fields were
the disassembled turbine components. The measurement location is shown in
Figure 19. The beta spectrum for a turbine blade diaphragm is shown in Fig-
ure 20. This spectrum is one of the few examples where the gamma component
was successfully subtracted from the beta-gamma s?ectrum in a field situation,
The remaining beta spectrum is probably due to !3!] and 132],

Another BWR, Site N, was visited next. It was operating at the time of
the visit. Spectra were taken in a heater bay and main steam isolation valve
area (MSIV) in an attempt to find betas from airborne 6N, However, the
spectra showed only gamma-induced events. The only beta spectrum obtained at
Site N was from a section of cleanup pipe, which had previously been removed
and placed in a storeroom inside containment. The combined beta-gamma
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spectrum and beta only spectrum are shown in Figures 21 and 22. Although the
subtraction process caused considerable degradation of the low-energy portion
of the seectrum, the high-energy portion is useful. The presence of

Ru

|
106Rp/10 is indicated.

Finally, another older PWR (Site 0) was visited. Two areas of possible
beta exposure were identified. The first area shown in Figure 23 was a large
concrete wall that had become contaminated with '37Cs and ®%Co. After soaking
into the concrete the 137Cs had leached out again on the surface. The wall
had been subsequently covered with paint and other sealants to shield against
beta cxposures. This was partially successful, as shown by Figure 24. Most
of the spectrum is from the Compton scattering of ©%Co and !37Cs photons.

Only the portion of the spectrum from 450 to 650 keV shows evidence of the
137Cs beta spectrum. The conditions present on the contaminated concrete wall
illustrate the potential difficulties of using wipe samples and isotropic
analyses to determine beta/gamma ratios.

Beta exposures were also measured at the Site 0 radioactive waste liquid
holdup tank area. The holdup tank location is shown in Figure 25. The con-
crete floor and a portion of the wall had been contaminated by tank overflows.
The spectrum shown in Figure 26 indicates that the contamination is predomin-
ately €°Co.

In summary, it should be noted that the primary radionuclide source of
beta fields at nuclear power plants is ®°Co. Because of the low energy
(314 keV maximum) of %°Co beta particles, they are easily shielded. Although
the silicon detector is more sensitive to beta particles than to incident
photons, the %Co photon-induced events dominated the spectra in all except
four cases for in-containment locations. The spectra that did not show %%Co
domination were obtained from areas associated with fuel handling, liquid
radioactive waste, and a turbine blade diaphraom, 't is understandable that
the '37Cs contamination often found with fuel handl ing operations and the high
energy beta emitters in liquid radicactive waste could cause the beta exposure
to be higher than the photon exposure, in some cases. Although it is not
entirely clear why the turbine blade diaphragm at Site M had a high beta to
gamma ratio, it is suspected that a very thin film containing radioactive
iodine had plated out on the surfaces of the diaphragm.

the situation just described for nuclear power plants. At fuel fabrication
facilities, each spectrum is clearly due to uranium veta emissions. The
bremsstrahluna and other photons are of such low energy and intensity that

The beta fields at fuel fabrication facilities are in sharp contrast to
they are virtually inseparable from the backscatter in the silicon detector.
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3.2 MULTIELEMENT DOSIMETER

PNL's multielement dosimeters were used to measure the beta and gamma
radiation doses at most of the in-plant locations where silicon detector mea-
surements were made. Several additional multielement dosimeter measurements
were made at locations where the silicon detector system could not be used.
Table 9 contains a listing of beta dose rates, gamma dose rates, and beta/
gamma ratios for most locations where significant beta radiation fields
existed. The wide range of beta/gamma ratios found in Table 9 illustrates the
fallacy of using beta/gamma ratios with gamma measurements to predict beta
dose rates.

3.3 SURVEY METER RESULTS

Following the collection of beta spectra at each field location, the
commercial survey meters, described in section 2.2.1, were exposed to the beta
and gamma fields. Table 10 list tre results for these instruments. The
values listed as beta readings in Table 10 are simply "window open minus
window closed" beta dose rate determinations. No calibration factors have
been applied. Instruments A, B, and D responded fairly predictably to the
uranium slab and other uranium sources listed in Table 10. However, the
responses of these same instruments to beta sources found at commercial
reactors was much more erratic. Instruments C, E, and F responded erratically
in all types of field spectra. Some of the problems with instrument response
can be attributed to poor geometry and low dose rates. Thus, the survey
instrument results for the Q-2 pump part, the spire bolt, looking-up and
over-cavity measurements for P-2, the M-1 fuel handling device, and the
turbine floor and pump impeller measurements for N-2 may be suspect. With
these latter locations omitted there are still many instances where the survey
instrument results are not consistent. On the average, the best calibration
factors to correct the survey instrument readings in Table 10 are probably
those provided by the contact natural uranium calibrations in Table 5. How-
ever, there are a few higher exposure rates cases, such as the beta fields
from the Site Q contaminated wheel, the Site P main coolant pump, and the
Site M turbine blade diaphragm, where a uranium slab calibration of survey
meters would not yield applicable calibration factors. For each of these
locations, the beta-gamma ratio was significantly greater than unity and the
survey meter measurements were taken close to the source.

When possible, the licensee's own equipment was also used. The response
of the licensee survey instruments to beta fields (Table 11) followed the same
trend as that of th. instruments PNL used. Because survey meter models varied
among the different licensees, the responses are likely to be more varied than
the responses for a single meter in Table 10. Hovever, it is interesting to
note that the survey meters overresponded for the Site M turbine blade
diaphgram and Site P main coolant pump beta measurements.
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TABLE 10.

at Licensee Facilities

Eeta
Dose

Site Location {mrad/hr)

Q-2 Uranium slab in 152
laboratory

Q-2 Refuel floor con- 28
taminated wheel

0-2 Refuel floor con- 197
taminoted lioht

Q-2  Pump part in 0.1
machine shop

P-2 Top floor looking up 4.6

P=2 Main coolant pump 212

P-2 Top floor over 2.3
cavity

R=1  Uranium pellet boat 200

R=1  Uranium pellet tray 210

R=2  Uranium powder 67
bucket 3

R-2  Uranium powder 97
bucket &

R-2 Uranium pellet 230
boat 3

R-2  Uranium pellet 155
boat &

M-1  Turbine blade 15
diaphragm

M-1  Fuel handling 6.7
device

N-2  Turbine floor 4.0

N-2  Low pressure heat 59
bay

N-2 MSIV 108

N-=2  Pump impeller 120

0-2 Contaminated 162
concrete wall

0-2 Liquid waste area 63(‘)

(a)

Beta Readings (mrad/hr)

55

100

1400
10

20

32

74

4“6

0
0

50
25
480

20

Survey Instruments

560

20

1.5

10
>1000

420

400

155

184

530

400

5

20

0

0.2

0.6
160
3.6

38

465

13

23

45

23

0

820
13

59

76

24

34

45

20
13

37

5

10

0

3

2

17

0

0.2

1
245
n

70

15

29

17

205

2

Pesponse of Commercial Survey Instruments to Beta Fields

Window to
Source
Distance Comment
3 in. BWR operating
3 in. BWR down
3 in. BWR down
1 in. BWR down, out-
side containment
Unknown PWR operating
6 in. PWR operating
20 ft PWR operating
3 in. Fuel Fab. Facil-
ity operating
3 in. Fuel Fab, Facil-
ity operating
9 in. Fuel Fab. Facil-
ity operating
7 in. Fuel Fab. Facil-
ity operating
3 in. Fuel Fab. Facil-
ity operating
3 in. Fuel Fab. Facil-
ity operating
3 in. BWR down
3 in. BWR down
10 ft BWR ogerating
20 ft BWR operating
4 ft BWR oparating
16 in. BWR Op: rating
3 in. PWR down
6 in, PWR dow

The reference beta dose rates for Site O are taken from the first trip rather than the
second, because problems with the multielement dosimeters made the measured doses suspect

on the second trip.
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TABLE 11. Response of Licensee Survey Instruments to Beta Fields
Beta Dose Survey Window to
Rate Meter Source
Site Location (mrad/hr) (mrad/hr) Distance Comme. .+
0-1 Turbine floor with 0 0 10 ft BWR operating
concrete shield
0-1 Turbine floor with- 5.6 2 15 ft BWR operating
out concrete shield
0-1 Pump room B 11 10 5 in. BWR operating
Q-1 Shroud near fuel 18 12 4 in. BWR operating
pool 4th floor
0-2 Refuel floor con- 28 2 3 in. BWR down
taminated wheel
0-2 Refuel floor con- 198 50 3 in. BWR down
taminated light
0-2 Pump part in 0.1 0. 1 in. BWR down
machine shop
p-2 Top floor looking 4.6 2 Unknown PWR operating
up
p-2 Main coolant pump 212 1060 6 in. PWR operating
p-2 Top floor over 2.3 6 20 ft PWR operating
cavity
R-1 Uranium powder 28 6. 7 in, Fuel Fab.
bucket 1 Facility
operating
R-1 Uranium pellet boat 200 80 3 in. Fuel Fab.
Facility
operating
R-2 Uranium powder 67 14 9 in. Fuel Fab.
bucket 3 Facility
operating
R-2 Uranium powder 98 26 7 in, Fuel Fab,
bucket 4 Facility
operatine
R-? Uranium peliet 230 63 3 in, Fuel Fab.
boat 3 Facility
operating
R-2 Uranium pellet 155 3l 3 in. Fuel Fab.
boat 4 Facility
operating
M-1 Turbine blade 15 36 3 in. EWR down
diaphragm
N-2 MSIV 108 50 4 ft BWR operating




3.4 COMMERCIAL DOSIMETERS

For beta exposures at NRC-licensed facilities, all except one of the
commercial dosimeters used in this study typically responded low, as seen in
Teble 12. However, at Site P the in-containment dosimeter exposures caused
several dosimeters to respond high. This apparent overresponse is very likely
due to the presence of a significant neutron flux noted in containment with
the reactor at power. Many of the dosimeters also responded high to beta
fields at Site 0. Because of the considerable spatial variation in beta doses
at both Site 0 measurement locatiors, it is probable that the commercial
dosimeters were not expesed to a beta field comparable to that experienced by
the PNL multielement dosimeter, even though they were separated by only a few
inches. An example of this spatial variation is seen in the comparison
between the contaminated concrete exposures A and B, for 0-2. Here the two
multielement dosimeters were separated by only a few inches, but the beta
exposures differ by over 1000 mrad. Dosimeter H typically responded higher
than the other dosimeters at those locations where the dosimeter H response
was non-zero. However, there were numerous cases where each of the dosimeters
had a zero response. The zero responses were especially prevalent at doses
below 600 mrad.
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TABLE 12. Response of Commercial Dosimeters to Beta Radiation
at Licensee Facilities

Beta
Exposure A B e D E F G H
Site Location (mrad) (mrad) (mrad) (mrad) (mrad) (mrad) (mrad) (mrad) (mrad)
Q-1 Turbine floor, near 1200 0 (a)
turbine
Q-2 Uranium slab 100 0 636 76 30 0 0 c
Q-2 Contaminated wheel 500 270 300 65 0 250 0 0 1650
Q-2 Contaminated light 9,910 0 8,772 0 0 1,350 120
P-1  Top floor, fuel 0 535 0
tro
P-2 Top floor, Iook!n? up 560 1,298 0 0 90 0 630 0
P-2 Top floor, edge o 280 627 0
cavity
P~2 Main coolant pump 25,000 4,000 0 9,600 0 80 1,750 5,600 15,900
M Turbine blade dia- 370 0 0
phragm
N=1  Cleanup pipe 20,000 208 495
N-1  MSIV 270 0 0
N-2  Turbine floor, near 20 0 0 0 0 0 0 120
turbine
N-2 MSIV 220 0 0 0 0 220 240 0
N-2 Low pressure heater 130 0 [ 0 0 210 240 0
bay
0-1 Contaminated concrete 2,600 3,568 8,772 635 1,530 2,600 630
wall
0-1 Liquid waste hold up 40 732 151 810 1,320 1.050
tank area (A)
0-1 Liquid waste hold up 170 500 0 0 1,055 1,760 865
tank area (B)
0-1 Liquid waste hold up 450 92 0 1,280 1,850 1,200
tank area (C)
0-2 Liquid waste hold up 230 0 0 110 [y 81 74 38
tank area, average
0-2 %:?toninltod concrete 1,800 3,013 0 804 608 540 0 1,3C0 &,900
0-2 Contaminated concrete 750 1,500 3,195 0 0 905 1,500 1,500 2,000
(B)
R-2 PI;}ot boat storage 2,100 708 440 592 35 30 1,300
1~
R-2 ;o;éot boat storage 690 226 222 262 20 20 250
R-2 :ollot boat storage 940 376 365 m 20 30 275
P-3
R=2 Pellet boat storage 1,460 94 48 30 20 30 &0
RP-1

(a) No data indicates that the dosimeter was nol exposed.
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4.0 CONCLUSIONS

4.1 BETA EXPOSURE AREAS

Both the spectra obtained with a silicon detector and the doses measured
with multielement dosimeters indicate that significant beta radiation fields
exist in NRC-Ticensed facilities. Although many of the beta fields at the
PWRs and BWRs visited were due to the presence of $°Co, important exceptions
were found,

The potential exposures of personnel to 6%Co beta fields are greatly
reduced by the health physics practices commonly employed at licensee facil-
ities. These practices include wearing protective clothina, gloves, and face
gear, as well as skin decontamination. However, certain activities may expose
personnel to higher energy beta fields at power reactors. These include
activities associated with removing spent fuel and other core components, and
maintenance activities involving the opening of cleanup system pipirg, valves,
pumps, and, in BWRs, steam turbine components. There are, no doubt, other
sources of significant beta exposures not found in this Study. These other
beta exposure sources may include steam generators and exposure to radioactive
gases. In contrast, the source of exposure at fuel fabrication facilities i
known to be a high energy beta emitter. Thus, individuals in the vicinity of
the fuel material are subject to beta exposure.

4.2 SURVEY METERS

Two methods are commonly employed to calibrate beta survey meters. In
the first, the survey meter is placed in contact with a uranium slab (covered
by a 7 mg/em? film) and the surve; a ter measurement is compared with the
known surface exposure rate (approximately 225 mrad/hr) to derive a calibra-
tion factor. Typical calibration factors range from 2 to 4. The second
calibration method involves using small calibrated beta sources at a specified
distance (20 to 50 cm) from the survey meter. The known beta exposure at the
specified distance is used tc derive a calibration factor.

In a common check procedure, the survey meter is calibrated as Jjust de-
scribed. A small check source is then placed in contact with tne instrument’'s
window and the reading is recorded for future reference. This check procedure
s not a calibration, but is useful to check general instrument performance.

It appears that many licensees use the first method when they receive an
instrument and later rely on the check source reading procedure. However, one
licensee determined the calibration factor by calculating the exposure at the
center of the survey meter for a survey meter sitting on a uranium slab. This
would, of course, result in a smaller calibration factor. Hooker et al.
(1983) have previously noted that some survey meter users apparently assume
that the calibration factor is unity. This study has shown that it is
important to use the type of survey meter and calibration geometry that will
best approximate the conditions found in the expected field applications.
Thus, if the source of exposure is a single high-energy beta emitter with
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relatively large areal extent, such as a tray of uranium pellets, an accurate
calibration factor can be determined using a uranium slab. It does not matter
if the window on the survey meter's detection chamber is relatively thick
(i.e., 70 mg/cm2) if it is known that all doses will be from uranium.

The uranium slab can also be used to calibrate instruments that are to be
used to survey ®%Co contamination. However, this can lead to conservative
results for thin-window instruments. A more accurate calibration would be
obtained with a calibrated '“7Pm source at a distance of 20 cm. Survey meters
with windows thicker than approximately 20 mg/cm? are difficult to calibrate
for 60Co beta fields.

The problem with beta survey meters seems to be not so much in their
calibration as in their use. For example, some survey meters have beta
windows on both the end and sides. If such an instrument were calibrated for
use with the end window open, and the user measured the beta field with the
side window open, the measured beta exposure rate could differ from the true
exposure rate by a factor of 2 or more. More importantly, the beta exposure
rate changes very rapidly in the vicinity of small sources. Hence, moving the
survey meter 1 to 2 in. farther than intended from the source can result in an
erroneously low reading. Such a change in the position of the survey meter
can happen easily in field measurements. In other instances, such as when
maintenarce personnel are working quickly in cramped quarters, it is not
feasible to make frequent survey meter measurements. Finally, there is no way
that a survey meter can measure the dose to a person who picks up a small
object contaminated with a beta emitter, or places his hand inside &
contaminated valve,

4.3 DOSIMETERS

Shert-term beta exposures that cannot be adequately measured with a
survey meter and all long-term beta exposures are commonly measured with
efther film badge or thermoluminescent dosimeters. Many of these have only
two elements, one of which is under a thin window intended to admit both beta
and gamma radiation. Of most dosimeters, it is assumed that the window for
the second element stops all beta radiation. In practice, the two-element
dosimeters yield good results only for the type of beta field in which they
have been calibrated. This calibration is usually performed with a relatively
high-energy beta source, such as *°Sr/%0Y, Therefore, the dosimeters respond
low to “9Co beta fields. In this study, the response to uranium beta fields
was also low for the dosimeters tested. If the so-called “thin" dosimeter
window is too thick, the dosimeter will not respond to low energy beta
particles at all. The one commercial four-element dosimeter used in this
study typically responded high by a factor of approximately three, except
where its response was zero.
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SO ALT 1A
PRACTICES

his study has helped to identify the kinds of locations 1 uclear

plants where beta radiation fields may be found. Because of differences
2 4 - 1 14 1
ages, designs, and secondary water chemistry, different plants wil tkely
s

have considerable variations in beta dose rates. Therefore, the licensee

should identify the areas of possible beta exposi t his plant. It is not
necessary for the licensee to conduct a study separate from other radiation
monitoring efforts. It should b> adequate to simply ensure that the worker
performing radiation surveys has the proper type of survey meter and that he
takes appropriate measurements. Special care should be taken when cleanug
pipes and valves are opened so that potential areas of high beta exposure are
surveyed immediately after the opening is made. Once a significant beta
radiation field is 3dpnt1‘1vc, it should be characterized thrcugh the use of
multielement dosimeters or other spectrometers. This will be helpful in
predicting doses tc individuals A1l personnel who work in significant beta
fields should wear dosimeters, ciuding extremity dosimeters, that can
accurately measure the beta dose received. This may require very thin
dosimeters or a multiple filter arrangement for conventional dosimeters.
The multielement dosimeter (Scherpelz et al. 1983) used as a passive
spectrometer in this study seems to be sufficiently accurate for personnel
dosimetry. However, the size of this dosimeter may be less convenient fer the
wearer than those now in use. Until a more suitable dosimeter can be per-
fected, the dosimeter user should characterize his dosimeters in laboratory
beta fields representative of the beta fields he normally encounters. A
correction factor determined in this manner should be applied to personnel
dosimeter readings. If the dosimeter does not respond to low-energy beta
fields, a thinner dosimeter window or different TLD material may be required.

5.2 SURVEY METER SELECTION AND USH

The beta survey meters used should be reliable, durable, and easy to

read. They should be nearly energy-independent for beta energies between

70 keV and 4 MeV. Ion chamber instruments should be calibrated in contact
with a uranium slab and 20 c¢cm from a calibrated “7Pm source. Geiger-Mueller
instruments should be calibrated only with the isotope that they will monitor
and only in the configuration where they will be vsed. Almost any ion chamber
instrument with a beta window of 70 mg/cm? or less can be used to mzasure
large sources consisting of a single high-energy beta emitter. However, for
small area or low-energy (<500 keV endpoint) beta emitters, the detection
chamber should be as shallow as possible (cocnsistent with effective signal
production) and covered by a window of 7 mg/cm? density thickness. Among
commercially available survey meters, instrument A most nearly met these
specifications. A modified CP survey meter (Roesch and Donaidson 1955) should
provide even better results. Although not commercially available, this
instrument would not be difficult to fabricate. Another investigator (Hankins
1982b) has studied the response of a beta survey meter which may be useful at
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