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1. INTRODUCTION

Current personnel monitoring practices may be inappropriate for radia-
tion areas with significant contributions from photons with energies less than
200 keV, The use of an exposure-to-dose conversion factor of unity for all

photon energies is specified in Title 10, Part 20 of the Code of Federal Regu-
lations (10 CFR

20). Experimentally measured and calculated conversion fac-
tors are significantly greater than unity for energies between 40 keV and
approximately 200 keV, with a maximum of 1.5 at approximately 60 keV, as 1

| S ao

in Table 1 (American National Standards Institute [ANSI] 1983).
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Revisions of
10 CFR 20 to include improved conversion factors could have a significant

Impact on personnel monitoring practices. In extreme cases, radiation zones

may have to be monitored to determine the appropriate conversion factors.

TABLE 1. Conversion th§nrx for Computing Dose Equivalent fro

e o / . .
for the ICRU'®’ Sphere (ANSI N13.11-1983, Appendix

-1.(b)
Conversion Factor (rem«R to Dose Eaquivalent
the :L‘”i r,‘pht“r"r er‘ 1? f%_‘p}ﬁ *":‘_'

0.3 cm 0.007 cm

International Commission :;5 Radiation Units and Measurement:
10 Sv: 1 R 2.58 x 10 ;

s i1 | '“'1




The presence of low-enerqgy photons in radiation areas 1s due not

directly to the decay of radioa , but also to photon scattering 1r

shielding material Shielding attenuates the primary photon field, sca

. »

photons in all directions and shifts the spectral distribution to lower

energies primarily through the Compton interaction (Fenyves and Haimar 1969).
In heavily shielded areas, maximum fluxes of photons are expected between

50 keV and 150 keV, just above the rise in the photoelectric cross section for

the atoms making up the shielding material.

Current personnel monitoring requirements may also be inadequate for dose

estimations 1q fields with a significant contributior of high-energy photons,

{ (6.1 MeV). Doses deposited by high-energy photons at tissue

yr shallower are significantly less than those deposited at the
: | \ st s s [ lnhne
depth of maximum dose, which is arproximately 3 cm for 6-MeV photons _(Johns

A
VvV,
and Cunningham 1978) Depth-dose curves presented in Figure 1 for Co and

6-MeV photons show the reduced surface dose for the higher energies. While

"ideal" dosimeter monitoring the deposited dose at 1 cm would underestimate

ly approximately 20 iny practical dosimeter:
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Eneray

opectral measurements were performed in radiation fields of u:
mately 10 mR/h without a c« ITimator on the detector For h‘pq‘,, ‘Jv"

A \ . . . | Ul
l ‘t; mR/h, a collimator was nece: sary to reduce the data collection rate and
allow spectral data to be gathered. | chambers were used for qreater
tion fields (above approximately 160 mR/h). he ' g T

' 9 y Were
small and large exposure rates

y Over “"c(mym;
and ion chamber measurements.

M‘\‘l‘:’l‘r“'“(”i?"v were i,‘“r‘”f”“’lj at seven commercial

T; . ) T ’
(Table 2). These included four pressurized-water re

boiling-water reactors (BWRs

nuclear reactor sites

tnve [DWL
‘actors (PWRs) and three
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TABLE 2. Measurement Sites
Uperating
Age, y Status
Operating
Operating
Shutdown
Shutdown
Operating
Operating
Shutdown
Operating
Shutdown
Operating

* Equipment checkout.

conditions (shutdown). A1l three BWRs were visited while operating and one
while shutdown. One BWR and one PWR were visited during both operating and
shutdown conditions for comparison. One twin PWR was visited. Operating

plant ages ranged from one-half to ten years. Shutdown plant ages ranged from
plant ¢ ) ) 4 :
5

to 21 years. The site measurements were performed between January 1982 and

March 1983. Photon spectra are compiled in Appendix A.

e in rad and dose equiva'ent in rem are used synonymously in this

The quality factor for photons is assumed to be unity.
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photon in : to about 2 MeV. A smooth curve was drawn through the

1

. g : : s & i
measured poi using a semi-empirical model (Hajnal and K w;%v§* 1974). he

extrapolated efficiency curve above MeV was checked using a N field at a

reactor site. Differences in efficiency as a function of photon entrance

le were measured to be small compared to other uncertainties of the data

The detector r onse fi cluded the full-enerqgy peak, single and
ape p S ‘he higher energies, a continuum due to the
and low-2nergy counts due to the loss of x rays
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pectra were used for input data to develop the response function,
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was converted to exposure rate for each energy interval using the curve in
Figure 7 (DHEW 1970). The C_ factors taken from the calculations of Dimbylow
and Francis (1979) for the 1tru sphere were weighted by the corresponding expo-
sure rate to calculate effective C factors. Because factors at all energies
were not available, some interpolations were required.

As indicated in Figure 3, geometry factors can significantly affect the
result., Figure 8 illustrates curves for C_ factors fo:' parallel incidence
and isotropic incidence. For parallel 1nc§dence. all photons »* assumed to
travel parallel to each other with no intensity variations with distance. For
isotrepic incidence, all photons are generated in the space around the ICRU
sphere, or on the inner surface of a large sphere concentric with the ICRU
sphere. Photons travel in all directions. The shallow-depth C_ factors for
isotropic incidence have approximately the same magnitude as thé shallow and
deep C_ factors for parallel incidence. However, the deep-depth C_factors
for 1satropic incidence are considerably smaller than for para]]elx1ncidence.
This is due to a reduction in the dose rate at 1 c¢cm compared to the exposure
rate because most of the photons have to transit a large portion of the ICRU
sphere to deposit the dose,

10’

FLUENCE RATE. PHOTONS cm? sec TO GIVE 1 Rh

yob E C g baaaad | Lo Ll P o
1

om 01 10

PHOTON ENERGY (MeV)

FIGURE 7, Conversion from Photon Fluence to Exposure Rate
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FIGURE 8. Curves for the Conversion of Exposure to Dose in the ICRU
Sphere. Dose equivalent to tissue divided by dose to air
is converted using dose per exposure to air.

Dimbylow and Francis calculated two C  values: the maximum dose in the
sphere at each shell depth, and the dose a?ong the central axis of the sphere
parallel to the beam direction. The central axis values approximate the
worst-case example of dosimeter underresponse for high-energy photons, assum-
ing that the dosimeter is mounted toward the source. Both quantities are
listed in the data tables in Section 3 for the high-energy fields.

Correction factors other than C factors may be more useful for par-
ticular applications. The energy reéponse of an instrument can be used to
generate correction factors for instrument response to dose as easily as to
generate conversion factors for exposure to dose.
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2 2 TISSUE-EQUIVALENT EXTRAPOLATION CHAMBER AND ION CHAMBER MEASUREMENTS

Direct measurements of effective C_ factors were performed using ioniza-
tion chambers to measure dose in a tissﬁe-equivalent (TE) phantom and exposure
in air at the same position. The C factor was obtained by calculating the
ratio of dose rate to exposure rater This technique can determine the true C
factor for a pure photon field, including all geometry effects. For each
location, the Cx factor may change with angle due to nonuniformly distributed
sources. However, given the exposure rate, the dose to the ICRU sphere or a
worker would chunge with angle in a similar manner.

The dose measurements were performed using a parallel-plate extrapolation
chamber embedded inside a TE phantom. An extrapolation chamber is an ioniza-
tion chamber whose volume can be varied. Data collected for many measurement
volumes were used to calculate dose for the small-volume limit. A scnematic
diagram is shown in Figure 9. A cylindrical plug of TE plastic was nioved
inside a 30-cm x 30-cm x 15-cm block of the same plastic. The front surface
of the plug was coated with a conductipgg graphite mixture and scribed into a
circular collecting elsctrode of 27-cm” area and an outer guard ring. A thin
(approximately 7-mg/cm”) piece of TE plastic was stretched over the opening to
provide a front window. The inner surface of the front window was coated with
graphite to provide the high-voltage electrode. A stepping motor with remote

[Nion cHameen
ELECTROMETER v
STEPPING MOTOR AND PLUG
ot DRIVE ASSEMBLY
MOTOR MICROMETER ———— _ 1¢ pasTIC
CONTROR READOUT
FRONT WINDOW AND

A
L % o HIGH-VOLTAGE ELECTRODE

COLLECTING ELECTRODE

- e - - %=

ELECTROMETER el GUARD RING
AT,
t 9°’_V CENTER PLUG
d|ip=2
I
-
GROUND

FIGURE 9. Equipment Arrangement r Tissue-Equivalent Extrapolation
Chamber/Ion Chamber ( ~ pination
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control was used to reduce the electrode separation in well-determined incre-
ments. The number of motor steps per millimeter was calibrated using a micro-
meter readout on the drive shaft. Voltage was applied to the electrodes, and
the current going to ground from the collecting electrode was integrated using
an electrometer. An ionization chamber and electrometer were used to measure
exposure. Both the center of the front face of the extrapolation chamber and
the center of the ionization chamber were reproducibly placed in a given loca-
tion using a base plate and a mounting jig.

The composition of the TE plastic is described by Yoder et al. (1979).
The low-energy response of the plastic is similar to that of tissue with trace
elements. Nelson and Chilton (1983) performed Monte-Carlo calculations and
found gocd agreement. Differences found between Yoder's laboratory measure-
ments and the Monte-Carlo calculations for the TE plastic and for idealized
tissue with trace elements were small compared with the uncertainties of the
field measurements. Differences in response between the spherical geometry
used by Dimbylow and Francis and the slab geometry of the extrapolation cham-
ber were also small compared with the uncertainties of the field measurements.
No corrections to the data were performed.

2.3 THERMOLUMINESCENCE DOSIMETRY

Thermoluminescent dosimeters were used to obtain a measurement of do:: at
many depths simultaneously. The distribution of dose as a function of depth
changes with photon energy and beta-particle energy. The phosphors used were
LiF:Mg (TLD-700) and CaF,:Mn (TLD-400), which are sensitive to photon and beta-
particle radiation. The TL material was placed inside of a 20-cm x 20-cm x
15-cm P]exiglaso (methylmethacrylate) phantom or packaged in a multielement
dosimeter with varying thicknesses of aluminum filters. The multielement
dosimeters were used primarily to monitor for the presence nf beta particles
for the extrapolation chamber measurements.

The advantages -of TL dosimetry are that: 1) dose rates can vary over a
wide range, overlapping both the photon spectroscopy and extrapolation chamber
techniques; 2) fewer assumptions of source geometry are required compared to
the photon spectroscopy techniques; 3) many depths can be monitored simul-
taneously; and 4) beta-particle contributions can be relatively easily identi-
fied. Disadvantages are that: 1) the data provide much less information on
spectral composition, and 2) differences between the calibration and measure-
ment geometries increase the uncertainty of the measurements.

® Plexiglas is a registered trademark of Rohm and H?>s Company.
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The interpretation of TLDs exposed in an unknown phcton field suffers
because of the non-tissue-like response of the phosphors as a function of
photon energy. The response of LiF:Mg increases by almost a factor of two at
x-ray energies. To improve the discrimination between energies, the CaF_:Mn
phosphor was added to three of the phantom depth positions. As shown in’
Figure 10, the response of CaF_:Mn is large at x rav znergies. The ratio
between phosphors was used to discriminate between energies.

The TLD were placed at eight depths, from the surface to 7 cm inside
phantom (Figure 11). They were staggered around the central axis of the

phantom to reduce shielding effects by upstream dosimeters. The responce
the TLD was determined for the four radiation sources listed in Table 3.

relative response per rem as a function of depth is presented in Figure

The estimated depth-dose response for 6-MeV photons was added for reference.
The data were analyzed by performing a linear least-squares fit to the cali-

bration data set. After the optimum combination of the calibration response
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FIGURE 11. TLD-Loaded Phantom

TABLE 3. Calibration Sources for the TLD-Loaded Phantom

_Source Type Energy Comments
137Cs Medium-energy photon 662 keV

MFE(a) Low-energy photon 34 keV (effective) NBS filter technique
HISO(a) Low-energy photon 120 keV (effective) NBS filter technique
90Sr/gOY Beta 2.3 MeV (maximum)

(a) Appendix of National Bureau of Standards (NBS) Special Publication 250
(1983). Support for the MFE technique has been discontinued by NBS.

functions was determined, estimates of the effective exposure-to-dose factors
were made. This technique was shown to be inappropriate for areas containing
large contributions of photons above 3 MeV. Even though there is a signifi-
cant difference between the response to 6-MeV photons and the response to
photons of other energies, the apparent presence of very high energy electrons
in plant environments did not permit a similar analysis without significant
ambiguities.
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FIGURE 12. TL Response Per Rem Versus Depth
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3. SITE MEASUREMENTS

Measurements were performed at seven sites. The type and amount of data
collected varied due to variations in the sites' access policies, level of
contamination, equipment malfunctions, and research emphasis in areas for
which additional data was required.

Delays were often experienced gaining access to the plants. Training and
paperwork requirements have increased over the last few years. The time delay
between arrival and the initiatior of measuremen.s varied from less than 1 day
to 2-1/2 days. The greatest delays occurred when formal classroom instruction
was required on radiation safety, plant security, mask fitting, and the use of
a self-contained breathing apparatus (SCBA). The requirements for plant
access and the use of respirator protection also varied. For example, one
plant required a polygraph test, another did not allow unescorted access to
any plant areas, and a third required complete medical records.

Preparation time for plant access varied with the level of contamination
at the measurement locations. Typically, the measurement equipment was pack-
aged in plastic and carried or transported by cart to the site locations where
it would be used. Anticontamination dress and occasionally a respirator were
required. Access to PWR containment during reactor operation requirec full
anticontamination dress and a full-face respirator or SCBA. The number of
measurements were limited by the short length of stay time due to the elevated
temperatures and/or dose rates.

The data collected during each site visit is described below. The letter
designations for thc sites were selected to correspond with neutron and beta
measurement projects reported elsewhere (Endres et al. 1983; Rathbun and
Roberson 1983). The sites are listed in the approximate chronological order
of data collection. When a display of site layouts was considered useful,
letter designations were given to each measurement location. These designa-
tions are noted on the site layouts. Spectra for all sites are compiled in
Appendix A.

3.1 SITE G - OPERATING PWR

This first site visit was primarily a learning experience. The photon
spectrometer measurements were not useful because dose rates exceeded maximum
acceptable levels. The rates inside containment were substantially above the
levels observed on previous visits. A collimator assembly for the spectrom-
eter detector was subsequently built to allow measurements to be performed at

18



higher rates. The extrapolation chamber experienced almost a factor of ten
increase in current not associated with radiation (1eakage). This was attrib-
uted to the elevated temperatures and vibration present inside containment.
The addition of an insulated mounting plate and improved electronic connectors
minimized this effect during future measurement trips. A return visit to

Site G was planned but was cancelled due to an extended shutdown period.

The extrapolation and ion chamber measurements performed in containment
are presented in Table 4. The neut ‘on-to-gamma dose-equivalent ratio at the
measurement site was 2.5. A correction for the neutron response of the de-
tectors shifted the dose-to-exposure ratio by less than 10%. The cause of
measured values greater than unity is not understood. However, the measure-
ments have relatively large uncertainties. The elevated surface dose indi-
cates that current monitoring requirements are adequate.

Two TLD-Toaded phantom exposures were performed, one in the auxiliary
building near the primary-coolant sampling station and another in containment
near the primary-side piping (hot legs) of the steam generator. These data
are plotted in Figure 13. Both measurements show an enhanced TLD response at
the shallow depths. The measurement performed near the sampling station was
analyzed for beta and photon compenents (Table 5). The result was a small
beta component combined with a primarily medium-energy photon component. The
measurement in containment showed a large surface dose characteristic of high-
energy electrons (1 to 10 MeV) with a penetrating photoqscomponent. This loca-
tion was expected to contain a heavy contribution from “°N or other high-energy
photens. The TLD phintom measurement is consistent with the combination of
high-energy photons (5 to 10 MeV) with a large number of high-energy electrons
created in the surrounding building and shielding materials.

TABLE 4. Extrapolation and Ion Chamber Measurements, Site G

Exposure Rate Dose Rate Effective C: Factor
Location ___(mR/h) (mrad/h) (rad/ﬁ)
Operating PWR
- Containment,
Facing Reactor
- shallow 148 215 1.45 + 0.20
- deep 103 123 1.19 + 0.19
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FIGURE 13. TLD-Loaded Phantom Measurements, Site G
TABLE 5. TLD-Loaded Phantom Measurements, Site G
Field Strength (mrad/h) for Effective
Shallow Dose Photons C
Location Rate (mrad/h) 34 keV 120 keV 662 keV Beta (rad?R)
Operating PWR
- Auxiliary 64 0 0 62 2 1.03
Building
Sample Station
- Steam Generator 2300 (analysis inappropriate)

Hot Legs
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The surface enhancements of the dose measured inside containment do not
indicate that personnel doses are being underestimated using current monitor-
ing requirements.

3.2 SITE K - SHUTDOWN AND OPERATING PWR

Th:s twin-reactor site was visited while one of the reactors was shut
down for maintenance and one was operating. The shutdown and operating unfts
had equivalent full-power operating times of 5 years and 1/2 year, respec-
tively. The measurement locations in containment are shown in Figures 14 and
15. Other areas visited included the auxiliary building and the contaminated-
waste storage area. The measured exposure or dose rates for each technique
can vary sianificantly for the same location because the rates changed dra-
matically over a few meters when near a large centralized source.

STEAN: GENERATOR

REACTOR COOLANT
PUMP (TYP)

AUXILIARY
EQUIPMENT
HATCH

PERSONNEL
HATCH

FIGURE 14. Containment Layout at the 130-ft Elevation for the
Shutdown PWR, Site K. Measurements were performed
at locations C through F at the elevations shown
in parentheses.
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FIGURE 15. Containment Layout at the 122-ft Elevation for the Operating
PWR, Site K. Measurements were performed at locations [
through L and N at the elevations shown in parentheses.

Photon spectrometer measurements were performed with a 48-cm3 Ge de-
tector. The locations of the measurements are listed in Table 6. Six
measurements were performed in the shutdown reactor, six measurements in the
operating reactor, and one measurement in a drum storage area used for both
units.

Measurements in the shutdown reactor were performed in the effluent
sample room, the auxiliary building, and at two levels in containment. The
exposure rates ranged from 0.3 to 12 mR/h. Three of the spectra taken are
shown in Figures 16, 17, and 18. The effective C factor labelled on the
figures is the greatest of the 3 maxgﬂum values cilculated. l;ghe prominent
characteristics are the presence of = Co (5.3-y half-life), ~ Co (71-d half-
life), electron-positron annihilation radiation and a continuum between
approximately 70 keV and 220 keV. The presence of the radioactive isotopes is
probably due to "crud" buildup. The ratio of the number of continuum photons
to source-decay photons changes by a factor of about 3 from location A (Fig-
ure 16) to location D (Figure 18), with a corresponding small increase in the

C factor.
X
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TABLE 6. Photon Spectrometer Measurements, Site K

Exposure Effective Maximum C Effective Central C
Rate (rad/R) x _(~24/R) x
Location (mR/h) 0.007 cm 0.3 cm 1.0 = 0F cm i.0em <Z.5cm

Shutdown PWR
A-Effluent Sample 1 1.01 1.04 1.04
Room

B-Auxiliary Bldg. 0.3 1.06 1.08 1.08
Demineralizer
Room, Reactor
Coolant Filter
(100-ft elevation)

C-Containment, 1 1.02 1.05 1.05
Reactor Shield
Vent Fan
(100-ft elevation)

D-Containment, 1 1.04 1.07 1.07
lodine Removal
Fan
(100-ft elevation)

E-Containment, 12 1.01 1.04 1.0%
Under Reactor
Coolant Pump #13
(81-ft elevation)

F-Containment, 12 1.01 1.04 1.04
Under Reactor
Coolant Pump #11
(81-ft elevation)

Operating PWR
G-Effluent Sample 1 1.04 1.06 1.06

Room
H-Auxiliary Bldg. 0.2 1.06 1.09 1.09
Demineralizer
Room, Reactor
Coolant Filter
(100-ft elevation)
|~Containment, 0.4 1.03 1.02 1.01
Personnel Hatch
(100-ft elevation)
J-Containment, 1.3 1.07 1.08 1.08
Near Bioshield of
Steam Cenerator
(122-ft elevation)
K-Containment, 2 1.00 1.01 1.03 0.72 0.96 1.02
Overlooking
Reactor Cavity
(122-ft elevation)
L-Containment, 0.9 0.93 0.97 0.95 0.70 0.98 0.99
Outside Airlock
(100-ft elevation)

QOther

M-Hot Drum storage 50 0.99 1.02 1.02
Area
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The measurement locations in the operating reactor ranged in exposure rate
from 0.2 to 2 mR/h. The pulse-height distributions (Figures 19 through 21)
show radioisctope spectra from short-lived isotopes 1g3additicn to t?§510ng-
lived isotopes. Prominent short-lived isotopes are Xe (5 d) and Xe
(9 h). Xenon is a fission product that easily diffuses into the coolagé water
gad containment atmosphere. The long-lived isotopes present included ““Co and
Co.

The relative compositions of the ccbalt isotope annihilation radiations
are similar for the spectra taken in the effluent sample rooms of the shutdown
and operating reactors (Figures 16 and 19). However, an enhanced scatter
component and the xenon radiations are prominent in the spectrum from the
operating reactor. The net effect is an increase in the C factor from 1.04
to 1.06. The increase is primarily due to the increase in*the scatter peak.
The contribution to dose from the xenon peaks is small.

In the demineraiizer rooms (Figures 17 and 20), 60Co is more prominent in
the shutdown reactor spectrum, while annihilation radiation is prominent in
the operating reactor spectrum. The operating reactor has less equivalent
full-power operation (1/2 y) than the shugsown reactor (5 y), and thus has
less of the “"crud" buildup that contains ~ Co. The prominence of annihilation
radiation in the operating plant implies the production of short-lived posi-
tron emitters.

The spectrum shown in Figure %é was taken overlooking the reactor cavity.
The data extends up to 8 MeV. No “°N photons were detected. The data is
consistent with a general scatter contribution, with some evidence of capture
gamma rays on iron (7.6 MeV), as were detected at another operating PWR. The
calculated central C_ factors (Table 6) impl, a reduced relative dose at
0.3 cm of 0.7 and a felative dose at 1 cm of near unity.

Three measurements were performed in the shutdown reactor using the TE
extrapolation chamber and the ion chamber. The measurements were performed in
approximately the same locations as for the measurements performed using both
the photon spectrometer and the TLD-loaded phantom. The locations, the mea-
sured exposure and dose rates, and the derived effective C factors are giver
in Table 7. The measurements were performed in areas withxexposure rates
of about 100 mR/h. Because the chamber signals were small, the measured
values have large uncertainties. A measurement in the operating reactor was
attempted but was unsuccessful.

A1l of the effective C factors derived from the extrapolation chamber
measurements were near or 1&ss than unity. The values less than unity are

27



PULSE HEIGHT DISTRIBUTION
EXPOSURE RATE 1 mA b

TITTITYITYTYY

TYTITITTITITITYTY

COUNTS TIME
—

FTTTYTITTITT

4000

TYTTTTTT
o

511 keV ANNIHILATION
[}

73 keV *9Co

1332 eV

1000

CHANNEL NUMBER

ENERGY DISTRIBUTION
EFFECTIVE C, 106 rad R

3
bl
g

1000 ¢

LA...‘....‘-MM..‘.:'-...(rf?!ruh_.f.vl,_._“A..“l
1 RO 1804 2 240 2700 3000
ENERGY kaVv
and Corrected Spectrum, Site K, Location G
(Operating PWR, Sample Room)




0 PULSE HEIGHT DISTRIBUTION
i EXPOSURE RATE = 0.2 mR/h
woof- 3
2
-
3200
2800

1200

s B11 keV ANNIHILATION

2

§ b 810 keV %8Co

800 1000 1200 1400 1600 1800 2000
CHANNEL NUMBER

ENERGY DISTRIBUTION
EFFECTIVEC, = 109 radR

1800

1400

1200

1000

COUNTS TIME
3 I g
{_,_P B

0 300 800 900 1200 1500 1800 2100 2400 2700 3000
ENERGY keV)

FIGURE 20. Field Data and Corrected Spectrum, Site K, Location H
(Operating PWR, Demineralizer Room)

29




1.000 000

81 hav "xy

10 000

“H11 kaV ANNHILATION

7=
810 kev ¢

7

P

1.000

T 1294 kaV YA

COUNTS TIME

100

' 1 ’ ' ¥ 1 '
T SRR ST SN SN N NSNS NN 0 LAAAAL L L L L LA sadagaad g gl gy

PULSE HEIGHT DISTRIBUTION
EXPOSURE RATE « 2 mAn

llllLAAl’llL

] 200 400 600 800 1000 1200 1420 1600
CHANNEL NUMBER

80,000 - - e
3 ENERGY DISTRIBUTION
i EFFECTIVE C, = 103 rad/R
:
70.000 {3
:
60000 }
50 000

COUNTS TIME
&
g

2
: \

3
B L AL e . .

bbbl

TS EEESES

1600 3000 4500 6000 7500 9000
ENEAGY (keV)

10.500 12.000

FIGURE 21. Field Data and Corrected Spectrum, Site K, Location K
(Operating PWR, Containment, Overlooking Reactor Cavity)

30




Extrapolation Chamber and Ion Chamber Measurements, Site K

Effective
Exposure-to-Dose
Exposure Rate Dose Rate Conversion
Location 7 (mR/h) (mrad/h)

Shutdown PWR
E-Drain Valve, Reactor
Coolant Pump #13
Shallow
Deep

F-Drain Valve, Reactor
Coolant Pump #11
Shallow
Deep

Storage Area
M-Hot Drum Storage
Shallow
Deep

probably due to the presence of distributed sources. Corrections have been

made for beta particles. The data does not indicate a significant component
of low-energy photons at the higher dose rates.

The TLD-loaded phantom measurements were performed in four locations with
exposure rates ranging from 70 to 260 mrad/h. Table 8 contains the measure-
ment locations and the results of the fitting. Locations E, F, and M are
dominated by medium-energy photons, resulting in effective C factors near
unity. Figure 22 contains the response of the TL dosimetvrexversu< depth.

All curves are normalized to the surface reading. Locations E and F show
similar depth-dose functions characteristic of penetrating radiation. Loca-
tion M has a siightly less penetrating field. Location N (steam generator)
has a 7% enhancement at 1 cm compared to the surface. This is possibly caused
by partially shielded beta particles from ~ N or high-energy electrons created
by the high-energy photons.

Measurements at Site K offered a direct comparison of shutdown and operat-
ing conditions and information of the effects of plant age. The presence of
xenon isotopes in the operating plant did not significantly increase the dose
received. In addition, a compensating effect was the increase in the 511-keV




TABLE 8. TLD-Loaded Phantom Measurements, Site K

Field Strengths (mrad/hr) for Effective(a)

Surface Dose Photons C
Location Rate (mrad/h) 34 keV 120 keV 662 keV Beta (rad/R)
Shutdown PWR
E-Drain Valve, 115 7 0 90 8 1.04
Reactor Coolant
Pump #13
F-Drain Valve, 106 0 0 g7 9 1.03
Coolant
Pump #11
Storage Area
M-Hot Crum Area 67 8 0 59 5 1.05
Operating PWR
N-Steam 160 (analysis inappropriate)

Generator

(a) For the shallow depth (0.007 cm).

annihilation radiation for the operating plant. Differences in dosimetry be-
tween the shutdown and operating plants were mainly due to the high-energy
photon fields inside containment. The effect of plant aging was to increase
the amount of radioactive cobalt, lowering the effective C_ factors a few per-
cent. The highest calcuiated C_ factors (1.08/1.09) occurred in the deminerali-
zer rooms and inside containmenf behind the bioshield. In both cases, the
low-energy scatter continuum was a dominant part of the spectrum. Other loca-
tions with large continua also had a significant high-energy tailing. The
maximum effect of low-energy photons was to increase the C_ factors by less
than 10%. The effect of operating the plant and the effect of increased age
totalled only a few percent difference in C_ factors. The extrapolation
chamber measurements indicated that the callulated C factors may be over-
estimated due to distributed-source effects. .

The spectra taken inside containment of the operating reactor contained a
sufficiently large contribution from high-energy photons to deposit less dose
at 0.3-cm than at 1-cm or 2.5-cm depths. However, a TL phantom measurement
did not confirm the result, possibly indicating the presence of significant
beta or electren fields.
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FIGURE 22. TLD-Loaded Phantom Measurements, Site K

3.3 SITE B - SHUTDOWN AND OPERATING PWR

The PWR at Site B was visited twice, with measurements taken once under
shutdown and once under operating conditions (89% of full power). Measure-
ments were performed at 19 locations ranging in exposure rate from 0.4 mR/h to
10.8 R/h. The measurement locations are identified alphabetically on sche-
matic layouts of containment (Figures 23 and 24).

Spectra were taken with a 59-cm3 intrinsic Ge detector (during reactor
shutdown) and a 31-cm™ intrinsic Ge detector (during reactor operation). Mea-
surement locations and the calculated maximum C factors are listed in
Table 9. The C_ values for the shutdown reactof vary between 1.02 and 1.07.

A typical coectfum is presented in Figure 25. Radiation from cesium isotopes
contributed significantly to the dose rates, resulting in Cx values near

unity.
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FIGURE 23. Containment Layout at the 401-ft Elevation, Site B. Measure-
ments weve performed at the locations and elevations indicated.

FIGURE 24. Containment Layout at the 336-ft Elevation, Site B.
Measurements were performed at the locations indicated.
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TABLE 9. Photon Spectrometer Measurements, Site B

Exgosuro Effective Maximum C Effective Central C
ate (rad/R) X (rad/R) x
Location _(mR/h) 0.007 cm 0.3 cm 1.0cm 0.3 cm 1.0 om 2.5 om
Reactor Containment
PWR Shutdown
A-Near Escape Hatch 8 1.02 1.03 1.03
B '(327-? }m” H 5 06 07 1.07
- r t Hatch .
(357-1¢ lovel)
C-Near Elevator
(357-ft level) 8 1.04 1.05 1.05
D-Near Elevator
(373-ft level) 8 1.04 1.05 1.05
E-Near Elevator
(401-ft level) . 1.05 1.06 1.06
F~Deck
(424-ft level) 2 1.06 1.07 1.07
C-Above Escape Hatch 10 1.02 1.03 1.03
(373-ft level)
Reactor Containment,
PWR Operating
H-Near Personnel Hatch 3 0.9 0.96 0.99 0.59 0.89 0.98
(386-ft level)
I=Near Stairway S 0.92 0.97 1.00 0.62 0.89 0.98
(386-ft level)
E-Near Elevator 7 0.84 0.90 0.95 0.38 0.80 0.9%
(401-ft level)
J=in Personnel Hatch 0.4 1.01 0.91 0.91 0.77 0.87 0.92

The spectra measured inside containment during reactor operation had con-
tributions from high-energy photons. In addition to a general distribution of
energies up to approximately 8 MeV, several capture gamma transitions were
observed. Indicated on Figure 26 are capture gamma transitions for iron and
hydrogen. The pulse-height distribution is plotted on a log scale to allow
observation of the high-energy contributions. The cesium isotopes were again
observed, along with positron-electron annihilation radiation and xenon iso-
topes. The high-energy photons contributed more to the dose rate than the
medium- or low-energy photogs. This resulted in maximum Cx factors at or
below unity. Photons from "N were not observed at the locCations monitored,
The calculated central C factors indicated reduced doses at the 0.3-cm and
1-cm depths compared to fhe 2.5-cm depth.

Extrapolation chamber and ion chamber measurements for Site B are listed
in Table 10. An effort was made to measure fields over a wide ran¢= of dose
rate (106 mrad/h to 10.8 rad/h). Due to time constraints, it was sometimes
more productive to measure several locations at one depth rather than one
location at several depths. The l-cm position was chosen because no correc-
tions for beta dose were required.
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TABLE 10. Expolation Chamber and lor Chamber Measurements, Site B

Effective
Exposure Beta Exposure-to-Dose
Rate  Dcse Rate Dose Rate Conversion
Location (mR/h)  (mrad/h) (mrad/h) Factor
PWR Shutdown (containment)
K-Piping Near Steam
Generator (336-ft~
level basement)
Shallow 195 196 22 0.89 + 0.07
Deep 160 - 0.82 + 0.04
L-Piping Near Reactor 135 106 - 0.79 + 0.08
Core (336-ft-level
basement)
M-Let-Down Heat 10,800 10,800 - 1.00 + 0.05
Exchanger (336-ft
level)
N-Removed Nozzles 900 804 - 0.89 + 0.05
(336-ft Tevel)
PWR Operating (containrment)
0-Upper Deck Overlooking 136 223 0 1.64 + 0.11
1.43 + 0.10

Reactor Cavit 195 -
(404-ft level{

A1l measurements for the shutdown reactor were performed at the basement
level (336 ft), where sufficiently large dose rates were present. Effective
C_ values were unity or less. he major contributor to dose was medium-energy
pﬁotons. The values less than ne were probably due to distributed sources.
The source measured in the let-cown heat exchangga room (10.8 R/h) was well
focalized, giving the Cx facto: expected for a ~ Co and Cs source.

The extrapolation chamber measurement performed during reactor operation
was taken from a location overlooking the reactor cavity. The neutron-to-
photon ratio in dose equivalert was approximately 2:1. The correction to the
dose and exposure was less than the uncertainty «f the effective C measure-
ment. The results indicate a 15% surface enhancement compared to the 1-cm
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depth.

is not understood.

The TLD-loaded phantom measurements are presented in Table 11.
measurements performed during reactor shutdown indicate a dominant

tion from medium-enerqy photons.

All

low-energqy

There was no observed reduction of dose rate at
high-energy photons.
factors
be explained by the presence of

Response versus depth is
measurements show an enhanced surface dose.

during reactor operation are generally more penetrating.

TABLE 11.

Surface Dose
Rate (mrad/h)

Location

Shutdown PWR

(Containment)

P-

Q-336-ft

(yyu

336-ft Level,
Toward Reactor
r, ore

- 1
Level,
At Entrance
} { ea t
Exchanger Room

Let-Down

ating PWR

(Containment)

R-

\\-

\

(a)

365-ft
. '_:H"‘WP
Core

Level, on 20
11 Toward

Level, Near 40
renetration 1n

Bioshield

- {

36571
-

Calculated for the shall

w depth

(analysis

(analysis

TLD-Loaded Phantom Measurements, Site B

Field Strengths (mrad/h) for

Photons

3% keV 120 keV 667 keV Beta
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FIGURE 27. TLD-lLoaded Phantom Measurements, Site B

The calculated C_ factors ranged up to 1.07. The dominant contribution
to the spectra was from cesium isotopes. The extrapolation chamber mea-
surements resulted in C_ factors less than unity for the lower dose rates.
The distribution of soufces may lower the C_ factor below unity for most
locations. ;s

Measurements performed inside containment indicated a dominant contribu-

tion to dose from high-energy photons. Howev: . !ov) the extrapolation
chamber and the TLD phantom measurements re. 1t: in higher surface doses than
depth ¢ ses. No indications were found .i p¢ nnel doses are being under-

estimated using current monitoring requi e .

3.4 SITE M - SHUTDOWN AND OPERATING BWR

The BWR at Site M was visited twice, with measurements taken under both
shutdown and operating conditions (55% of full power). Measurems: ts were
performed at 29 locations ranging in exposure rate from 0.2 mR/h to /.5 R/h.
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he photon spectrometer measurements were poerformed with a 1-cn intrin-

sic Ge detector. The measurement locations are listed in Table 12. All mea-

surements performed during shutdown and all those performed during operatio
except in the location near the turbine did not have a significant high-energy

contribution. The maximum calculated C factors ranged from 1.02 to 1.16

» i /‘ »
Most values were very close to unity beCause the contribytions to exposure
by

were dominated by medium-energy photons. Photons from =~ Cc were the dominant
contribution (Figure 28). The larger values were due to larger relative
tributions from scattered photons. The data taken at the door of the cleanup

yhase sepapator room (Figure 29) shows an almost pure scatter spectrum. Pho-
°“Co scattered off a concrete wall before exiting through the door.
spectrum peaks at about 120 keV, the higher-energy tail extends to
above 500 keV. The relative importance of the medium-energy photans is en-

hanced by the flux-to-exposure conversion. The result is an
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TABLE 12. (contd)

Expeosure Effective Maximum C , Effective Central Cx,
Rate rad/R » rad/R
Location (mR/h) 0.007 cm 0.3 cm 1.0 cm 0.3 can 1.0 cm 2.5 cm

Operating BWR (contd)
Reactor Buiiding (contd)

First Floor,
Near Scram 4 1.01 1.04 1.04
Discharge Lines

Second Floor,
Qutside Spent 11 1.01 1.03 1.04
Resin Room

Second Floor,
Mear Clean-Up 1 1.15 1.15 1.15
Phase Separator
Room Door

Second Floor, Near
Clean-Up Phase 4 1.16 1.16 1.16
Separator Room Door

Second Floor,

Near Containment 5 1.01 1.04 1.04
Third Floor,
Near Jungle 4.5 1.02 1.05 1.05
Room Door
Fourth Floor,
Laundry Area 1 1.02 1.05 1.05
Fifth Floor,
0.6 m from Cavity 4 1.00 1.03 1.03
Fifth Floor,
1 m from New Fuel 1.5 1.02 1.05 1.05
Storage
Turbine Building
Behind Shield Wal! 2 0.83 0.88 0.94 0.38 0.82 0.99
Near Turbine 14 0.81 0.86 0.93 0.32 0.79 0.92
SE Corner of 0.3 0.96 1.01 1.01
602 Unit
0f7-Gas Building
Near Charcoal 2 1.00 1.03 1.03
Absorbers

(a) NaI(T1) data also taken at this location.
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Spectra taken i1 the turbine room during operation show a dominant 16N

peak at 6.1 MeV and the 511-keV annihilation photons. The presence of annihi-
lation photons is expected becauselg major mechanism of energy loss at high
energies is pair production. The ""N photons are approximately seven times
more efficient in depositing dose than the 511-keV photons, and are therefore
the major contributor to dose.

The effect of using the lead collimator was investigated by performing
several measurements with and without the collimator. In general, the use of
the collimator generated additional background counts at the low energies,
which decreased the quality of the data. However, it was noted that the
appearance of the spectra also changed. Figures 30 and 31 present data
collected at the same location with and without using the lead co%&imetor.
The proportion of scattered photons is decreased compared to the - Co decay
photons. Because the collimator allows photons to enter unattenuated only
through a small opening, the anclusion is that the scatter is coming from a
different direction than the ~ Co decay photons. The calculated C factor
decreased from 1.04 to 1.02 without the scattered photons. If the*scattered
photons coming from different directions were added properly, the calculated
C_ facter would probably be even lower. It has been observed using the
e§trapolation chamber that source geometry effects lower the C values in most
locations. 5

The effect of he collimator in areas containing 16N-decay photons was to
almost eliminate tie 511-keV photons from the spectrum. This effect is in
agreement with the interpretation that the 511-keV photons originate from all
directions. dependent on the intensity of high-energy photons interacting in

tter. The effect of this on the high-energy results is minimal, since the
N photons are the dominant component and the dosimetric measurements auto-
matically account for geometry effects.

The results of measurements pertormed with the extrapolation and ion
chambers are given in Table 13. Measurements performed in the high-pressure
steam injection room (HPSI) and at the fue® pool heat exchanger resulted in
effective C values at or below unity. The shallow-depth values were less
than the 0.3-cm and the de -depth values, indicating a nearly pure photon
field consistent with the = Co energies. The deep-depth values less than
unity are attributed to geometry effects. The measurement at the clean-up
phase separator tank was taken with the chambers in direcgoview of the radia-
tion source. The results are consistent with a dominant ° Co photon field.
An appropriate measurement location for the extrapolation chamber with a
sufficiently large dose rate of high-energy photons was not found. The
humidity and temperature were too high in the heater bay, and the dose rates
were too low in the turbine room.
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TABLE 13. Extrapolation Chamber and Ion Chamber Measurements, Site M

Effective
Exposure Rate Dose Rate Cx Factor
Location (mR/h) (mrad/h) ‘(rad/R)

Shutdown BWR

HPSI 2030
Shallow
0.3 cm
Deep

Operating BWR

Fuel Pool Heat Exchanger
Shallow 149
0.3 cm 180
Deep 163

Clean-Up Phase
Separator Tank
Deep 7540

+ &+ I+

The TLD-loaded phantom measurements are described in Table 14. Effective
C factors for locations not containing high-energy photons ranged from 1.03
t8 1.15. The measurement at the clean-up phase separator door was made at the
highest dose rate without opening the door and entering the room. The results
are consistent with the photon spectrometer measurements. The measurement
performed at the turbine blade housing diaphragm showed primarily a beta field
and was not analyzed for C factor. The TLD response versus depth is pre-
sented in Figure 32 for the shutdown reactor measurements and Figure 33 for
the operating reactor measurements.

The TLD phantom placed in the heater bay was directed up toward the pipes
near the ceiling that carry steaTGto the turbine. This field was expected to
contain a large contribution of " N photons. A reduction in dose at the sur-
face compared to the 2.5-cm depth was not observed. The depth-response curve
has a surface enhancement of 30%.

The most significant effects of the presence of low-energy photons at
Site M were found at the door to the clean-up phase separator room. Thesﬁause
of the low energies was scatter from a suspected large concentration of "~ Co
in the clean-up phase separator tank. ODue to the polyenergetic distribution
of the scattered photons, the calculated maximum C factor calculated from the
photon spectrum was 1.16. A1l other locations notxcontaining energies above




TABLE 14. TLD-Loaded Phantom Measurenonts, Site M

Field Strengths (mrad/h) for Effective(a)
Surface Dose otons C
Location Rate (mrad/h) 34 keV e eV Beta (rad’R)
Shutdown BWR
Torus Drainline, 44 0 13 28 3 1.12
HPSI
Turbine Blade 162 0 0 8 154 -
Housing
Diaphragm
Dry Well, Valve 183 0 13 162 8 1.05
Operating BWR
Reactor Building
Containment 20 0 1 18 1 1.05
Equipment Stor-
age Cage
Clean-Up Phase 15 1 5 7 2 1.15
Separator Door
Skimmer Surge 43 0 0 38 5 1.03
Task Room
Heater Bay 150 -
(a) Shallow depth (7 mg/cmz).
3 MeV had a large contribution from medium energy photons, primarily 60Co,

which reduced the calculated C_ values. Large contributions to dose from
high-energy photons were found. However, no surface reduction in dose was
observed. Current monitoring requirements appear adequate for the high-energy

photon fields encountered.

A spectrum was taken using a 2-in. x 2-in. Nal(T1) detector at the same
location as one of the Ge spectra. The purpose was to demonstrate the utility
Figure 34 presents

of using the less-expensive detector for plant monitoring.
a calibration and field measurement using a Nal(T1) detector.

The resolution

is poor, but the peaks are recognizable. Figure 31 showed the Ge spectrum in
the same location. All of the peaks present in the Ge spectrum are present in
the NaI(T1) spectrum. For spectral monitoring, the data analysis procedure
would be the same for both detectors. The calibration spectrum provides

efficiency and scatter signal versus energy.
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3.5 SITE Q - OPERATING BWR

Measurements were performed at 12 lccations including areas in the
turbine building, the reactor vessel sampling station, the spent-fuel room,
and the waste storage facility. Emphasis was placeg on moritoring areas with
dominant high-energy photon contributions. A 31-cm” intrinsic Ge detector was
used to measure spectra at the locations given in Table 15. The locations of
the TLD phantom measurements are listed in Table 16. Extrapolation chamber
measure~snts were not performed because the equipment was inoperable due to
damage during shipment.

Measurement locations on the turbine floor of the turbine building are
indicated in Figure 35. Locations included a high-rate area near the turbine
(1ocation E, approximately 900 mR/h}, an area behind the bioshield (location D,
4 mR/h), and an area far from the turbine (location A, 4 mR/h). The photon
igectra are dominated by high-energy photons, primarily 6.1-MeV photons from

N (Figure 36). The analysis of the spectral data summarized in Table 15
includes the calculated maximum C factors and the calculated central C_ fac-
tors. Calculations for all turbife building locations except the laund’y/
turbine loading area (location F) indicate approximately 40% and 90% of the
maximum dose at 0.3 cm and 1 cm depths, respectively, for a pure photon field.

The underresponses predicted from the spectral data from the turbine
building were not observed with the TLDs. The TLD phantom measurements were
performed at locations C and E. The TLD phantom analysis using the linear
least-squares technigue was not reported because the set of basis energies
were not representative of the radiations present. Figure 37 shows the
depth-dose curves for these measurements. The data for both location C and
location E show a surface enhancement rather than a surface underresponse.
Additional measurements were made witii multielement dosimeters to help
characterize the surface response with location. These data, presented in
Table 17, showed a surface enhancement, in approximate agreement with the TLD
phantom results. Locations C and D have the greatest enhancement compared to
jocations E and B.

The enhancement shown in lucations C and D extends to a tissue depth of
approximately 1 cm. It could be the result of a range of electrons with an
approximate maximum energy of 3 MeV or photons with an approximate energy of
15 keV. The observed response at depths greater igan 1 ¢cm implies penetrating
photon energies, consistent with the presence of "'N.
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TABLE 15. Measurement Locations for Photon Spectrometer, Site (

Exposure Effective Maximum Cx. Effective Central Cx.
Rate rad/R rad/R
Location (mR/h) 0,007 cm 0.3 cm 1.0cm 0.3 cm 1.0 cm 2.5 cm

Turbine Building

A-Floor 272 B 0.81 0.87 0.93 0.35 0.80 0.93
Near Viewing
Gallery

B-Floor 272 10 0.82 0.88 0.94 0.38 0.82 0.94
Behind
Stairwell

C-Floor 272 24 0.81 0.87 0.93 0.34 0.80 0.93
NW Corner of
Turbine

D-Floor 272 4 0.81 0.87 0.93 0.35 0.81 0.93
SW Corner
Behind Shield
wWall

F-Floor 248, 0.5 1.01 1.03 1.03
Laundry/Turbine
Loading Area

G-Floor 248, 1.5 0.82 0.88 0.94 0.38 0.81 0.93
Entrance #1
to Turbine
Bldg.

H-Floor 248, 5 0.81 0.87 0.94 0.37 0.81 0.9
Entrance #2
to Turbine
Bldg.

[-Floor 248, 0.7 0.82 0.88 0.94 0.39 0.86 0.93
General Area

Other -

J-Reactor 4.5 1.05 1.06 1.05
Vessel Sampling
Station

K-Spent-Fuel 3.3 0.83 0.88 0.94 0.36 0.84 0.93
Room

L-Waste 3.0 1.04 1.05 1.05
Storage Area
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TABLE 16. TLD-Loaded Phantom Measurements, Site Q

Shallow Field Streng;h(a) (mrad/h) for

Dose Rate Photons Effective Cx(b)
Location (mrad/h) 34 keV 117 keV 662 keV Beta (rad/R)
C-Turbine 35 (analysis not appropriate)
Bldg.,
Floor 272
E-Turbine 910 (analysis not appropriate)
Bldg.,
Floor 272
J-Reactor 16 0 2 14 0 1.07
Vessel
Sampling
Station

(a) Maximum dose at the shallow tissue depth.
(b) Shallow depth (7 mg/em?).

Ige photon spectra show that the dominant dose contributor is photons
from " 'N. Only a relatively small contribution from medium-energy photons was
observed (primarily 511-keV annihilation radiation). The surface enhancement
could be due to one or a combination of several mechanisms. Possibilities
are: 1) very low energy photons, 2) beta particles or electrons, and 3) the
geometry of incident photons or electrons. These possibilities will be
discussed in order.

Photons at energies below 20 keV are present, but not in the intens-
ities required to produce a surface enhancement. Spectral data were taken for
energies down to 15 keV for several locations. The large enhancement required
to input the measured surface dose was not observed.

Nitroqgn-IG emits beta particles at 4 MeV to 10 MeV, along with the pho-
tuns. If “°N atoms were being released into the atmosphere around the turbine,
the associated beta particles would give a surface enhancement. An enhance-
ment of about a factor of two would be present without shielding. However,
this cannot be the only explanation for the enhancement seen, because loca-
tion D, which is behind a shielding wall and should be preferentially protected
from the beta particles, also has a surface dose enhancement.
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FIGURE 35. Schematic Diagram of the Turbine Floor, Site Q

Knock-on electrons exit all material through which photons pass. In the
turbine room, this material includes both the generating equipment and shield-
ing. The maximum electron energy is the same as the energy of the photons
(approximately 6 MeV in the turbine room). The mean electron energy is much
lower, about one-third of the photon energy. These electrons deposit 30 to
100 times more dose per particle than do photons of the same energy. Because
the pair-production reaction for photons is dominant at 6 MeV, more electrons
are generated in higher-atomic-number materials. The mass attenuation coeffi-
cient is 70% higher for lead than for tissue. Rogers (1983) investigated the
effects of knock-on electrons in an accelerator-produced 6- to 7-MeV beam.
Measurements performed with an ion chamber with Bckelite. walls resulted in
surface enhancements from +33% for a lead filter to +15% for an aluminum
filter. While the differences between the geometry of an open room and that
of a collimated beam could affect results significantly, the values are the
right order of magnitude to explain the observed surface enhancements.

® Bakelite is a registered trademark of Union Carbide Corp., Plastics
Division,
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TABLE 17.

Location

37.

Exposure Rate
(mR/h)

DEPTH (cm

TLD-Loaded Phantom Measurements, Site

Relative Response for Multielement Dosimeters, Site (

Relative TLD Response Versus

tffective Filtration (maécmzz
0.12 0.26 0.4 0. .

B-Turbine Bldg.,

Floor 272

D-Turbine Bldg.,

Floor 272

E~Turbine Bldg.,

Floor 272

10

900

1.00 0.97 0.96 1.03 0.93

1,00 0.96 0.90 0.82 0.78

1.00 1.00 0.99 0.93 0.90
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The direction of the incident photons or electrons affects the depth-dose
distribution by depcsiting dose with depth along a path oblique to the front
surface of the phantom or dosimeter. This effect would probably be greatest
for locations C and D (close to the scatter source, but shielded from the prim-
ary source) and least for location b (far from the primary and scatter sources)
and location E (close to the primary source). This effect agrees with the
observations of greater enhancements at locations C and D. However, because
dose deposited b{Gthe scattered continuum and the 511-keV photons is small
compared to the N photons, the knock-on electrons exiting all surface are
probably the greatest contributors to this effect.

Locations F, J, and L had a negligible contribution frgg high-energy
photons. These locations had a dominant contribution from Co, resulting in
effective Cx factors near unity. The TLD data for location J agreed with the
spectrometer data.

3.6 SITE P - SHUTDOWN PWR

Measurements were performed at 10 locations, including areas in the waste
storage facility, the spent-fuel pit, the auxiliary building, and containmegt.
The locations of measurements performed with the photon spectrometer (31-cm
intrinsic Ge detector) are listed in Table 18 along with the exposure rates
and calculated effective Cx factors. The TLD phantom measurements are sum-
marized in Table 19 and Figure 38. The exposure rates in all areas monitored
were relatively small (<20 mR/h). No higher rates were located in accessible
areas,

The spectra show the dominance of 60Co and the presence of several other
radionuclides emitting primarily medium-energy photons. No areas were found
with dominant contributions from low-energy photons. The calculated effective
Cx tfactors range from 1.04 to 1.06.

The TLD phantom data also indicat~d that the primary spectral components
are medium-energy photons, represented by the 662-keV component. [he effec-
tive Cx values are higher for this anlaysis than for the analysis of the
photon spectral data, but they are also less precise. Only a relatively small
beta-field component was observed. The depth-response curves show somewhat
erratic behavior, but are consistent with the above interpretation.

The data indicate that the effective Cx values are not significantly
enhanced for Site P, No lTocations with unusual photon spectra were found.
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TABLE 19.

TLD-Loaded Phantom Measurements, Site P

Shallow Field Strength'®) (mrad/h) for (b)
Dose Rate hoton Effective Cx
Location (mrad/h) e 3 eV Beta (rad/R)
C-Waste Dis- 2.8 0 0.7 1.7 0.4 1.13
posal
Building
F-Fuel Transfer 16 0 6 10 0 1.16
Shoot

(a) Maximum dose at the shallow tissue depth.
(b) Shallow depth (0.007 cm).
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FIGURE 38. TLD-Loaded Phantom Measurements, Site P
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Significant contributions to dose due to 16N photons were found in the
heater bay, the MSIV, and near the turbine (Figure 35). The calculated central
C_factors predict surface underresponses based on the photon field only
(flble 20). Dosimetric data were taken in these areas to measure dose at the
surface compared to dose at other depths. The results of the extrapolation
and ion chamber measurements made in the MSIV are contained in Table 21. The
dose measured at the surface was greater than the dose at other depths. The
results for the depths 0.3 cm, 1.0 cm, and 2.5 cm were essentially the same.

The TLD-loaded phantom measurements were performed in the heater bay, the
MSIV, and at two locations in the turbine room (Table 22). All locations
showed an enhanced dose rate at the surface (Figure 40). The measurement for
the MSIV was performed in approximately the same location as the extrapolation
and ion chamber measurements, with consistent results.

The TLD phantom measurements were compared to the results of the dosimetry
methods used at the plant (Table 22). The exposure rate at the phantom posi-
tion was checked with a survey meter. Pocket ionization chambers and personnel
dosimeters (film badges) were mounted on the front face of the phantom for
timed exposures. The measured surface dose rates were higher than the survey
meter readings, which is consistent with enhanced surface doses. The pocket
fonization chamber and the Site N personnel dosimeter overresponded by 12% and
49%, respectively. The overresponse of the film badges was probably due to
the increased response at 6 MeV for the high-atomic-number material in the
film emulsion and the filter packet.

These measurements do not indicate an inadequacy in the current personnel
monitoring requirements. The performance of personnel dosimeters manufactured
with high-atomic-number material may be poor, but they will most 1ikely over-
respond to the high-energy photon fields,
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TABLE 20. Photon Spectrometer Measurements, Site N

Exposure Maximum Effective C Central Effective Cx

Rate (rad/R) " (rad/R)
Location (mR/h) 0.007 cm 0.3 cm 1.0 cm 0.3 cm 1.0 cm 2.5 cm

Operating BWR

A-Heater Bay, 20 0.89 0.93 0.97 0.53 0.8 0.97
Entrance

B-Heater Bay, 30 0.83 0.88 0.94 0.38 0.8 0.9
Near Steam Lines

C-MSIV, Entrance 23 0.82 0.87 0.94 0.35 0.81 0.93
Hallway

D~-CRD Room 48 0.98 1.01 1.02

E-Storage Room, 60 0.99 1.02 1.02
Contaminated Pipe

F-Turbine Floor, 0.6 1.01 1.04 1.06 0.79 1.01 1.06
Qutside Shield
Wall

G-Turbine Floor, 6 0.81 0.87 0.93 0.33 0.79 0.93
Maze Entrance to
Turbine Room

H-Turbine Floor, 4z 0.81 0.87 0.93 0.33 0.80 0.93
Inside Turbine
Room

[-Clean-Up Phase 7 1.07 1.08 1.08
Separator Room
Door

TABLE 21. Extrapolation Chamber and lon Chamber
Measurements, Site N

Exposure Rate Dose Rate Effective C_ Factor
Location (mR/h) (mrad/h) (rad/R)
J-MSIV 338
Shallow 372 1.10 + 0.04
0.3 cm 270 0.80 + 0.15
Deep 277 0.82 + 0.06
2.5 cm 264 0.78 + 0.04
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TABLE 22. TLD-Loaded Phantom Measurements, Site N
Pocket Site N
Surface Survey Ionization Personnel
Dose Rate Meter Chamber Dosimeter
Location gmrad(h) ng[h[ ng(h) mrem/h
K-Heater Bay 106 80 130 152
J=MSIV 395 330 450 508
L=-Turbine Room 84 70 83 123
M-Turbine Room 246 220 280 434
12
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i
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FIGURE 40, TLD-Loaded Phantom Measurements, Site N
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4. DISCUSSION

The discussion section has three parts covering the impact of improved C
factors, high-energy photon dosimetry, and recommendations for plant monitor-
ing procedures.

4.1 IMPACT OF IMPROVED C_ FACTORS

The areas monitored can be approximately classified into four categories:
1) radiation fields dominated by decay photons from radioactive atoms in
neutron-activated or fission-product deposits; 2) radiation fields dominated
by a scattered-photon continuum; 3) radiation fields containing short-lived
radioactive noble gases; and 4) radiation fields dominated by high-energy
photons. High-energy photons have Cx factors less than unity and will be
discussed in section 4.2. The remaining three categories will be discussed
here in turn.

Dose rates in most plant areas are dominated by 1ightly shielded radio-
active sources in neutron-activated or fission-product deposits. The pub-
lished C_ values for the decay photons from these sources range from
1.00 rad?R to 1.04 rad/R (parallel geometry). Calculated C_ factors for these
areas are, at most, a few percent higher after the addition of contributions
from the scatter continuum.

The energies comprising the scatter continuum vary with location. The
maximum photon flux is at approximately 120 keV, with a half-maximum range
between about 70 keV and 250 keV. A higher-energy tailing to above 500 keV
skews the distribution, lowering the cumulative Cx factor, for most locations.
The average Cx factor for the scatter continuum iS no more than 1.2. Averag-
-ng the decay photons from long-half-1ife sources with the scatter continuum
yields calculated Cx values between 1.00 and 1.10.

Only one location, near the clean-up phase separator door at Site M
(BWR), was identified as being dominated by low-energy photons. The dominance
of Tow-energy photons is present whether the plant is operating or shutdown.

A similar location was monitored at Site N. However, sufficient radioactive
cesium and cobalt were in the immediate vicinity to reduce the calculated C
value to below 1.10. "

The areas with significant radioactive ("crud") buildup will not have

elevated Cx factors. Clean well-shielded areas are more likely to have both
elevated Cx factors and low dose rates. Two locations that were monitored had
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exposure rat:s less than 0.1 mR/h: the worker locker room at Site M and the
gatehouse at Site Q. The resulting C_ factors for these locations were

1.17 rad/R and 1.11 rad/R, respectivefy. While these areas will never con-
tribute a significant amount to occupational exposure, they do illustrate the
effect for uncontaminated, highly shielded areas.

Radioactive noble gases were detected inside of containment at operating
PWRs. The noble gases permeate the atmosphere, giving isotropic incidence of
decay photons. For isotropic incidence, only the shallow-depth C_ factors are
significantly greater than unity for low-energy photons. Most photons are
attenuated by the ICRU sphere (or the worker) before reaching greater depths.
Because the efficiency of flux-to-dose conversion favors the higher-energy
photons, the presence of photons near or greater than 1 MeV overshadows the
effects of the 81-keV and 249-keV photons from the xenon isotopes. Even
spectra taken in personnel hatches had sufficient higher-energy contributions
to keep the calculated Cx values near unity.

As was noted severil times during the description of the site measure-
ments, at many locations the source-decay photons and the scatter continuum
originate from different locations. If the locations were all in one general
direction, the shallow-dose Cx tactors would be little affected. However, if
they were coming from opposite directions, the Cl factors would be below
unity. The extrapolation chamber measurements indicated that the most likely
case is for distributed sources and for Cx factors less than unity.

Average reported doses will not be suostantially affected by the use of
improved C_ factors. The majority of worker exrosures result from the higher-
exposure-rate locations. These locations are tore 1ikely to have dominant
localized sources or distributed sources. The impact of changing the effec-
tive Cx values from a defined value of 1 to the actual values would not be
detected among larger dosimetric uncertainties, such as changes in the
response of personnel dosimeters to meet requirements in ANSI N13.11. Even
dosimeters with dramatic improvements in low-energy response would not
noticeably alter reported doses (<5% change). The exception would be de-
liberately altering the response to Cs to achieve an overall acceptable
response at low energies. This change would shift the reported doses almost
in direct proportion to the response shift. Su$§7a change is potentially
serious because the response of a dos'meter to Cs can be lowered by as much
as 40% and still meet ANSI N13.11 eriteria.

The dJesired accuracy of the reported dose for each worker may require

special plant monitoring to be performtd; The guidance provided by the
International Commission on Radfation Units and Measurements (ICRU) Report 20
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areas or high-atomic-number shielding components (e.g., lead). Oblique
incidence of the electrons and the 511-keV photons also increased the surface
dose.

Many personnel dosimeters are designed with high-atomic-number filters to
achieve responses like the l-cm depth in tissue in a compact space. These
filters aEB typica]}y designed and calibrated to meet the dosimetry require-
ments of ~ Co and Cs sources. However, because pair production is the
dominant interaction at high energies, these personnel dosimeters would over-
respond to 6-MeV photons. Film emulsion manufactured with high-atomic-number
materials would also uverrespond. This effect was observed at Site Q.

4.3 RECOMMENDATIONS FOR PLANT MONITORING PROCEDURES

The greatest contribution to the difference between exposure in air and
dose in phantom (or worker) is the photon backscatter created in the phantom.
If a perfectly calibrated personnel dosimeter were placed on a phantom (or
worker) in a low-energy photon field, it would provide an accurate dose
estimate. Correction factors would only be required to compensate for a poor
energy response. Both the proposed modifications to 10 CFR 20 and ANSI N13.11
(1983) encourage the use of personnel dosimeters with improved low-energy
response. Exposure-rate measurements performed with icn chamber instruments
require Cx factors to convert to dose rates.

Correction factors other than C_ factors may be more useful for particu-
X
lar applications. The energy response of an instrument or dosimeter can be
used to generate correction factors for response to dose as easily as to cen-
erate factors for exposure to dose.

Quick plant surveys can be performed using photon spectrometers. A Ge,
Ge(Li). or NaI(T1) detector is adequate provided that the efficiency and re-
sponse function are determined. The use of a collimator will increase the
measurement range. Dosimetric measurements shoulad be performed in areas with
unusual spectra or with high dose rates. The response of personnel monitoring
instruments and dosimeters should be determined by direct measurement in these
locations. Correction factors may be required for jobs performed in only a
few locations (if any).

The potential for inaccurate dosimetry is greater for high-energy fields
than for low-energy fields. Dosimeters manufactured with high-atomic-number
material for element filters and film dosimeters may overrespond by as much as
60% due to differences in the cross sections for pair production. However,
these dosimeters always provide conservative dose estimates.



5. (CONCLUSIONS

No locations containing primarily low-energy photons with large C_ fac-
tors (approximately 1.5 rad/R) were found during measurements at seven operat-
ing and shutdown reactors. The most significant production of low-energy
photons at commercial nuclear reactors is due to scattering in shielding
material. The effective C factor for the scattered-photon continuum is no
more than 1.2 rad/R. Most” locations have radiation fields of nearly all
medium-energy photons due to radioactive decay of cobalt and/or cesium
isotopes or a ~ombination of medium-energy photons with a scatter continuum,
The estimated C factors for these locations, assuming paraliel incidence of
the photons, ranged between 1.00 rad/R and 1.10 rad/R. Directionality mea-
surements (made using a collimator) and dosimetric measurements indicated that
most locations have distributed sources, implying effective Cx factors less
than unity. Only one location was found with a spectrum composed almost
entirely of scattered photons and a Cx factor of 1.16 rad/R.

Monitoring requirements at C.007-cm and 1.0-cm depths in tissue were
found to be adequate for estimating the dose received in radiation fields at
commercial nuclear reactors containing high energy photons. High-energy
fields were found to dominate dose received in containment of operating PWRs
and in the turbine areas and heater bays of BWRs. Surface doses probably due
Lo accompanying high-energy electrons were measured in all locations monitored.
The presence of the electrons was attributed to production processes associated
with the high-energy photon field interacting with all material in the vicinity.
The excess surface dose observed in sever:® locations was attributed to the
interaction of the high-energy photons in atoms with high atomic numbers and
to oblique incidence of the electrons. Personnel dosimeters using high-atomic-
number filters and film dosimeters are predicted to overrespond in areas
dominated by high-energy photons.

We recommend that the response of current personnel dosimeters to high-
energy photon fields be investigated. Due to the widespread use of high-
atomic-number materials for penetrating-radiation filters in personnel
dosimeters, the overresponse problem is potentially significant. High-energy
photon fields (>3 MeV) were not included in ANSI N13.11, yet are a major
contributor to dose received at many locations in operating plants. Current
and new dosimeter designs which meet specifications in ANSI N13.11 may respond
poorly to high-energy fields.

The analysis of photon spectra performed here had considerable uncertainty
for high-energy fields. The causes were the large efficiency corrections
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required for the Ge detectors and the approximate scatter corrections applied.
We recommend that further attention be given to data collection and analysis
techniques for the high-energy fields. Improvements in the accuracy of re-
ported doses will probably require accurate dosimetric measurements along with
dosimeter redesign or the development of correction factors through accurate
plant surveys.
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APPENDIX A
PHOTON SPECTRA

The spectra collected during the site visits are presented here. Indexes
showing the figure numbers and measurement locations for each site are given
in Tables A.1 through A.6. The probable identification of radioactive-isotope
photon lines are labelled on the pulse-height distributions, which were col-
lected using germanium detectors. Photon lines not labelled were not identi-
fied. Corrected spectra are presented below the pulse-height distributions.
The effective C_ factors labelled on the energy spectra are the maximum calcu-
lated values as§uming parallel incidence for all photons except photons from
radioactive noble gases, for which isotropic incidence was assumed.
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FIGURE
Shutdown PWR
A.l1.1

Al.2

A.1.3

A.1.4

A.1.5

A.1.6

Operating PWR
A.1.7
A.1.8

A.1.9

A.1.10
A.1.11
A.1.12
A.1.13

TABLE A.1. Site k - Shutdown and Operating PWR

LOCATION PAGE
A-Effluent Sample Room A.8
B-Auxiliary Demineralizer Room, Reactor Coolant Fiiter A.9
C-Containment, Reactor Shield Vent Fan A.10
D-Containment, lodine Removal Fan A.11
E-Containment, Under Reactor Coolant Pump #13
(collimated) A.12
F-Containment, Under Reactor Coolant Pump #11
(collimated) A.13
G-Effluent Sample Room A.14
H-Auxiliary Building Demineralizer Room, Reactor
Coolant Filter A.15
[-Containment, Perscnnel Hatch A.16
J-Containment, Near Bioshield of Steam Generator A.17
K-Containment, Overlooking Reactor Cavity A.18
L-Containment, Qutside Airlock A.19
M-Hot Drum Storage Area (collimated) A.20

A.2



FIGURE
Shutdown PWR

A.2.1
A.2.2
A.2.3
A.2.4
A.2.5
A.2.6
A2.7
Operating PWR
A.2.8
A.2.9
A.2.10
A.2.11

TABLE A.2. Site B - Shutdown and Operating PWR

LOCATION

A-Near Escape Hatch, 357-ft Level
B-Near Equipment Hatch, 357-ft Level
C-Near Elevator, 357-ft Level

D-Near Elevator, 373-ft Level

E-Near Elevator, 401-ft Level
F-Deck, 424-ft Level

G-Above Escape Hatch, 373-ft Level

H-Near Personnei Hatch, 386-ft Level
I-Near Stairway, 386-ft Leve!
E-Near Elevator, 401-ft Level (collimated)

J=In Personnel Hatch

A.3

PAGE

A.21
A.22
A.23
A.24
A.25
A.26
A.27

A.28
A.29
A.30
A.31



FIGURE
Shutdown BWR
A.3.1
A.3.2
A.3.3
A.3.4
Operating BWR
A.3.5
A.3.6
A.3.7
A.3.8

>

«3e9

A.3.10

.3.11
+3.12
«J.13
2.14

> > » I» >

+ 3219

A.5.16
A.3.17
A.3.18
A.3.19

TABLE A.3. Site M - Shutdown and Operating BWR

LOCATION

Refuel Pool, HEPA Filter Hose (collimated)

Refuel Pool, General Area

Dry Well, Valve (collimated)

Turbine

Reactor

Reactor Building, First Floor, Jutside RHR Valve Room

Reactor

Reactor
Room

Reactor

Blade Housing Diaphragm

Building, First Floor, Opposite Airlock

Building, Near Scram Discharge Lines

Building, Second Floor, Outside Spent Resin

Building, Second Floor, Near Clean-Up Phase

Separator Room Door

Reactor

Building, Second Floor, Near Clean-Up Phase

Separ.tor Room Door

Reactor
Reactor
Reactor
Reactor

Reactor
Storage

Turbine
Turbine
Turbine

Uff-Gas

Building, Second Floor, Near Containment
Building, Third Floor, Near Jungle Room Door
Building, Fourth Floor, Laundry Area
Building, Fifth Floor. 0.6 m from Cavity

Building, Fifth Fioor, 1 m from New Fuel

Building, Behind Shield Wall
Building, Near Turbine (collimated)
Building, SE Corner of COZ Unit

Building, Near Charcoal Absorbers

A.4

PAGE

A.32
A.33
A.34
A.35

A.36
A.37
A.38

A.39

A.40

A.41
A.42
A.43
A.44
A.45

A.46
A.47
A.48
A.49
A.50



Site Q - Operating BWF

FIGURE

LOCATION

Turbine Building

A-Floor 272, Near Viewing Gallery
B-Floor 272, Behind Stairwell

C-Floor 272, NW Corner of Turbine (collimated)
D-Floor 2, SW Corner Behind Shield Wall
F-Floor 248, Laundry/Turbine Loading Area
u-Floor 248, Entrance #1 to Turbine Building
H-Floor 248, Entrance #2 to Turbine Building
[-Floor 248, General Area

Utnher

J=Reactor Vessel Sampling Station

K-Spent Fuel Roon

L-Waste Storage Area




FIGURE

A.5,
A.5.
A.5.

A.S.
A.5.
A.5.
A.5.

A.5.
A.5.

A5,

w N

o O

o

TABLE A.5. Site P - Shutdown PWR

LOCATION PAGE
Waste Storage Area
A-Barrel Storage (Outside Waste Disposal Building) A.62
B-Compactor Area (Outside Waste Disposal Building) A.63
C-Waste Disposal Building A.64
Spent Fuel Pit
D-Heat Exchange, Spent Fuel Pit A.65
E-Ion Exchange Pit A.66
F-Fuel Transfer Shoot A.67
G-Spent Fuel Pit A.68
Auxiliary Building
H-Primary Auxiliary Buildinc, Ceneral Area A.69
[-Open Surge Line A.70
Cortainment
J-Above Reactor Head Area (Flooded) A.71

A.6



FIGURE
A.6.1
A.6.2
A.6.3
A.6.4
A.6.5
A.6.6
A.6.7
A.6.8
A.6.9

TABLE A.6. Site N - Operating BWR

LOCATION PAGE
A-Heater Bay, Entrance A.72
B-Heater Bay, Near Steam Lines (collimated) A.73
C-MSIV, Entrance Hallway (collimated) A.74
D-CRD Room (collimated) A.75
E-Storage Room, Contaminated Pipe (collimated) A.76
F-Turbine Floor, Outside Shield Wall A.77
G-Turbine Floor, Maze Entrance to Turbine Ronm A.78
H-Turbine Floor, Inside Turbine Room (collimated) A.79
I-Clean-Up Phase Separation Room Door A.80

A.7
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APPENDIX B
PHOTON FIELD MEASUREMENT TECHNIQUES




APPENDIX B

The preparation time required to conduct photon field surveys in occupa-
tional environments can be considerable. A large part of this time is devoted
to studying the literature and preparing the computer software for data analy-
sis. The techniques used for this study are described below to help others
reduce their initizl time investment. Familiarity with the discussions in
section 2 is assumed.

Described here are example data analysis formulae and computer software.
(Instructions for the operation of equipment are typically provided by the
manufacturer.) An HP-1000 computer with an enhanced version of ANSI FORTRAN
X3.9-1966 was used for the programs discussed here and reproduced at the end
of this appendix. The computer programs can be adapted to many micro- or
larger computers with Fortran capability. The data file handling procedures
will probably require modifications.

B.1 PHOTON SPECTROSCOPY

The photon spectrometer manufacturer's demonstrations and literature show

methods of collecting data in the form of pulse-height distributions, typ-
ically recorded by a multichannel analyzer. To conduct an effective spectral
monitoring program, the capability of electronical'y transferring the data
into an analysis computer should be available. Input parameters for the
analysis software are obtained from detector calibration spectra.

Effic iency C _a_] ibratio n

109, 137

tlhe detector can be calibrated using simple sources (e.qg., i e o
"W =

S,
4

d Co) for resporse function characteristics and using caiibrated multi-
nuclide sources for efficiency measurements Multinuclide sourcas are com-
mercially available. With additional effort, the efficiency calibration can
be performed with individually calibrated sources. The sources are positioned
at a distance from the detector to simulate parallel incidence of photons.

The calibration sources are moved or the detector is rotated to determine the
efficiency at other entrance angles. If a collimator is used, tne aperture is
placed alonqg the axis of the detector, and the calibration is performed with
the source along the same axis. Detoctor efficiency at each source photon
energy 1s calculated by dividing the number of counts in the full-energy peak
by the number of incident photons calculated using the source calibration data
and the source-detec*or geometry,




The semi-empirical formula given in Equation 8 of Hajnal and Klusek
(1974) can be used to parameterize the detector efficiency (;m) for germanium

detectors. The formula is:

a.[1n ]}

N

for 0= «,

<

x for aluminum and =, x for germanium and El‘

‘coh® %inc’ “coh*%inc’
The parameters are identified in Table B.1 along with the corresponding vari-
able names used in Subroutine EFF (Program TEST). Many of the parameters are
fixed using the detector characteristics. Hajnal and Klusek (1974) explain
the meaning of the parameters in detail. Other parameters are varied until an
acceptable fit is found. The a, coefficients are tabulated im Table 1 of
Hajnal and Klusek and in Functidn F of Program TEST. Program TEST, which is
used to calculate the efficiency curves, calls Subroutine EFF to calculate
Equation B.1. Subroutine EFF requires Function F to ralculate the 'Q' param-
eters. Detector 'ID' = 1 was used to generate the curve in Figure & (page 7)
of this report.

The highest energyggvaildble from the calibration sources used in this
work was 1836 keV from ~ Y. The extrapolation to 6 MeV using the semi-
empirical model was checked using ~°N fields_at a reactor site. Two locations
with radiation fields almost totally due to " N decay were ysed, Results for
the Ge detector : ere compared to results for a Nal detector and TL dosimeter
measurements. The measured dose rates at depths greater than 3 cm were used
to estimate the fiue ce of §-MeV photons. The Ge efficiency was low, but the
resulting error was smaller than that caused by the use of the simple formula
for unfolding the spectra.




TABLE B.1. Efficiency Formula Parameters

Unit, Name FORTRAN Label

barn, photoelectric cross section (Ge)
barn, Compton energy absorption cross
section

barn, Compton scattering cross

section (Ge)

barn, average Compton collision cross
section (Ge)

\

barn, pair-production cross section (Ge)

barn, u, T+ o0+« (Ge)

&

cm”g °, mass attenuation coefficient (Ge)

? -1 G =
c¢n-g “, mass attenuation coefficient (Al

MeV, primary photon energy

MeV, the average once- or twice-Compton-
scattered photon energy (Ge)
MeV, average energy of electron/positror
\( l’)(‘ \’

- ’ ]
. B2 . 3 aa
gcm -, window thickness (A1)
Parameters of the semi-empirical
Equation (8)
Semi-empirical efficiency at energy E

¥

£ fotal efficiency without scattering loss

Primed quantities refer to Compton-scattered photons and are denoted by the
FORTRAN 1abel ’\,T](?Wpd Dy a 'f".

onversion M)fiwufu Distributions
The efficiency equation (Equation B.1) and the simple model of Seelentag

and Panzer (1979) are used to unfold the pulse-height distributions to yield

energy spectra. Program HILO is used to calculate the necessary corrections

using Subroutire EFF and the parameters developed with Program TEST




The parameterization for Compton scattering (see Figure 4 of Seelentag
and Panzer) is:

3n(E, )
ok (1- E/Ec) 0<E<E/3
H(E.Ei) = h(Ei) E./3 < E < E.
h(E, )
- {1-3/4 (E/Ec)) B < E<4 Ec/3

where E is the energy channel, E_ is the Compton edge and h is the amplitude.
The data are analyzed by correct?ng the highest energy bin, subtracting the
scattered radiation from all lower bins, and repeating the procedure for all
lower bins in order. Dividing the data into bins of 20- to 50-keV increments
simplifies the analysis. Tne corrected number of counts in energy bin E is

H(E,E.)
N(E) - § EEEE 1

N (E) = i TE)

where h(Ei) = Nc(Ei)(zT - zm(Ei)
and N(E) is the original number of counts in energy bin E. These formulae are
coded in lines 137 to 175 of Program HILO.

Corrections for pair production effects are required at high energies.
The single- and double-escape peaks are subtracted from the spectra using the
number of counts in the full-energy peak and the average probability of
recording a 511-keV photon that was created inside the detector by the
annihilation of a positron and an electron. The 511-keV detection probability
factor is determined for each detector using average ratios of the full-
energy, single-escape and double-escape peaks. Lines 179 to 200 of Program
HILO accomplish this.

Calculations using a collimator can be performed by establishing the dif-
ference in detector response functions with and without the collimator. The
difference is parameterized and stored in Subroutine LEAD. Each collimator-
detector combination may require different variable values. The modifications
required for Program HILO are given in Table B.2.

B.4



TABLE B.2. Modifications to Program HILO for the Use of a Collimator

Location Change

After Line 11 insert COMMON COL (2100)

After Line 126 insert CALL LEAD (PEAK(1),PEAK(2))
After Line 151 insert COMPT(II) COMPT(II)*(1.+COL(
After Line 161 insert COMPT(II) = COMPT(II)*(1.+COL(

After Line 171 insert COMPT(II) = COMPT(II)*(1.+COL(II

Although artifacts in the spectra caused by the approximate formulae used
are easily seen, these techniques were determined to be adequate for the pur-
pose. Improved formulae for computer corrections at low energies (<300 keV)
are found in the literature (Seltzer 1981). Improved methods at high energies
would have to be developed.

B.1.3 Calculation of Dosimetry Correction Factors

As indicated in Figure 3 (page 6) of this report, the spectra are used to
generate dosimetry correction factore using a conversion from fluence to expo-
sure and a conversion from exposure to dose (C_). Program CX uses the follow-

Eff,

ing formula to calculate effective Cx factors ((C ) .
X

Cy kK (E§INCE, )/

3
E%

S N(E,)/F(E.)
3 N\EiffF(Ei)
Ei

(Eff
W

The 'k' index refers to the type and tissue depth of the C factor and F(E.)
is the photon flux per Roentgen. The Cx factors are listeé in the DATA
statement for Program CX and correspond to the energies in keV in the DATA
statement for E. Eight sets of C_ factors are listed consecutively for the
maximum and central values at E.SKcm. 1 cm, 0.3 cm, and 0.007 cm,

Lorrection ftactors for an instrument or dosimeter that does not have a
flat energy response can be calculated by changing the DATA statement for
Program CX. The energy response of the instrument or dosimeter must be known.




B.2 THERMOLUMINESCENCE DOSIMETRY

Thermoluminescent dosimeters can be used to determine the approximate
spectral composition of photon and electron fields. The advantages of this
technique are that monitoring can be performed fairly inexpensively and will
not be limited to a small range of dose rates. The TL material is packaged so
that relative magnitudes of dose due to specific energy ranges can be deter-
mined. Many (approximately 10) elements are needed to achieve the required
sensitivity. Computer analysis of the data can be performed in a manner
similar to the TLD-phantom analysis discussed in Subsection 2.3 (page 14).
Program POLY uses least-square fitting techniques to determine the optimum
linear combination of calibration responses to describe the field data. The
multielement TL dosimeter is calibrated using the photon and beta-particle
energies that represent the occupational environment. The number of calibra-
tion types and energies must be less than the number of elements in the dosim-
eter. It is important to design the multielement dosimeter to respond
uniquely to each energy of interest.

Some of the calculations in Program POLY apply specifically to the analy-
sis of the TLD-phantom data. For example, inverse-distance-squared correc-
tions are made to remove geometry-phantom effects for the least-square fitting.
For a different design, the data statement in Subroutine GCORR can be changed.
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PROGRAM HILO

1200004 15 ON CRODBZS USING 00036 BILKS R-0000

4&%3&'
kubkﬁﬂ HILOC) ANALYZE A HI-LOD GAMMA SPECTRUM

.----———0--———-—-------*--‘-—‘—‘——----—---—-—————-‘—-——-——-———~—-——‘————

- -~ - - - — . "

INTEGER NAME(s) ITITLE(36) .CLEAR(2) \LURSR .LULK UNLOCK

éan§oasez.ee>z.faﬁszai) LB E015”

DATA CLEAR/155508B,15

R“xa iK1 55s86L,

- ——— 2 -~ — - 1 ] " - -

e e o o e e

unx:E:: '(2A2 2 tas “HI-LO GAMMA SPECTRUM AWalL1SIS"./) » LLEAR
100 waxrcxxl'(-:nteu FIEE NANE (SIX CHAKACTERS MAXI: ")7)

555 éé'rffg L108TAT=106 . ERR=200)

o n mm e e c o oo - - - -~ "

REAL(BO . " (36A2)7) 1117

BRETECE: (398 300810 SEEMab ™A 0 )0,

A i
,F ?L G.u@ au&o¥ TO 110
<80)
L
?E ? WS ne 5 to aoo
WRITECL, ' ("A2)’
510P
L--lEAD THE DATA FROM THE FILE AND TOTAL THE coumss
“11e WRITEGL. (2A2. 6A2. 7/ . 27> GCLEAR.NGHE. (1LTLE .LOLK
L L CTCETTING DATA TROR FTLE. “BASY ) NEne
DO 130 1=1.8500
O F ST 38 I ﬁ”'g"’ ST Licn
. ) .
Preioie o) 'nats 120
TOTAL=TOTAL tDATAC L)
130 GONTINUE
WRITECY, ' ("DATA POINTS . I5./.“TOTAL COUNTS:" . +8.2./)7) 1.TOTaAL
CLUSE (80)
~<GET NAME OF OUTFUT STORAGE FILE  TTTTTTTTmTmEmrmmmeees
‘140 WRITE(Y. {iDAIA STORAGE FILE NAM-: ")/
READCL , ' (6A2) ) NANE
OPENCHEL . F LLE - HAME . l??lhl-lus JERR=140)
WRITE(HL. (36Ac)’)
bhlh(tuto
DATACZ) =0,
t--woosg pETRLIOR 77T et = s ®

- - - - -, . - - .- ——

MRUIE (Y. ?
155 FOnh&l;"bL E*lun‘ l& Jlecc"/7 . T44%2. 4™/ . TIL"S, SYcec”s . Til.

KEnD A '(lx) o

°-thcutkl£ h(V/CHhNHEL PUR yVFLlNUﬂ L1-mAsh)

L%6 :Rlél\l POTENTER CHANNEL HUNBER ke 104 LHhNNtI( FA=E N lnvul;' '
=

KR=y
MR =Y
HSUMA<u,
HUARS =1,
SUnY -0,
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PROGRAM HILO (continued)

HUMXY=0,
bu 157 K=y,
READY, ‘) LKhV(K.%) LKEVIR,
b(Lh V(K. é& EQ.-99) GLUTD 1S 8
un g M+ V(K .1)
bunxa-bunteotcuu (K. 1) )842)
SUMY=5UMY +CKEV(K . 2)
EVIK . 1 ) aLKEVIK . 2)

157 coRVT#JE e

158 K=K-
At-(sgng -( (S Kl Y)‘Ii)/(SUHXZ (SUNXER2) /K)
Y/K)-t sgn
Nﬂl E(L.7("Yya® f& X+"FS.2)7) AL.AD

[ o o e ----—-----_--—-—---—_--------_---

KEVB/AL)
z 2.;.h§U/BLDCK = *IS" CHANNELS -- OK _")’) KEVE.ICHBK
)
F ‘ HNO) GOTO 140

g&%l((l; ?Il “£§8“1 *3)

xF Y&ké NE . 2HND 10 15%

-_------—-_-_--—---—---—-_---o——--_---—- - — -

__----—__-__---_----_-—---——--------_-—----—----_--_---—_ -

a0 gF-NBk—N

n-0,
F?ﬂﬁ“l-(NtICNﬁk)ol
LAGT=F IRST+1CHBK -1
DO 900 K=FIKST.LAST

‘aUn!&Uﬂ’ ATAK)

200 CONITLIN

kUt-SUﬁ:lLHﬂl
EAK(1)=((F NST‘QQOQO)O(LAS'.AlOAO))12.
LRI i
CaLl le(E.lD?.LFH EFT .PE.LCO, PP)
WRITECL 2 (" FIKRST LAST AVE , LN“HNPL')')
. s e EA, L] N
WRIIE(L,"(216.2K.F7.2.2%.F7. )') FANST . LAST . SUM . wUE

- - - - -~

PLhK(J)lPLhK(l'-'ihl(i'/(t (2. 8PenK (L) /511, 00

PEAk (4 )=(PEAR(3)-AD) /AL

WRITE(L 7 ("PEAK ENERLYSPEAK CHANNELSEDGE ENLNRG (3EDGE CHAWNEL") ")
WRLIE(YL,. (A0 7,3.5X))") PEAK

- - - — -

18% bu x&o LK=1.8200
1CIK ) =0,
166 Luu lNUE
INEXT <IFIXC(PEANC(A))
Parkanriy)
é&tuﬂ G060 TO 168

WRITECE,  ¢"CHOOSE COMPTION CORRECTION COEFFICLENI(DEF= 2.0%37)
T}?gé t?’ EL t 501) COEFF
188 HeH nt(EFi/E b ;/?Eu«ca;t uz‘LLuhlr
WRETE (L, ¢ aUEnth H=® F7.8)') H
TR T
=Ny A
LUnPltilis)
DAalAacLIr=DATAVLL) - CChme 1L I )
L ADATACIL)Y L T.0) DARiacil)=0
A70 LONT LbUe
Hesi/ &,

Ne=d MlnExl, 3,
SLUrE == CINEAT N
WREIECE . P "F RS SLOFE="F7.3)7) BLUPE
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PROGRAM HILO (continued)

Hi=lWbEAl +)
- 6:3 {"11“55 VERCE]-N1))

- i -
(inczln“(x&».u?"%: (.um",uban
DATACLI)=DATACTT) - CCOMET(LL))
L ADATACLL) LT,0) DAIACIT) =0,

Rl .
nﬁ-i.fﬁxl.
SLOFE=(HI-H)/ (1-N2)
gytvk‘a "C"SECOND BLOFE-".F7.3)’) SLOPE
U 192 ll-{.u
COMPTCIT)=HI (SLOPE&ITL)
LECCOMPTCLL) . LT, 0) COPTCIL) =0
niA n-n{aup‘)w mwuiu‘)
FERATALIT) LT, 0) Th(11)=0,
192  CONTING

G i s i i o e 8 o e B o g i o o i
&*"'ﬁﬂklhh&‘ SE AND be PEAKS

DRl i S " W T . - - - s - o o S o o o o o o

IF(E. LT, 1.022) GO Y0 2val
:F(KO.G'.O) GO 70 1909

=}
:2!Lt(l"(‘51t DETECTION PROBABILITY FACTOK: ") )
Abt PSia

1.5
L1709 R-PP/(PE+CO+PPIXRL.3

gt it

16=1FIX(511 . /A1)

iq-lslx\soea./nt)
1
DAla(lseosonla<isz)-bA|u<x)tgag
DATACIDE ) = bi 4t TDE ) -DiiACK) 8¢ De
1907 CONTIHUE \
WETECL " (2010 .5620,5) 7 )15k, LDE .Sk . £ DE . AVE
1910 wU 701 K=b LR5 (. LAST
DAIALK ) =AVE /N
901 COWT ENUE
T

E312E56'66§‘iiiéf'CBZBEEI§:fhﬁi'Z'FGCC'Q(GLE°&§B"S?GJL‘LAJL """""""""""""
bO 777 KK=) FIKST1~4
DaTACkK ) <0

7 LUNTINUE
lg; Dg l"-l Jh=y .1
CHANCIK ) = LF LXCLCHANC K ) AL A0 )

-

= WRETE L./ ("STORING *.15." DATA CHANNELS i
A s » . I%." - ] L8*))
POt ibe! el 5]
WKITE 81 ,.8) LOHANCIK) .DATACIK)
195 CONT INUE
BR1Y, 380
200 ECL, " ("READ ERROR "14" ON FILE "6R2" OFEN = ") ') 105 . NAME
300 CLUSE(BY)
WRLITE (L. P (T25. "PROGRAM IS F INIGHED") ')
Hvdiz(t.’\uul') UNLOLK
ST0F
Enb
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SUBROUTINE LEAD

13 T=00004 15 ON CROOGSH USING 00006 BLKS K-0000
ii{% c‘—-suggaﬁ?? zE?L§§3§EAE{ LEAD COLLINATOR SCATTER
ig:g {2{~510u Ngtl?) EMUC12) .RANGE (40)
El
89 Bala Bho7 it “nz"’go&z 7080908 4 30.“?56&“?/5342.«5“0 $A8%” .
0006 . 6500, .10
L S A AR g R A AL R B
ogfé x fflfflgé.i 25.1.3.1. f 3 %1, gf.- S:hof T
R L T L
016 HUCH-0. 06
TR 1
* 08 10 fI=1,10
G020 lF(%.L‘.EHU tls) GO TO 20
IRV —
33 AELe W e Y5
004 DO 40 1=1.2100
}igs s%:é,&%g,
5’ E-Hfu(&)
008 IV (6T, 38) 10
}oav LUL%l):AB‘(IRNGt(J) i,
830 3 B 203
0032 40 COMTINUE
0024 RETUKN
0034 b
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PROGRAM CX

-

T=00004 IS ON

FiNax L
SFILES(Z . 2)
SEMACLARGE . 0)
PROGKAM CX() LALCULATES EFFEL T1Ve X VAL U ¢ THI (LU

q . .
t DATA mum&)u.n FROM b*nswuw;{wb FRANCIS, 1979, A CALLULATION OF THE

- PHUTOUN DEPTH USE DISTRIBUTIONS IN THE CRU SPHERE UR A BRUAD PARALLEY
{ BEAM . A PUINT SOURCE AND AN ISOTROPIC FIELD.NA RAD PRUOT BOARD .NRPE 9¢

{ HARWELL ,ENGLAND
{

coocoece
NS

o= w

COOCODOTOoRPoDoCoe T o®

INTEGER NAME (&) TLE(36) .CSCRN(2) LCRSR . LULK . UNLUCK
INTEGER ICHAN(B2

DIMENSION F(5) .1
COMMOUN/LARGE /DAT
DATA CSCRN/1SS%08,
DATA LCRSR/155078/
DATA LOCK/15%54K/
DATA UNLDCK /155558,

DATA E/15. .20 50 40 X 7 { 110 120 130
X140 151 200 300 400 1000 501 000 000
X4000 6000 7000 , 10000

DATA FL/29.6.54 6,125, .242, .27 ( 303, 27 15 () s 206
X187 : 3, 139, .97.1% 15.4.29.5 3
X8 .38 ¢ 2.95.19.4.869 g

DATA CX/, 82,141,181

2:11%

Ce8) . CT(B)

gF LT )

17
00
KE
Foo

I
)
v
8
i

{
e
Cc

>

oCoe O

-

(=3
I Y

oo
B PR i e o e
<

o-Cc
P PP I oI
VIS i

08.1.06

.43 .4
08.1.06

CPOCcewD oD

CoCOeCO OO POo®OD
5Ll CO\

oCo-
v

B it ot (ot ot g e e TS
~

S LTS

-

- -~
TR0 2 D I e e e

-
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WRITE(Y r2s C TRUM ANAI

WRITE (Y LUCK

MRITE (Y ("ENTER FILFE NAKS (SIx HAKALTER MAX)
READCY (6AS ) NAM

CPENCHD FIILE=NAME . TOSTAT=10S . ERR=200)

READ THE TITL I THE FILF

READ(BD ( 364 » ITITLF

WMRITE(L . ?(2a LINY . T )') ESCRN.ITIN
Wik It | ( | HIS THE b ILE Yl Wai)
READ Y (A 1ANS

LF CTANS  NE | 2Hnn GOTI

( 1% (HO )

| 100

READ I1HE DATA

110 WRILTE ()

READ
WRT I (Y
LONT U

O - ™o C

Sovogee

o -




Un/v

080

Hi
H.2
B

0084

BOHEB
ouHY
070
091
UL R
D0y A
govya
Au",
N0vY4
00y
0094
L
6100
Dibd
040
0103
0104
010
Q\\Il\
gi0
0108
gy0Y
giit
Bi1
041¢
0
0
]
0

|
113
i14
\
i
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PROGRAM CX (continued)

CALLIN

0 0
/ELIG)~ECIG~4))
(IG-4))8F) + FLOIG)

(CXCIG K)-OXC1G~2 . KD) %k )

‘iuvllf‘
Do
L{k) |
IN ] TR 'CX FACTORS FOUR THE JCRU SHFHERE Fil ANE PARALLE!L INLIDENI
X “Ual Ut INTERPOLAIED FROM LInpYLOMW AND FRaNCIS )
WkiTR(Y "HMAXIMUM Val Ut S 2,.5CH FS.2.7 36X ."DEk}
At 16X 0.5CH » Y. /A6 X SHAaLL i & Ty I, CEHIRAL VALLES
X M 4 1 / A6X DEEP = S .2 15X 0D.3CHM " .2
LY 6K HALI FS.¢) L
RITE €Y ( 107TAL EXPFOSUNE = £10 .4 O~ R MAs, ) IR
s ) 300
go WhIir(y,? READ ERFUR “"I1IA™ ON FILE "6A2" OFEN ) 1) TON  NAME
00 UseE (8o
WRITECY 2% PROGRAM 15 FINISHED™)
W e () ) y UNLDL K
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PROGRAM POLY

T=00004 15 ON CRODOZE ULING 00042 BLKS K-000O

FILE

acooneCooone #v

L
L
10
500
520
G
1
1
[
| A
14
14
16
19
20
e
Fy
(9
w

A0

A0
Y

;L
6(

vim.unn POLYC ). PHANTOM DATA ANALIGIS
THIS VR amkggts DATA FROM THE PL x GLASH TLD FHANT O,

E ] at E‘;U&% #l um. Hgl&lm. laL ALLUN B mc:‘l:t n(-ua”um;-

Ek [ Y
5 wPPLLIED r.ublh«. -aL‘immlluu- FUN
THE mmtgngvws oma ru buumm THE KELALIVE CONTRIBUT LUNS

Ur THE L
NOTE: AN OFTION ALLOWS OMISSLION OF ANY TWO COMPFONENTS.

Dt KIP (1
ltzt fh% ég R l éxsus) CAD(S) CUid . 41D . ACH.Z) FRAC(S) . DISY
INTLLEN El(b ). llllLE LUNT GEOM . HRHE (3 ) sty . AUDE . SLAL . LIPE . I NUDR

umc.ku A%l
DATA 0.0.48.0.95.5.45.4.91.3.02.5.00.7.04.0.48 1,91 7,14/
ENTE K
Va1iE o1
3 1':":.'(1 g- 107 115, "PLEXLIGLASS TLD PHANTON DAIA ANALTSIH® ///)
?80 :; SR ﬁ'gt}m ncmn D DOSLME TENR?
‘" N 1) 13 " " K" ./
17 QE‘S it e 1 g A e "5
"Rea L
5" oy 59,30 ke
{
(1K A i I‘t‘.§ 0 Y (ENTER V)",
H T 8.2"%.. 5“ TN 2) 2 “)
* kb u n YyrE
TF CEYPE,E@,2) TNUN=TNUMS A P11 KEADINGS I+ GCab iMoo ENCLUDED
MUDE ~MODE +2 INUMEER OF ENTRILS PEN | INE
WRitE (Y, ll)
FORMA T ”'5 (15 DATA IN A FILE? "y
'U“ﬂﬁ}

Iy (uﬂb M: M GO T 19

wR 1T 05

FORMAT (/7717 “ENTER & CHARALTENR F 1L NAME *)
:B:kn:";‘) (NAMECL) 1=1 5
)
Y (l‘.Pth*Nhnﬁ;
'LM, (Hv‘\d;u:ns VIGNORE F 1 E HEADING
EAD (HY 8 C1() . K) . K=1 MibE)
UNG n
CLOSBE (W)
L T 8

DATA PROM TERMNINAL
“gﬂ &l‘(‘ i |I leﬂ Ok D
/ I - Lk KVE LD KEnb NG CF UK L} N T
"Ips ‘0 X ‘iu i(,. b
F 4
Uﬁ E (% :")I

o TANUDLL  VALUES 1n kk L HE Niwe by "
.
i

FORMRI li "POBITION ". 12 . " .

Real (1. 8) C1e) Ko ket bbbk )

AVENALE VALUES FOR EACH POSLTTON
Do QO Jui L Tnlin

Uh=i

N1 ARDDE

DU s K=1 M

BUR=HUMT (T K

tu:oa‘” K) B0, ) CRE=CHYL 2.0 PRGHUIRE  ZE Wi UALLIE Y
IF (L, b @, 0,) UNT=(NTsL. 0 PANO DIV IS TGN e Ze N
"(‘)‘[”3:':“”'

5 LNL)

ull‘.k t1.5%0)

FORMGL s/, l’ "ENTER TLD ARt KGROUND  HLOZ00 aub) = |
Kramb o1 %) BKL BERGA

Bh = Bk,
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PROGRAM POLY (continued)

CUHEALKGROUND SURTRALTED VAL UES” /7))
PHUB I RAL T BRLRLKOUND

60

1.62)

o2 FORmA1 477" 17 e Tiguay SEONE [RL CHRMEGTION "

.
/‘lv.'a 1/ CURKECTION (LINE SOURLE ™,
/172, "3,  1/KkA82 LURREL I LUN (POLmI bOHnLE»
i/ té.'&nteu OF LION DESINED (1.2 UK L4
KEADCL . b4 GLEOA
FUKMAT(TIY)
IF(Loun. b

Uﬂ" 'DPPAULI
lf (LEOH

e

CUENTER DISTANCE FROM SOUKCE TO PAANTOR (M)

0.
(3
L
/
)
L IST . GEOM ., INUM)

-
5%.:"

-

0.5 %H AND DISFLAY TLD RESULTS
4"'

X e
o ——~——

o

//
NUY
DC)) RCT) X

REnl Chl IHRATION VALUES FROUM FILE

0?!‘2“ 0 bynﬂki A CALIBRATION
WK (1,1

FOKkma T <//.tv "ENTER CAL IBRATIONS 10 BE SKIFPED (/B FOK NONE) ")
READ (). ' (2Aa2r’)  SLAL .sLALY

IF (MODE . EQ . 3) ITHEN
OFEH (12 . rlLr="TCALIK »

ELGE

OFEN (12.FILE="FOAL ")

A v

READ (12,700 TITTLE WILE HEADING

NP U S e e CONR VRN DN VIS L= O

READ (12.B0 END=400) (ENCI L) .L=1.3) Ikt AD CALTERATION SOURCE
Fukmal « $eaet )

3 (Bl 1), (u CAL) Ok, CENC ) EQ . SCAL THEN Ort e 0 Skiv LAl
OAL N T % B4 %1nuuﬁ bn‘ l QKI 2

READ (82 .8 (hklPlJ) J=1  TNUM)
LS
JUNT=LLNT#Y i
REnD (32 .8 CXS(Y) . L Do) FEHRLLOW AND DEERY CX
KEADL !t..o) CLOLENT L0 =1 . 1eUM) VLD REAUDIMEGS FUR IR UR A
0 88 | -
N\IINI t;nnntl.Ln
ENDLY
LOMNT LRI
CONT Irte

DETERMINE CROSS PRODULTS
AND SET UP MAIRIX !UR STHUE TANEOUS EQUATION Si0 UTION
Hi GAUSG AN L InINATLON,

THE TRPUT PATKIA HAS DIMENSTIONS T0ENT BY LTONT#Y . WHEKRE
TCHT 18 T unBER OF LAl TERAT 100,

N ILNH‘

S nalIRIx 10 (ERO

PO 320 = T0HT

b v Joy oo

AL Jor=u.0

(T T

Cal G vt LRU Sy FRODULTS

DO 280 151 i P ROM NUNBER
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PROGRAM POLY (continued)

LU 140 L=1,1NUn VLE=DEPTH (Punl) TION S FHANTUOM)
AL J)= ACL.J) & CCI.LISCED.L)
eqi COn 1 MUE
) 188 EONT INUE
§§ 200 =1 IoNt ILAST COIUMN OF M iKIX
=1 . 1In
190 AC1 N7 =6l N SRLISCCT.L)
¢ 200 Coni TauE
¢ RINT INTERMEDLATE VAL UES
DO s LI TERY
WRITE (1.%) (ACL.LL) .LL=4.N)

205 CONTINUE
CLOSE (i)

SOLVE FOR CORFFICIENTS ,
CALL MATRXCIULNT . A) TANSUERS ARE NOW IN LAST COLUGN OF A

E DISPLAY RESULTS
WRITE (4,/C///)%)
2 ”8;?#‘«%“&‘%"!tu( J).J=1.3) ACL.N)
3 T EET LS BT 2 N
2*8 Eggnut «l;,gua.zx.*a.s./:

(alal

SUBROUTINE GCOKK (R ,DIST.GHOM. TNUM)

REAL R(14).DLol. DCAY)

NTEGEK GEOM.EXP, TNUM
i A 2/0.?.0.48.‘.95.1.43.1.9!.3.02.5.08.7.14.0.48.1.91.7.l4/
Fabiun -

DO 10 L=1,TNUR

gélt:u( IRCC(DIST+D(I ) /¢

1

ul'ﬂ
CINUM . ED.B) WKITE
{ THUM .

EQ.11
KMl (/7
?HAI (/7

MM —

SUBROUTINE MATRX(M.A)
REAL At6.7)

INTEGER N, M
}‘.‘t‘l!l‘“l“".!““O"ll“‘l‘.‘l““‘l“tl‘l“““‘ll“t“““““‘

-

CGODDARD COMPUTER SCIENCE E IR EBETIEITHTYN
(1) SUBRQUTIN EANE. L TANEOUS EQUATION SOI VK

\éﬁ LhLl?ho Nkn . giﬂ?u .

(3) STATUSL/CHANGE LEVEL . PLM,= GLSLO0L3, PCR.= 00-10-86"

4, rngguann%b By . GRE TLHEN PleLI;S

(%) A TED TO HP FORMAT RULAND JakHn 02-70

SUPPORTED IN PART BHY GRANT NO., FRO0197 BY THE
SPELI ML RESEARCH KESOURCES BRANLH. tii-ULPHS,

..“““A“‘0"..“‘Il...l..‘ll‘.l‘l“ll“‘.‘“l‘&l“.“l‘ll‘t‘bl“‘t00

bUPP?I.tD IN PART Wy GRANT o, PROBAY . w1 Tk
SFLCIAL KESEARLH REBOURCES BRAHLH, NIiH-USIHS,

“‘l“ltll“l.‘l““‘.l!l‘lll““““.“.“““&"a‘.“““.‘t‘.“l.“
le:kUL'lON& tUR Uk
n

l: oroaram Wwill handle a maximum of 22 wouations. The number
ot coetticlents per eaguartion must he nuunT to the (numbier ot

fauntions ¢ 1)t 1.e, an avamented matrix, Ithe 1nput dota mav be

*
A
'Y
[ 4
x
E )
L)
*
4
L]
L)
»
,
4
»
B
»
'
»

entervd 10 anv form sub iect 10 the Ordering te=1r 4ctinn: the
format beino s ecified by the user in his/he. proaoram, |he
OFdering Festriction (s that the (10Ut Coett icients uf Lhe 1th

oq’nilon nust (a) be placed An ascending sequence . WLy J1 .,
acldo and (b)) the coefficients 407 the « 1*1)th sauation
MUSt heain on a new |ine,

fhe arrav A contains the Input coetficients and is passed in
LUNAGN. The number of «quations i’ 1% pas-ed t6 the wubi 6utine
by the call statement- CAIL SHIME(H) (M Cor=edr, The resultant

sl s e rle il e o sl e o lal s e alal e e ol o Vel
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PROGRAM POLY (continued)
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