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ABSTRACT
.

' Spectral and dosimetric measurements of photon fields were performed 'at
seven commercial nuclear reactor sites. Revisions in 10 CFR 20 that specify
exposure-to-dose conversion factors. (C ) much greater than unity for photons

- .between 40 kev and 200 kev could impacf personnel monitoring practices. Mon-
itoring at effective depths of I cm of tissue and shallower could underesti-
nate doses received from high-energy photon fields (>3 lieV).

No locations with large C factors (approximately 1.5 rad /R) were found.
The most significant production of low-energy photons was found to be due to
photon scattering. The scatter continuum has an effective C factor of ap-
proximately 1.2 rad /R. One location was found with a nearly* pure scatter
spectrum. Other locations contained significant contributions from medium-
energy photons due primarily to radioactive decay of cobalt and cesium iso-
topes. Monitoring requirements Lat 0.007-cm and 1.0-cm depths in tissue were
found to be adequate for estimating dose received in radiation fields contain-
ing high-energy photons. Enhanced ' surface doses attributed to high-energy
knock-on electrons were measured in all locations monitored. Personnel mon-
itoring techniques may provide inaccurate results in high-energy fields.
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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 listed
in Table 1 (American National Standards Institute [ ANSI] 1983). 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 detennine the appropriate conversion factors.

TABLE 1. Conversion Fgors for Computing Dose Equivalent from Exposure
for the ICRU Sphere (ANSI N13.11-1983, Appendix C)

~

Photon Conversion Factor. (rem R ) to Dose Equivalent
Energy in the ICRU Sphere at a Depth of
(kev) 1.0 cm (" Deep") 0.3 cm 0.007 cm (" Shallow")

15 0.28 0.67 0.90
20 0.58 0.79 0.94
30 1.00 1.07 1.11
40 1.28 1.29 1.34
50 1.46 1.46 1.50
60 1.47 1.46 1.50
70 1.45 1.45 1.50
80 1.43 1.43 1.48
90 1.41 1.41 1.45

100 1.39 1.39 1.43
110 1.37 1.37 1.40
120 1.3" 1.35 1.36
130 1.33 1.35 1.34
140 1.32 1.32 1.32
150 1.30 1.30 1.30
662 1.03 1.03 1.03

(a) ICRU = Integnational Connission og Radiyion Units and Measurements.
(b) I rem = 10 Sv; 1 R = 2.58 x 10 C.kg I

1
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The presence of low-energy photons (# in radiation areas is due not only

directly to the decay of radioactive atoms, but also to photon scattering in
shielding material. Shielding attenuates the primary photon field, scatters
photons in all directions and shifts the spectral distribution to lower
energies primarily through the Compton interaction (Fenyves and Haiman 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
e s wm a signmcant conWudon of MgMnegy Mons,estimationsig6

such as from N (6.1 MeV). Doses deposited by high-energy photons at tissue
depths of 1 cm or shallower are significantly less than those deposited at the
depthofmaximumdose,whichisarproximately3cmfor6-MeVphoton50 "*
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 an
" ideal" dosimeter monitoring the deposited dose at 1 cm would underestimate
the actual deep dose by only approximately 20%, many practical dosimeters can
underestimate the dose received by a greater amount. Dosimeters using less
filtration on the deep-dose element to improve the response to x rays or to
monitor at 0.3 cm for dose to the lens of the eye can indicate a dose of about
half of the maximum received.

To help assess the impact of proposed changes in regulatory requirements
for low-energy photon dosimetry and of current regulatory requirements for
high-energy photon dosimetry, spectral and dosimetric measurements were per-
formed at representative comercial nuclear sites. The spectral measurement
equipment included intrinsic germanium (Ge) detectors, lithium-drifted german-
ium [Ge(Li)] detectors, and sodium iodide [NaI(Tl)] detectors. The Ge and
Ge(Li) detectors were used because of their high spectral resolution. The

NaI(Tl) detector measurements were performed in several locations for compari-
son. The dose measurement equipment consisted of ionization chambers and
thermoluminescent dosimeters (TLD) embedded in a plastic material (phantom) or
covered with various aluminum filters. Dose rate as a function of depth in
phantom was used to assess relative dose to deep-seated organs, to estimate
the spectral composition and beta-to-photon ratio, and to perform measurements
using source geometries in work environments.

(a) For the purposes of this report, engrgies below 200 kev are referred as
low energies, e,nergies between 200 kev and 3 MeV as medium energies, and
energies above 3 MeV as high energies.

2
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FIGURE 1. Depth-Dose Dependence on Photon Energy

Spectral measurements were performed in radiation fields of up to approxi-
mately 10 mR/h without a collimator on the detector. For fields up to 50 to
100 mR/h, a collimator was necessary to reduce the data collection rate and
allow spectral data to be gathered. Ion chambers were used for greater radia-
tion fields (above approximately 100 mR/h). The TLDs were used in areas with

>

small and large exposure rates, overlapping with rates for both the spectral
and ion chamber measurements.

Measurements were performed at seven commercial nuclear reactor sites
(Table 2). These included four pressurized-water reactors (PWRs) and three
boiling-water reactors (BWRs). Measurements were performed at PWRs three

|times while at power (operating) and three while in refueling or maintenance

3
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TABLE 2. Measurement Sites

Operating
Site Type -Age, y Status Data

G PWR. 6 Operating 1/82*
K PWR(twin) .1/2 Operating 3/82

5 Shutdown

B- PWR 8 Shutdown 4/82
Operating 9/82

M -BWR 8 Operating 9/82
Shutdown 3/83

Q BWR 7
- Operating 11/82

P PWR 21 Shutdown 11/82
N BWR 10 Operating 3/83

* Equipment checkout.

conditions (shutdown). All 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
5 to 21 years. The site measurements were performed between January 1982 and
March 1983. Photon spectra are corppiled in| Appendix A.

Dose in rad and dose equivalent in rem are used synonymously in this
report. The quality factor for photons is assumed to be unity.

4
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2. MEASUREMENT PROCEDURES AND ANALYSIS TECHNIQUES

The methods of data collection for the photon spectrometers, the tissue-
equivalent extrapolation chamber and the TL dosimeters are given below. De-
tails of photon field measurement techniques are given in Appendix B.

2.1 PHOTON SPECTROSCOPY

Data accumulated with the photon spectrometer system were analyzed to
determine spectral composition and radioisotope identification. Figure 2
contains an example block diagram of the equipment arrangement. The Ge,
Ge(L1) or NaI(TI) detectors required high voltage input. The Ge and Ge(Li)
detectors also required preamp power. The signal was input to the amplifier,
which was typically built into the multichannel analyzer system. Data were
stored on magnetic tape cassettes, and were transferred to the analysis
computer after measurements were completed.

Rcw data were in the form of pulse-height distributions. The detector
did not collect the full energy for most photons because of the escape of
scattered photons. The pulse-height distributions were corrected for detector
efficiency and scattering losses to yield energy spectra. The analysis proce-
dure is outlined in Figure 3. Using source geometry constraints, the detector
was calibrated for efficiency and response (scattering loss) as a function of
energy. During data analysis this information was used to convert the pulse-
height distributions to energy spectra.

Ge, Ge(LI)
O R N al(Tf)
DETECTOR AMP

\ ADC) MUTLI- ANALYSIS, m
-# PLOTTER8 "

4 IN " CHANNEL COMPUTER
l ANALYZER

PREAMP 6. - AMP- - .)
' '

O PRINTER

u
MAGNETIC

H.V. TAPE
CASSETTE

.

FIGURE 2. Equipment Arrangement for the Photon Spectrometer

|
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FIGURE 3. Block Diagram of Data Analysis Procedure for the
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The efficiency curve for the intrinsic Ge detector used for most of the
measurements is presented in Figure 4. The low-energy decline of efficiency
is due to the thickness of the detector window. The high-energy decline is
due to the increase in the penetrating power of photons at the higher energies.
The efficiency was measured using radioisotope mixtures with known relative

6
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photon intensities up to about 2 MeV. A smooth curve was drawn through the

measured points using a semi-empirical model (Hajnal and Kluseg61974). The

extrapolated efficiency curve above 2 MeV was checked using a N field at a

reactor site. Differences in efficiency as a function of photon entrance
angle were measured to be small compared to other uncertainties of the data
analysis.

The detector response function included the full-energy peak, single and
double escape peaks at the higher energies, a continuum due to the loss of
Compton-scattered photons, and low-anergy counts due to the loss of x rays
from atoms in the detector crystal. Single-energy and multiple-energy radio-
isotope spectra were used for input data to develop the response function.
A simple parameterization for the response function was used (Seelentag and
Panzer 1979). Figure 5 presents calibration data before and after the effi-
ciency and scattering corrections. The leading edge of the Compton continuum
is not fully subtracted, and remains in the corrected spectra.

Use of the simple parameterization contributed significantly to the
uncertainty in the number of photons near 6 MeV versus the number at lower
energies. In locations which have simple spectra dominated by 6-MeV and
511-kev photons, the undersubtraction of the leading edge of the Compton
continuum added to the spectra, while the oversubtraction resulted in negative
values that were set to zero. The uncertainty in the ratio of low- to high-
energy photons may be as high as 50%. However, this uncertainty did not
affect the results. It did not contribute significantly to uncertainties

below 2 MeV.

For photon spectrometer measurements at the higher exposure rates and at
locations for which directionality was considered important, a lead collimator
was used. The collimator was composed of approximately 2.5 cm of lead fash-
'ioned in the shape of a cylinder with a front plate. A 3-un-diameter hole
was drilled in the center of the front plate. The collimator was mounted so
that the detector could be inserted on a level surface without supporting the
collimator weight. The response function of the detector with collimator was
determined using isotopic gurces and incorporated in the data analysis pro-
cedure. Figure 6 shows a Co source pulse-height distribution and energy
distribution following analysis with collimator corrections. Tgresidual
counts at the lower energies are insignificant compared to the Co source
photons.

The lower part of Figure 3 showed the procedure used to calculate effec-
tive exposure-to-dose correction, or C , factors. The corrected photon
spectra represent photons entering the* detector per time, or fluence. Fluence

8
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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
andFrancis(1979)fortheIERUspherewereweightedbythecorrespondingexpo- !

sure rate to calculate effective C factors. Because factors at all energies
werenotavailable,someinterpolationswererequired.

As indicated in Figure 3, geometry factors can significantly affect the
result. Figure 8 illustrates curves for C factors for parallel incidence
and isotropic incidence. For parallel incidence, all photons e- assumed to
travel parallel to each other with no intensity variations with distance. For
isotropic 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 the shallow and
deep C factors for parallel incidence. However, the deep-depth C factors
for isEtropic incidence are considerably smaller than for parallel * incidence.
This is due to a reduction in the dose rate at I 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.
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s

Dimbylow and Francis' calculated two C values: the maximum dose in the
sphereateachshelldepth,andthedosealongthecentralaxisofthesphere
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. TheenergyreEponseofaninstrumentcanbeusedto ;
generate correction factors for instrument response to dose as easily as to i

generate conversion factors for exposure to dose. |
|

|

12

. - _ . - --



22 TISSUE-EQUIVALENT EXTRAPOLATION CHAMBER AND ION CHAMBER MEASUREMENTS

Direct measurements of effective C factors were performe'd using ioniza-
tionchamberstomeasuredoseinatissde-equivalent (TE)phantomandexposure
in air at the same position.' The C factor was obtained by calculating the
ratio of dose rate to exposure rate) This technique can ' determine the true C

*factor for _a pure photon field, including all geometry effects. For each
location, the C , factor may change with angle due to nonuniformly distributedex
sources. However, given the exposure rate, the dose -to the ICRU sphere or a
worker would change 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 schematic
diagram is shown in Figure 9. A' cylindrical plug of TE plastic was moved
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 conducting graphite mixture and scribed into a
circular collecting eigetrode 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

a

ION CHAMBER
ELECTROMETER

t STEPPING MOTOR AND PLUG
DRIVE ASSEMBLY

STEPPING
CMOTOR TE PLASTICDO

h FRONT WINDOW AND
I C HIGH-VOLTAGE ELECTRODE

~~ ^~

I ,,[_,~~I. COLLECTING ELECTRODE

\
ELECTROMETER 3 GUARD RING

190 V \ CENTER PLUG
tb
|il-

1 -r

GROUND

| FIGURE 9. Equipment Arrangemer,t iar Tissue-Equivalent Extrapolation
- Chamber / Ion Chamber teoination

.

I
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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 colle~cting 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 I

found goed 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

lused 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 THERM 0 LUMINESCENCE DOSIMETRY

Thermoluminescent dosimeters were used to obtain a measurement of dos a 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-

2particle radiation. The TL material was placed inside of a 20-cm x 20-cm x
15-cm Plexiglas * (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 of 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.

e Plexiglas is a registered trademark of Rohm and Ho s Company.
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The interpretation of TLDs exposed in an unknown photon 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-rey -energies. The ratio

1

between phosphors was used to Biscriminate between energies. !

The TLD were placed at eight depths, from the surface to 7 cm inside the
phantom (Figure 11). They were staggered around the central ax~1s of the
phantom to reduce shielding effects by upstream dosimeters. The response of
the TLD was determined for the four radiation sources listed in Table 3. The i

relative response per rem as a function of depth is presented in Figure 12.
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 Coments

137
Cs Medium-energy photon 662 kev

MFE(a) Low-energy photon 34 kev (effective) NBS filter technique

H150(a) Low-energy photon 120 kev (effective) NBS filter technique
90 90Sr/ Y 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
j in plant environments did not permit a similar analysis without significant
|- ambiguities.
i
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3. -SITE MEASUREMENTS !

~

- Measurements.were performed at seven sites. The type and amount of data' i

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 initiation of measuremencs 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 var'ied 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 required full
anticontamination dress and a full-face respirator or SCBA. The number of
measurements.were limited by the short len'th of stay time-due to the elevatedg

: temperatures and/or dose rates.
1

,

The data collected during each site visit is described below. The letter
designations for the 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
i spectrometer measurements were not useful because dose rates exceeded maximum ,

acceptable levels. The rates inside containment were substantially above the i.

levels observed on previous visits. A collimator assembly for the spectrom-
eter detector was subsequently built to allow measurements to be performed at

i
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. higher rates. The extrapolation chamber experienced almost a factor of ten
increase in current not associated with radiation (ieakage). 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-loaded 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 components (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-
energyelectrons(1to10MeV)withapenetratingphotog6C mPonent. This loca-
tion was expected to contain a heavy contribution from N or other high-energy
photens. The TLD ph;ntom 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 /ft)

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 (radfR)

Operating PWR
,

- Auxiliary 64 0 0 62 2 1.03
'

Building
Sample Station

- Steam Generator 2300 (analysis inappropriate)
Hot Legs

l-
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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

This twin-reactor site was visited while one of the reactors was shut
down for maintenance and one was operating. The shutdown and operating units
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 significantly for the same location because the rates changed dra-
matically over a few meters when near a large centralized source.

,

C 1100') o gioo l STEAM GENERATOR
(TYP)

O
F 181')

K 3

_

i

} REACTOR COOLANT

4
PUMP (TYP)

r 1

\

O
E (81's

PRESSURIZER

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 I
through L and N at the elevations shown in parentheses.

4

3Photon spectrometer measurements were performed with a 48-cm 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
figuresisthegreatestofthe3maxfgumvaluescllculated.Sb*P#*"*"
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 ratjo of the number of continuum photons
to source-decay phot,ons 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 ( 41/R) X

Location (mR/h) 0.007 cm 0.3 cm 1.0 cm 0.3 cm 1.0 cm 2.5 cm

Shutdown PWR

A-Effluent Sample 1 1.01 1.04 1.04
Room

B-Auxi1iary Bldg. 0.3 1.06 1.08 1.08
Dealneralizer
Room, Reactor
Coolant Filter
(100-ft elevation)

C-Containment, 1 1.02- 1.05 1.05
Noactor 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 1.04
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

C-Effluent Sample 1 1.04 1.06 1.06
Room

H-Auxiliary 81dg. 0.2 1.06 1.09 1.09
Domineralizer
Room, Reactor
Coolant Filter
(100-ft elevation)

1-Containment,. 0.4 1.03 1.02 1.01
Personnel Hatch
(100-ft elevation)

J-Containment, 1.3 1.07 1.08 1.08i

Near Bloshield of
Steam Generator
(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)

.

Other
M-Hot Drum .itorage 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)
showradioisotopespectrafromshort-livedisotopes{g3" b5 "9''"
lived isotopes. Prominent short-lived isotopes are Xe (5 d) and Xe

(9 h). Xenonisafissionp'roductthateasilydiffusesintothecoolagwater
'gdcontainmentatmosphere. 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 demineralizer 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-poweroperation(1/2y)thantheshugownreactor(5y),andthushas
less of the " crud" buildup that contains Co. The prominence of annihilation
radiation in the operating plant implies the production of short-lived post-
tron emitters.

ThespectrumshowninFiguregwastakenoverlookingthereactorcavity.
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) imply a reduced relative dose at
0.3 cm of 0.7 and a felative dose at 1 cm of near unity.4

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 g1ven
in Table 7. The measurements were performed in areas with* exposure 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.

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

1
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TABLE 7. Extrapolation Chamber and Ion Chamber Measurements, Site K

Effective
Exposure-to-Dose

Exposure Rate Dose Rate Conversion |
Location (mR/h) (mrad /h) Factor

Shutdown PWR
E-Drain Valve, Reactor

Coolant Pump #13
Shallow 96 97 1.01 0.09
Deep 87 0.91 0.15

F-Drain Valve, Reactor
Coolant Pump #11

Shallow 87 69 0.79 0.12
Deep 83 0.95 0.08

Storage Area
M-Hot Drum Storage Area

Shallow 77 72 0.94 0.20
Deep 57 0.74 0.16

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 dosimeters *versus depth.
All curves are nonnalized to the surface reading. Locations E and F show
similar depth-dose functions characteristic of penetrating radiation. Loca-
tion M has a slightly less penetrating field. Location N (steam generator)

hasa7%enhancementat1cmcomparedtotgsurface. 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

31
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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 (ra6/R)

Shutdown PWR
E-Drain Valve, 115 7 0 90 8 1.04

Reactor Coolant
Pump #13

F-Drain Valve, 106 0 0 97 9 1.03
Coolant
Pump #11

Storage Area
M-Hot Drum 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 calculated C factors (1.08/1.09) occurledinthedeminerali-
zerroomsandinsidecontainmentbehindthebioshield. 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%. Theeffectofoperatingtheplantandtheeffectofincreasedage
totalled only a few percent difference in C factors. The extrapolation
chambermeasurementsindicatedthatthecalEulatedC 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 electron fields.

!
i
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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).

3
Spectra were takgn with a 59-cm intrinsic Ge detector (during reactor

shutdown) and a 31-cm intrinsic Ge detector (during reactor operation). Mea-
serement locations and the calculated maximum C factors are listed in
Table 9. The C values for the shutdown reactoE vary between 1.02 and 1.07.
Atypicalr9ectEumispresentedinFigure25. Radiation from cesium isotopes
contributed significantly to the dose ratos, resulting in C values near
unity. *

1
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TABLE 9. Photon Spectrometer Measurements, Site B

Exposure Effective Naximum C Effective Central C
Rate (rad /R) x (rad /R) X

Location (mR/h) 0.007 cm 0.3 cm 1.0 cm 0.3 cm 1.0 cm 2.5 cm

Reactor Containment.
PWR Shutdoum

A-Near Escape Hatch 8 1.02 1.03 1.03
(357-f t level)

B-Near Equipment Hatch 5 1.06 1.07 1.07
(357-f t level)

C-Near Elevator
(357-f t 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-f t level) 4 1.05 1.06 1.06

F-Deck
(424-f t level) 2 1.06 1.07 1.07

c-Above Escape Hatch 10 1.02 1.03 1.03
(373-f t level)

Reactor Containment.
PWR Operating

H-Near Personnel Hatch 3 0.91 0.96 0.99 0.59 0.89 0.98
(386-f t level)

1-Near stairway 5 0.92 0.97 1.00 0.62 0.89 0.98
(386-f t level)

E-Near Elevator 7 0.84 0.90 0.95 0.38 0.80 0.94
(401-f t 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 gama 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 photog. This resulted in maximum C factors,at or

xbelow unity. Photons from N were not observed at the locations monitored.
The calculated central C factors indicated reduced doses at the 0.3-cm and
1-cmdepthscomparedtolhe2.5-cmdepth.

Extrapolation chamber and ion chamber measurements for' Site B are listed
( in Table 10. An effort was made to measure fields over a wide rcngs 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 1-cm position was chosen because no correc-
tions for beta dose were required.
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TABLE 10. Expolation Chamber and Ion Chamber Measurements, Site B
>

Effective !
|Exposure / Beta Exposure-to-Dose,

Rate Dese 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 He'at 10,800 10,800 - 1.00 0.054

level)ger(336-ft
Exchan

N-Removed Nozzles 900 804 0.89 0.05-

(336-ftlevel) ~

-

PWR Operating (contain:nent)

0-Uppe,r Deck Overlooking 136 223 0 1.64 0.11
Reactor Cavity 195 1.43 1 0.10-

(404-ft level)

All 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. The major contributor to dose was medium-energy
pNotons. The values less than bne were probably due to distributed sources.

The source measured ,in the let-cown heat exchangg room (10.8 R/h) was well
localized, giving the C factor expected for a Co and Cs source.

~

Theextrapolationchambegmeascrementperformedduringreactoroperation
was taken from a location overlooking the. reactor cavity. The neutron-to-
photon ratio in dose equivaleht was approximately 2:1. The correction to the
dose and exposure was less than the uncertainty (if the effective C measure-
ment. The results indicate a 15% surface enhancement compared to Ihe 1-cm

.
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depth. There was no observed reduction of dose rate at the surface due to
high-energy photons. The cause of the elevated magnitude of the measured C

y
factors is not understood. The spectral measurements indicate that it cannot
be explained by the presence of low-energy photons.

The TLD-loaded phantom measurements are presented in Table 11. The two
measurements performed during reactor shutdown indicate a dominant contribu-
tion from medium-energy photons. Response versus depth is plotted in Figure 27.
All measurements show an enhanced surface dose. The measurements performed
during reactor operation are generally more penetrating.

TABLE 11. TLD-Loaded Phantom Measurements, Site B

Field Strengths (mrad /h) for Effective #
Surface Dose Photons C

Location Rate (mrad /h) 34 kev 120 kev 662 kev Beta (rad /R) !
i

Shutdown PWR
(Containment)

P-336-ft Level, 70 0 0 70 0 1.03
Toward Reactor
Core

Q-336-ft Level, 50 11 0 39 0 1.06
At Entrance to
Let-Down Heat

,

Exchanger Room i

$
Operating PWR
(Containment)

R-365-ft Level, on 20 (analysis inappropriate)
Stairwell Toward
Core

S-357-ft Level, Near 40 (analysisinappropriate)
Penetration in
Bioshield

2(a) Calculated for the shallow depth (7 mg/cm ),

|
1

|
|

39



12

_

1.0

= - m
-

x -- , s _ _
,

-_

NL *

,, _

2 -

0

.

06 -

g _
O P TOWARD REACTOR CORE (SHUTDOWN)

g A Q LET DOWN HEAT 6XCHANGER

_
O R - TOWARD REACTOR CORE (OPERATING)

X S - NEAR PENETRATION IN BIOSHIELD

_

02 -

_

I I I l I I !i , , i , , , ,o
0 1 2 3 4 5 6 7 8

DEPTH (cm)

FIGURE 27. TLD-Loaded Phantom Measurements, Site B

The calculated C factors ranged up to 1.07. The dominant contribution
tothespectrawasfrdmcesiumisotopes. The extrapolation chamber mea-
surements resulted in C factors less than unity for the lower dose rates.
ThedistributionofsoufcesmaylowertheC factor below unity for most

*locations.

Measurements performed inside containment indfrated a dominant contribu-
tion to dose from high-energy photons. Howeve . to p the extrapolation
chamber and the TLD phantom measurements ree ito in higher surface doses than
depth d.ses. No indications were found h pe- cnnel doses are being under-
estimated using current monitoring requb.,aenu

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). Measureiropts were
performed at 29 locations ranging in exposure rate from 0.2 mR/h to /.5 R/h.

| 40
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Thephotonspectrometermeasurementswereperformedwitha51-cm intrin-
sic Ge detector. The measurement locations are listed in Table 12. All mea-
surements performed during shutdown and all those performed during operation
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.
Most values were very close to unity beEause the contrigtions to exposure
were dominated by medium-energy photons. Photons from Co were the dominant
contribution (Figure 28). The larger values were due to larger relative con-
tributions from scattered photons. The data taken at the door of the cleanup
phasesepagtorroom(Figure 29)showsanalmostpurescatterspectrum. Pho-
tons from Co scattered off a concrete wall before exiting through the door.
While the spectrum peaks at about 120 kev, the higher-energy tail extends to
above 500 kev. The relative importance of the medium-energy photons is en-
hanced by the flux-to-exposure conversion. The result is an effective C*factor of 1.16.

TABLE 12. Photon Spectrometer Measurements, Site M

Exposure Effective Maximum C , Effective Central C 'x xRate 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

Shutdown BWR

Reactor Building
Refuel Pool,

HEPA Filter Hose 4 0.98 1.02 1.02
Refuel Pool,

General Area (3) 0.4 1.01 1.04 1.04
Dry Well, Valve 2 0.99 1.02 1.02

,

Turbine Building
Turbine Blade

Housing Diaphram 0.2 1.02 1.05 1.05
Operating BWR

Reactor Building
First Floor,

Opposite Airlock 2.5 1.01 1.04 1.04
First Floor,

Outside RHR 0.2 1.03 1.06 1.04
Valve Room

41
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TABLE 12. (contd)

Exposure Effective Maximum C,, Effective Central C 'x
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

OperatingBWR'(contd)
- Reactor Building (contd)

- First Floor,

Near Scram -- 4- 1.01 1.04 1.04
Discharge Lines

Second Floor,
Outside Spent 11 1.01 1.03 1.04
Resin Room

Second Floor,
Near 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 Wall 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

C0 Unit
2

Off-Gas Building
Near Charcoal 2 1.00 1.03 1.03

Absorbers

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

peak at 6.1 MeV and the 511-kev annihilation photons. The presence of annihi-
'lation photons is expected becauseg 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
collectedatthesamelocationwithandwithoutusingtheleadcogimator.
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 ggnclusion 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 factor would probably be even lower. It has been observed using the
eEtrapolation chamber that source geometry effects lower the C values in most
locations. *

16The effect of .he collimator in areas containing N-decay photons was to
almost eliminate ti e 511-kev photons from the spectrum. This effect is in
agreement with the interpretation that the 511-kev photons originate from all

'

directionst dependent on the intensity of high-energy photons interacting in
gtter. 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 performed with the extrapolation and ion
chambers are given in Table 13. Measurements performed in the high-pressure
steam injection room (HPSI) and at the fuel 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 degg-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!

l

phaseseparatortankwastakenwiththechambersindirecb0 ** * *~
| 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 C Factor j

Location (mR/h) (mrad /h) x(rad /R)
'

Shutdown BWR

HPSI 2030
Shallow 1770 0.87 0.04
0.3 cm 2000 0.98 0.04
Deep 1940 0.96 0.04

Operating BWR

Fuel Pool Heat Exchanger 178
Shallow 149 0.84 1 0.08
0.3 cm 180 1.01 1 0.07
Deep 163 0.92 0.04

Clean-Up Phase 7350
Separator Tank

Deep 7540 1.03 i 0.03

The TLD-loaded phantom measurements are described in Table 14. Effective
C factors for locations not containing high-energy photons ranged from 1.03
tE1.15. 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-
sentedinFigure32forthEshutdownreactormeasurementsandFigure33for
the operating reactor measurements.

The TLD phantom placed in the heater bay was directed up toward the pipes
ne. s de H was expected tonear the ceiling that carry steaT6

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

Theb8"*Site M were found at the door to the clean-up phase separator room.
6of the low energies was scatter from a suspected large concentration of Co

in the clean-up phase separator tank. Due to the polyenergetic distribution
of the scattered photons, the calculated maximum C factor calculated from the
photon spectrum was 1.16. All other locations not*containing energies above '

i
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TABLE 14. TLD-Loaded Phantom Measurerants, Site il

Field Strengths (mrad /h) for Effective (a)
Surface Dose Photons C

Location Rate (mrad /h) 34 kev 120 kev 662 kev Beta (radfR)

Shutdown BWR

Torus Drain 11ne, 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 -

2(a) Shallow depth (7 mg/cm ).

3 MeV had a large contribution from medium energy photons, primarily Co,
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. NaI(T1) detector at the same.

location as one of the Ge spectra. The purpose was to demonstrate the utility
of using the less-expensive detector for plant monitoring. Figure 34 presents
a calibration and field measurement using a NaI(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
theNaI(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.

49

. _ . __ , - _ . _ _ ._ __._ _



12

-

1.0

-

v'

O8

8 -

E o TORUS DRAIN LINE, HPCIg ,, _

a TURBINE BLADE HOUSING DIAPHRAGM>

E ,
O DHY WELL

E
e
cc o4 -

_

02 -

^
-

i
_ a

i I I I Ii l I i l . , , ,io
0 1 2 3 4 5 6 7 8

DEPTH (cm)

FIGURE 32. TLD-Loaded Phantom Measurements, Site M

(Shutdown BWR)

12

_

10

.

x
0s -

s _ ,

X
M
z X-X X

"

8 - x --
W -- x
0 06 -

-

E -

$ 0 EQUIPMENT STORAGE CAGE

E O4 - A CLEAN UP PHASE SEPARATOR DOOR

O SKIMMER SURGE TANK ROOM

- X HEATER BAY

02 -

_

I l l l l I li i i i i i iio
0 1 2 3 4 5 6 7 8

DEPTH (cm)

FIGURE 33. TLD-Loaded Phantom Measurements, Site M
(OperatingBWR)

50

, _ _ _ _. _ . _ . _. _ _ _ . - . . - . _ _ _. - _ . - . . _ . _ __ - _ - , _.



18.000

8
NattTil} STANDARDS Call 8 RATION

16.000 . $ '

3

14.000 .

~ 12.000 , $

$. >
.

- g'>
to 000 . ;

.-

$

k 8000
,

*
0

6000 .

,

| T T
a a

4000 .-
0 2
- 0

2000 ,-

g 1 f f -1 i t_ l ! l i
0 200 400 600 800 1000 1200 1400 1600 1800 2000

CHANNEL NUMBER (2 0 key CH)

10 000

Nett TI)
PULSE HEIGHT DISTRIBUTION9000 -

EXPOSURE RATE = 0 4 mR hr

a000 -

7000 -

6000 -

-

t s000 -

I k
u \

4000 -

'n
1

3000 -,

2000 -

iOOO .-

\
, , , , , , x , , ,0

0 200 400 600 800 1000 1200 1400, 1600 1800 2000
CHANNEL NUMBER 410 tev CHI

FIGURE 34. Calibration and Field Data, NaI(Tl) Detector
.

51
i

. _ - - - - _ . . _ _-



3.5 SITE O - OPERATING BWR

Measurements were performed at 12 locations including areas in the
turbine building, the reactor vessel sampling station, the spent-fuel room,
and the waste storage facility. Emphasis was placeg on monitoring 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 ents 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
(location 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
gectraaredominatedbyhigh-energyphotons,primarily6.1-MeVphotonsfrom

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-t

tors. Calculations for all turbide building locations except the laundfy/
turbine loading area (location F) indicate approximately 40% and 90% of the
maximum dose at 0.3 cm and I 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 technique 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 with 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
locations E and B.4

|

The enhancement shown in locations 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 gan 1 cm implies penetrating
photon energies, consistent with the presence of N.
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TABLE 15. Measurement Locations for Photon Spectrometer, Site Q

Exposure -Effective Maximum C , Effective Central C ,x xRate 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

Turbine Building

A-Floor 272 4 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
Wall

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
81dg.

I-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 Strength (" (mrad /h) for
Effective C*(b)Dose Rate Photons

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.
2(b) Shallow depth (7 mg/cm ),

gephotonspectrashowthatthedominantdosecontributorisphotons
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

1) very low energy photons, 2) beta particles or elactrons, and 3) theare:
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 measure'd surface dose was not observed.

Nitrogn-16emitsbetaparticlesat4MeVto10MeV,alongwiththepho-
tons. 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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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)investigatedthe
effects of knock-on electrons in an accelerator-produced 6- to 7-MeV beam.
Measurements performed with an ion chamber with Bakelite * 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., Plasticse
Division.

55

_ _ _. _ _ _. . _ - _ _ - _ _ _ . . .., _ - _ . _ _ _ _ _ _ _ _



_ _ _ _ . _ . _ . _ _ _ . _ _

90.000 ,
PUL$f HilGHT DISTRe0UTtD88
ERPOSURE AATE 4 mA h:

46.000 [

40.000 i

36.000

30.000 i

E

29 000 f -

k
u

20.000 -

>
16.000 - 2

rn

10.000 -

!

S000 -

8 .g *
[ '''''I'''''''''I'''''''''It'''C '''' '' '- ~ ' ^ ^ ^ ''

''''''''''' '
O

0 200 400 000 000 1000 1200 1400 1e00 1000 2000

CHANh(L NUMetR

ll 000
~ EfeERGY DISTRe0UT60N

EFFECTfvt C, . 0 94 ead. A:
4. 0c )

:
:

44000 3
:

n.00 i
:
3

33.Ou0 i

I
e
d 27.500 -

1
U

12.000 -

10.s00 -

,I
11.000 -

J l

.0 - < ',
;

Alm,
IlI'

.,,,,,,,,,,,,,,,,,,,,, L .,,,:t , , , , , , _ , , ,,m. ..
O

,,. . ...

0 1000 2000 3000 4000 5000 6000 7000 m
i= .Gv a.v.

FIGURE 36. Field Data and Corrected Spectrum, Site Q, Location D
(Turbine Floor 272, Behind Shield Wall)

56



12

_

'
y

4 s
,

08 -

5 K

$
- % ')

*
O O6 -

C
2

. O c TUR81NE RUILDINGg

$ 6 E TURBINE BUILDING
E Q J REACTOR VESSEL SAMPLING STATION

_

_

O2 -

..

l I I I I ! li i , , , , , ,o
0 1 2 3 4 S G 7 8

DEPTHIcml

FIGURE 37. TLD-Loaded Phantom Measurements, Site Q

TABLE 17. Relative Response for Multielement Dosimeters, Site Q

Relative TLD Response Versus
Exposure Rate Effective Filtration (mg/cm2)

Location (mR/h) 0.12 0.26 0.34 0.98 1.12

B-Turbine Bldg., 10 1.00 0.97 0.96 1.03 0.93
Floor 272

D-Turbine Bldg., 4 1.00 0.96 0.90 0.82 0.78
Floor 272

E-Turbine Bldg., 900 1.00 1.00 0.99 0.93 0.90
Floor 272
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The direction of the incident photons or electrons affects the depth-dose
distribution by depositing 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 8 (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 bl6the 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 frg high-energy
photons. These locations had a dominant contribution from Co, resulting in
effective C factors near unity. The TLD data for location J agreed with the

x.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 C 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 Co and the presence of several other
radionuclides emitting prinarily medium-energy photons. No areas were found
with dominant contributions from low-energy photons. The calculated effective
C factors range from 1.04 to 1.06.

x

The TLD phantom data also indicated that the primary spectral components
are medium-energy photons, represented by the 662-kev component. The effec-
tive C values are higher for this anlaysis than for the analysis of the
photon * spectral data, but they are also less precise. Only a relatively smalli

; 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 C values are not significantly
x

enhanced for Site P. No locations with, unusual photon spectra were found.

J
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TABLE 18. Measurement Locations for Photon Spectrometer, Site P

Exposure Effective Maximum C*Rate (rad /R)
Location (mR/h) 0.007 cm 0.3 cm 1.0 cm

Waste Storage Area

A-Barrell Storage 3.0 1.05 1.05 1.05
(outside Waste Disposal Bldg.)

B-Compactor Area 2.0 1.06 1.05 1.05
(outside Waste Disposal Bldg.)

C-Waste Disposal Bldg. 2.7 1.06 1.06 1.06

Spent-Fuel Pit

D-Heat Exchanger, Spent Fuel Pit 4.4 1.05 1.05 1.05

E-Ion Exchange Pit 2.4 1.05 1.05 1.05

F-Fuel Transfer Shoot 3.9 1.06 1.06 1.06

G-Spent-Fuel Pit 2.2 1.06 1.06 1.06
'

Auxiliary Building

H-Primary Auxiliary Bldg. , 0.7 1.05 1.05 1.05
General Area

I-Open Surge Line 2.5 1.06 1.06 1.06

Containment

J-Above Reactor 2.0 1.04 1.04 1.04 i

Head Area (Flooded)

3.7 SITE N - OPERATING BWR

Measurements were performed at 13 locations during operation (78% of capac-
ity). gphasis was placed on the presence of high-energy photons, particularly
due to N. Areas monitored included the heater bay, the main steam isolation
valve room (MSIV), the turbine area, and the clean-up phase separator area.
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TABLE 19. TLD-Loaded Phantom Measurements Site P

FieldStrength(a)(mrad /h)forShallow
Effective C*(b)Dose Rate Photon

Location (mrad /h) 34 kev 117 kev 662 kev 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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16Significant cont'ributions to dose due to N photons were found in the
heater bay, the MSIV, and near the turbine (Figure 39). The calculated central
C factors predict surface underresponses based on the photon field only
(Yable20). 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 post-

; 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
tined exposures. The measured surface dose rates were higher than the survey

'

meter readings, which is consistent with enhanced surface doses. The pocket
ionization 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

i with high-atomic-number material may be poor, but they will most likely 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 C*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 0.88 0.97
Entrance

B-Heater Bay, 30 0.83 0.88 0.94 0.38 0.84 0.94
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
Outside 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, 42 0.81 0.87 0.93 0.33 0.80 0.93
Inside Turbine
Room

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

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

Exposure Rate Dose Rate Effective C Factor
Location (mR/h) (mrad /h) (rad /N)

J-MSIV 338
Shallow 372 1.10 0.04
0.3 cm 270 0.80 1 0.15
Deep 277 0.82 0.06
2.5 cm 264 0.78 1 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 (mrad /h) (mR/h) (mR/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
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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 C 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 lightly shielded radio-
active sources in neutron-activated or fission-product deposits. The pub-
lished C values for the decay photons from these sources range fromx
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 C factor, for most locations.

xThe average C factor for the scatter continuum is no more than 1.2. Averag-
';ng the decay * photons from long-half-life sources with the scatter continuum
yields calculated C values between 1.00 and 1.10.

x

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 low-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 C factors. Clean well-shielded areas are more likely to have both
elevated C factors and low dose rates. Two locations that were monitored had

|

|
'

65 1

_ . _ _ . _ . _ . . . _ _ _ _ - _ __ . _ . . - _



_ _ - - - - _ _ - - - __ - - - - - - _ - - - - - _ _ _ - - _ - - _ - _ _ _ ------ _ - - - - _ _ _ _

p -
-

exposure rates less than 0.1 mR/h: the wor'ker locker room at Site M and the
gatehouse at Site Q. The resulting C f -|
l'.17 rad /R and 1.11 rad /R, respectiveiy. actors for these locations wereWhile 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
i PWRs. The noble gases permeate the atmosphere, giving isotropic incidence of
' ' decay photons.

For isotropic incidence, only the shallow-depth C; tons are
factors are

significantly greater than unity for low-energy photons. Most pho
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 C values near unity.

x

As was noted sevei41 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 C factors would be little affected. However, if
they were coming from opposite directions, the C factors would be below
unity. The extrapolation chamber measurements indicated that the most likely
case is for distributed sources and for C factors less than unity.

x

. Average reported doses will not be su'astantially affected by the use of
improved C factors. The majority of worker exNsures result from the higher-x
exposure-rate locations. These locations are acre likely to have dominant
localized sources or distributed sources. The impact of changing the effec-
tive C 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 drama' tic improvements in low-energy response would not

noticeably alter reported doses (<5%gange). 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. Sugachangeispotentially
serious because the response of a dosineter to Cs can be lowered by as much
as 40% ar:d still meet ANSI N13.11 criteria.

t

The bestred accuracy of the reported dose for each worker may require
,

special plant monitoring to be performed. The guidance provided by the
InternationalCommissiononRadiationUnitsandMeasurements(ICRU) Report 20 i

|

.
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(ICRU 1971) and the National Council on Radiation Protection and Measurements
(NCRP) Report No. 57 (NCRP 1978) is that reported doses be accurate to within
30% near maximum permissible levels. While the effects of C factors are less
than 30%, it is desirable to keep each contributory effect much less than the
maximum. If we chose to correct the dose if the difference were greater than
one-third of the recommendation, or 10%, only one of the measurement locations
investigated during this study would be identified as definitely requiring a
correction. Seven other locations at four sites would be classified as mar-
ginal (calculated C > 1.08 or TLD-measured C > 1.10).x x

4.2 HIGH-ENERGY PHOTON DOSIMETRY

Site measurements of high-energy (>3-MeV) radiation fields were performed
to help determine the adequacy of current personnel monitoring requirements.
The greatest depth required for monitoring is I cm of tissue. Because pure
high-energy photon fields (3 to 10 MeV) deposit the maximum dose at depths
between 2 and 4 cm of tissue, current practices could be underestimating the
maximum dose received.

Measurements were performed at three operating PWRs and three operating
BWRs. Both reactor types had locations with dominant high-energy photon
contributions. Inside containment at operating PWRs, there were significant
high-energy photons up to 8 MeV along with contributions from low- and
medium-energy photons. The predicted reduction in the measured dose at 1 cm
compared to the actual maximum dose was small (approximately 10%). In turbine
roomsattheBWRsapgoximately80%ofthedosedepositedwasduetohigh-
energy photons from N. The other major contributor was 511-kev annihilation
radia tion. Predicted maximum reductions in dose at I cm were as high as 20%.

Dosimetric measurements were peformed at all operating reactor sites. In
no location was the predicted reduction in dose at depths of I cm and less
observed. Either no enhancement or else a large (approximately 40%) enhance-
ment of the surface dose was measured.

Measurements performed at Site Q were designed to investigate the origin
of the enhanced surface dose. The only plausible explanation was the presence
of knock-on electrons created by the high-energy photons interacting with all

.matter in the vicinity of the measurement. Electrons generated in a tissue- I

like material (low atomic number) would have an intensity similar to those
generated inside of the phantoms. Electrons generated by material with a
higher atomic number would have a greater intensity because of the atomic-
number dependence of the pair production interaction. The observed surface
enhancements were probably created by the presence of iron in the turbine
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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 1-cm depth in tissue in a compact -space. These
filters ag typicag 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
materialsEwould also' overrespond. 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 accura,te 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 C factors to convert to dose rates.

x

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 gen-
erate factors for exposure to dose.

Quick plant surveys can be performed using photon spectrometers. .A Ge,
Ge(Li), or NaI(Tl) detectorsis adequ' ate provided that the efficiency and re-
sponse function are determined. The use.of a collimator will increase the )
measurement range. Dosimetric measurements should be performed in areas with ]

| unusual spectra or with high dose rates. The response of personnel monitoring j

instruments and dosimeters should be deternined by direct measurement in these !|

locations. . Correction factors may be required for jobs performed in only a i|

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.
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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 combination of medium-energy photons with a scatter continuum.
The estimated C factors for these locations, assuming parallel incidence of

x
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 C factors less

xthan unity. Only one location was found with a spectrum composed almost
entirely of scattered photons and a C factor of 1.16 rad /R.

x

Monitoring requirements at 0.007-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
to 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 seversi locations was attributed to the
interaction of the high-energy photons in atoms with high atomic numbers and

4

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 reconenend 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
i.p ant surveys,

,
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APPENDIX A

PHOT 0N 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 asfuming parallel incidence for all photons except photons from
radioactive noble gases, for which isotropic incidence was assumed.
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TABLE A.I. Site K - Shutdown and Operating PWR .

FIGURE LOCATION PAGE |

Shutdown PWR

A.1.1 A-Effluent Sample Room A.8

A.I.2 'B-Auxiliary Demineralizer Room, Reactor Coolant Filter A.9

A.I.3 C-Containment, Reactor Shield Vent Fan A.10

A.1.4 .D-Containint, Iodine Removal Fan A.11

A.1.5 E-Containment, Under Reactor Coolant ' Pump #13-

(collimated) A.12

A.I.6 F-Containment, Under Reactor Coolant Pump #11
(collimated) A.13

Operating PWR

A.I.7 G-Effluent Sample Room A.14

A.1.8 H-Auxiliary Building Demineralizer Room, Reactor
Coolant Filter A.15

A.1.9 I-Containment, Personnel Hatch A.16

A.1.10 J-Containment, Near Bioshield of Steam Generator A.17

A.I.11 K-Containment, Overlooking Reactor Cavity A.18

A.I.12 L-Containment, Outside Airlock A.19

A.I.13 M-HotDrumStorageArea(collimated) A.20

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

FIGURE. LOCATION PAGE-

Shutdown PWR

' A.2.1 A-Near Escape Hatch, 357-ft Level A.21

A.2.2 B-Near Equipment Hatch, 357-ft Level A.22

- A.2.3 C-Near Elevator, 367-ft Level A.23

- A . 2.' 4 D-Near Elevator, 373-ft Level A.24

A.2.5 E-Near Elevator, 401-ft Level A.25

- A.2.6 F-Deck, 424-ft Level A.26

A.2.7 'G-Above Escape Hatch, 373-ft Level A.27

Operating PWR

A 2.8 H-Near Personnel Hatch, 386-ft Level A.28

A.2.9 I-Near Stairway, 386-ft Level A.29

A.2.10 E-Near Elevator, 401-ft Level (collimated) A.30

A.2.11 J-In Personnel Hatch A.31
e
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TABLE A.3. Site 'M - Shutdown and Operating BWR

, FIGURE LOCATION PAGE

Shutdown BWR

oA.3.1 Refuel Pool, HEPA Filter Hose (collimated) A.32

A.3.2 Refuel Pool, General Area A.33

A.3.3 Dry Well, Valve (collimated) A.34

A.3.4 Turbine Blade Housing Diaphragm A.35

Operating BWR

A.3.5 Reactor Building, First Floor, Opposite Airlock A.36

A.3.6. Reactor Building, First Floor, Outside RHR Valve Room A.37

A.3.7 Reactor Building, Near Scram Discharge Lines A.38

A.3.8 Reactor Building, Second Floor, Outside Spent Resin
Room A.39

A.3.9 Reactor Building, Second Floor, Near Clean-Up Phase
Separator Room Door A.40

A.3.10 Reactor Building, Second Floor, Near Clean-Up Phase
Separstor Room Door A.41

A.3.11 Reactor Building, Second Floor, Near Containment A.42

A.3.12 Reactor Building, Third Floor, Near Jungle Room Door A.43

A.3.13 Reactor Building, Fourth Floor, Laundry Area A.44

A.3.14 Reactor Building, Fifth Floor, 0.6 m from Cavity A.45

-A.3.15 Reactor Building, Fifth Floor,1 m from New Fuel
Storage A.46

A.3.16 Turbine Building, Behind Shield Wall A.47

A.3.17 Turbine Building, Near Turbine (collimated) A.48

.A.3.18 Turbine Building, SE Corner of CO Unit A.49
2

A.3.19 Off-Gas Building, Near Charcoal Absorbers A.50

A.4
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TABLE A.4. Site Q - Operating BWR

|
FIGURE LOCATION PAGE

. Turbine Building

A.4.1 A-Floor 272, Near Viewing Gallery A.51

A.4.2 ' 8-Floor 272, Behind Stairwell A.52

A.4.3 C-Floor 272, NW Corner of Turbine (collimated)- A.53

A.4.4 D-Floor 272, SW Corner Behind Shield Wall A.54

A.4.5 F-Floor 248, Laundry / Turbine Loading Area A.55

A.4.6 6-Floor 248, Entrar.ce #1 to Turbine Building A.56

A.4.7 H-Floor 248, Entrance #2 to Turbine Building A.57

A.4.8 I-Floor' 248, General Area A.58

Other

A.4.9 J-Reactor Vessel Sampling Station A.59

A.4.10 K-Spent Fuel Room A.60

A.4.11 L-Waste Storage Area A.61'

.
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TABLE A.S. Site P - Shutdown PWR

FIGURE LOCATION PAGE

Waste Storage Area
,

A.5.1 A-Barrel Storage (Outside Waste Disposal Building) A.62

-A.5.2 B-Compactor Area (Outside Waste Disposal Building) A.63

A.S.3 C-Waste Disposal Building A.64

Spent Fuel Pit

A.5.4 D-Heat Exchange, Spent Fuel Pit A.65

A.S.5 .E-Ion Exchange Pit A.66

A.S.6 F-Fuel Transfer Shoot A.67

A.5.7 G-Spent Fuel Pit A.68

Auxiliary Building

A.5.8 H-Primary Auxiliary Building, Ceneral Area A.69

A.S.9 I-Open Surge Line A.70

Containment

A.5.10 J-Above Reactor Head Area (Flooded) A.71

.

J
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TABLE A.6. Site N - Operating BWR

' FIGURE LOCATION PAGE

A.6.1 . A-Heater Bay, Entrance _ A.72

A.6.2 B-Heater Bay, Near Steam Lines (collimated) A.73

A.6.3 C-MSIV, Entrance Hallway (collimated) A.74-

A.6.4 D-CRDRoom(collimated) A.75

A.6.5 E-Storage Room, Contaminated Pipe (collimated) A.76

A.6.6 F-Turbine Floor, Outside Shield Wall A.77

A.6.7 G-Turbine Floor, Maze Entrance to Turbine Room A.78

A.6.8 H-Turbine Floor, Inside Turbine Room (collimated) A.79

A.6.9 I-Clean-Up Phase Separation Room Door A.80

.|
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APPENDIX B

PHOTON FIELD MEASUREMENT TECHNIOUES

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 initial 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 I
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 j
( larger computers with Fortran capability. The data ~ file handling procedures '

I will probably require modifications.

B.1 PHOT 0N 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.

B.1.1 Efficiency Calibration

6bhe detector can be calibrated using simple sources (e.g.,109Cd, 137Cs,
and Co) for response function characteristics and using calibrated multi-
nuclide sources for efficiency measurements. Multinuclide sources 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, the aperture is
placed along the axis of the detector, and the calibration is performed with
the source along the same axis. Detector efficiency at each source photon
energy is 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-detector geometry.

|
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The semi-empirical formula given in Equation 8 of Hajnal and Klusek
(1974) can be used to parameterize the detector efficiency (I,) for germanium
detectors. The formula is:

'

W -pA 2'
'

-pA l 1-e Ax+ (B.1)I, = e e < . <

3
, , >

..

"gA,

-E A -E A -T A
6[t' 2g 1g+A 2 yy1-e ,

+ A a'e e
Aa4a+A5s n' \ 7

-
10" '

,

where E1=E s/"
E2=El s /"'

'

N

and inQ= E a [1n E]I-Ig
i=1

coh'"inc, e f r germanium and E *coh' inc, e f r aluminum and 1,for Q = T, o o 1

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 in Table 1 of
Hajnal and Klusek and in Functi6n 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 calculate the 'Q' param-
eters. Detector 'ID' = 1 was used to generate the curve in Figure 4 (page 7)
of this report.

The highest energy E8 * * I* * "" * * "##'S "S* " 8
8

Theegrapolationto6MeVusingthesemi-work was 1836 kev from Y.

empirical model was checked using N fieldsgt a reactor site. Two locations
with radiation fields almost totally due to M decay were used. Results for
the Ge detector i 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 flue:ce of 6-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.

B.2
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TABLE B.1. -Efficiency Formula Parameters

Symbol Unit, Name FORTRAN Label

barn, photoelectric cross section (Ge) F(5,E)r
,

barn, Compton energy absorption cross SAa~
section

,o barn,, Compton scattering cross SSs
section (Ge)

c - barn, average Compton collision cross S

section (Ge)
-barn, pair-production cross section (Ge) F(8,E)e

9 ba rn , p n r + o + e (Ge) XM13 y
2 -1p cm g , mass attenuation coefficient (Ge) XM

1, mass' attenuation coefficient (Al)pA C'n g XMA
E MeV, primary photon energy E

E,E MeV, the average once- or twice-Compton- El, E2l 2
scattered photon energy (Ge)

T MeV, average energy of electron / positron T22
(Ge)

-2W gem , window thickness (Al) A(12)
A Parameters of the semi-empirical A(1)-A(11)9

Equation (8)

E (E) Semi-empirical efficiency at energy E . EFMm
I Total efficiency without scattering loss EFTT

Primed quantities refer to Compton-scattered photons and are denoted by the
FORTRAN label followed by a 'P'.

1

B.I.2 Conversion to Enerqy 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 Subroutine EFF and the parameters developed with Program TEST.

B.3
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The parameterization for Compton scattering (see Figure 4 of Seelentag
and Panzer) is:

'
3h(E)j

(1 - E/E ) 0 < E < E /3
2 c c

h(E ) E /3 < E < EH(E,E ) = < j c cj

h(E ) 41-3/4 (E/E ))j < E < 4 E /3
2 c c c

where E is the energy channel, E is the Compton edge and h is the amplitude.g
The data are analyzed by correcting 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. The corrected number of counts in energy bin E is

{ H(E,E )j6
N(E) 7 E >Ej

N (E) =c I (E),

m

where h(E ) = N (E )(IT ~ E (E )j c j m j
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-j

|
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.

i
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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 (II))
After Line 161 insert COMPT (II) = COMPT (II)*(1.+ COL (II))
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 factort using a conversion from fluence to expo-
sure and a conversion from exposure to dose (C ). Program CX uses the follow-

x
ing formula to calculate effective C factors ((C ).

x,k(E)N(E)/F(E){C j j j
Eff , E j
**

[ N(E )/F(E )j j
E j

The 'k' index refers to the type and tissue depth of the C factor and F(E )
is the photon flux per Roentgen. The C factorsareliste8intheDATA

j

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 2.5*cm, 1 cm, 0.3 cm, and 0.007 cm.

Correction factors 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.5
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B.2 LTHERM0 LUMINESCENCE 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 '
1

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
i 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.
!

|

i

!

,

.-

i

i

,

,

b

'

a,
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PROGRAM TEST

T6- I=00004 IS ON CR00026 USING 00010 DLKS R-ouud
0001 FTN4A.L
fiff C-

'k E""" lES' -- -- - -------------------------------

9004' C--IHlb PNuGkAn CALLULATES DEIEC10R EFFIGlhNCIES Fisk GE OR 6tt!
9005 0--DLTLCT0kh.
Stu6 C----------- -- --: - -- -------------- ------- - -

UUH/ DIhtdSION EN(7).EE(40s.EF(40)
0008 DAIA EN/59.5.OH.03.122.1. ski. 661.6.li73.2.2754.1/
0009 WH i1E(1 * (' Lie tLR DETECTOR NUhbtR OH LHOUSE PHRareLTERS tib=S)")'s
%%1f Willii')'i;!?,iD "'

"

0012 DU 10 I=1.7
0013 E=EHtI)/1000.

k WhkkE1. I3fkB Ih k. Erd.EF TO 4
0036 WHlitt6.'(3F10.4)') E.LF h.LF T
0017 10 00HIINUL
00iu E=0.030
0017 bu SL 1=1.40
0020 .L= tai.18Y207
0021 LAL L EF F (E.1b.EFM.EF1 )-

kh 's=FM
0024 30 CONIINUE
8025 WHITL(6.*(4(2L10.4.5X))*)(LL(I).EF(I).1=1.40)
0026 b 8 05-
0027 LHD
0020 SubH00 TINE EFF(L.lJ.EFh.LFi.PE.CO.P6')
0029 C...DETLCTON EFFICIENCY BASED ON HAJNAL AHD KLUSLA .NIH 122.55v(1974) .0030 L....

61MENSION A(12).AA(12.4)0031
0032 DATA AA/.4.15...V6. 30. 56.3.25.0.27.7.57.1.15. 111.1.19. 3.0033 X.1.20.. 9. 45. 3.5.2. 9.9.5.1.5..i. 6. 14.

*k$b6. 48 di 05 Oh*. 1Y $ *IShi $ i$8|9 .' 11. 9.507. 1.4V3.
* '

0 5 .

0036 47.458. 2.993. 1370/
00a7 DO 4 I=1.9
0030 A-Fil.E)
003Y 4 CONIINUE
0040 ' IF (ID.EU.-1)GO TO 7
0041 IF (IL.HE.5)GO 10 6
0042 ID=-a
6043 WHITLti.*("SPECIFY DEilCTOR PARANLTEH6(12)")*)
0044 RE AD( 1. * ( F 10. 3) 8 ) A
004L WN11L(i.'("HUNNING*)')
0046 60 10 7
0047
1940 6 CONTINUE
004Y DO 5 1=1.12
0050 5 A ( I ) = A4 (,1. l D )
0021 7 LONilNut
0052
U053 0......
g{gg {. . . Ab50HDING NULTIPLil RS
0056 AH14 4 5.E) +F t 6.L) +F (7.E ) *6 ( U .E)
0057 XHA= O (1.L )+F (2.L) * F( 3.F ) *6 (4.L) )* .02232
0040 AM=AN14.000297
0059 LX = 1.-LAPL-XH4A(2))
0060
0061 AT =1XPt-xHA4A(1P))*FXP(-Xn*A(1))

(I C.....
'~

0064 C...PHulbELCLINIC
006% G......
[t66 C......LsA(3)*l(5.L)*LX/XHiP
u uvi
00h0 C...COnPTON
0069 L......

/ i Y L)
0072 E2=Ft9.Lis
0073 Sba54L1/L
0974 ba=b ab
Os75 XhiP=> (5.L1) +F t 6.L1) *F (7.L1)+F(0.Li s
0076 Anr= Ar 1P4.000297
0077 SP= | t7.h 1)
0070

B.7
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PROGRAMTEST(continued)

0079 C= At5)4hS*(1.-LXP(-XMP4A(67))/XM1P
9000 lac 4(r(5.01)*st7)*SP4EXPL-E24A(Ossa +4t4s*bA
0081 00=C4EXP (-L 14 A( 9 ) ) *E X / XM t
0002 C......
0085 ' L. . .P AiH PROD
0004 L......
0085- T2=(L-1.022)/2.

PP=A(10)*>t8.Es4EXP(-T24A(11))*EX/XM1gggp
0000 C... TOTAL
0089 L......

9k Ebk.0 Ob I4kkUNH
0092 IF (E6 M.LT . O .1) LFN=0.1
OC93 NEluRH

$$$$ hbOC110NFil.L)
DIHEN510t4 A(9.9)0096

5097 DA T A A/-6.80487.-2 29488. 647210. 25S878. . 0798018. .1271 $8. -
0098 X .049?i57. . 008480i5. . 000540104.-4.96207.-2. 01SSe . 01012dte.X.00444688. .00310911. 000227534. 0000y37971 .00000879574.009*/
0100 X .00000130512.1.00878. .491853. .0545/06. .000213763. .00043142.*
0 0) X.000290097. 00000216607. .00000500136. .0000000/30006

Ob kI0$b2kNh!bdeI!kY7?I2NfSO b)f03I$ $h$d4IY0 133 i
**

0 .

0104 X .0343345. 000321599. 00409723. .0000200088. 0000524510.00147381. .00217007. 000428610.0105 X-2.73228.-2.00133. 00684719 600005/2408 1 90u42 - 48662*.0000102334. 00
X.0000'30333 4524148. .000558472. 0003935$5. .040E157282.0106 X .0573383..dQ010/

0108 X .00000000405. 000000642004.-7.044v2.15.4097.-17.4141.1d.5903.
X-5.756 6.1.65932. .292118 S63.
4 .5798 1. 755106. . 0146636 0286337. .0 01 b?ebi442. . 00 0 0742701.OLOY . 005441v2. 00O t10

0:,11 X0. 0.. ./
0112
0114 FL=A41 I)
0114 LO 10 3=2.9

.011'3 10 tL=A(J.1)*ALOG(L)04(J-1) + FL
0116 F=E AP tFL)
0117 RETURH
0118 END

B.B
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PROGRAM HILO

* T4 i=00004 15 ON CR00026 USING 00036 BLks H-0000

thh LE$ 2 -

0003 6LMA(LANO ).0)
0004 - C- =-

PROGNAM HILO(). ANALYZE A H1-LO GAHMA SPECTRUM
005 - - - - - - - - - - - - - - - - - - - - - - = - - - - - - --------- --

0ak
C--THIS P.ROGRAH CONVERIS PULSE HEIGHT DIG 1RibuT_1_0.H- 10 AN EHERGt SPECTRHb.

057 c- == - __ = _ __.

9000 INTEGER NAnE(h).ITITLE(J6). CLEAR (2).LCRER.LOLK. UNLOCK
009 INTEGER ICHAN(8200)

ekkk bHb Rbkh At2 SM61s?leLEN568Aett&lohi)
0012 DATA CLEAN /iS550B.15512B/
0013 DATA LCRSR/15507B/
kkkk kkkAbhkbbk)IbbkhB/
Q0i6 C-------- --- -

- ===- - - --==------

0017 C--GET THE' DATA FILE NAME

hRIik(i . * (2A2./.T25. "HI-LO GAMMA SPdCIRUM bi4AL f S}S" ./)' ) LLEAR
0020 WRITL(1.8(A2)') LOCK
0 21 100 WRITC(1 *("ENTEN FILE NAHL (SIX CHAkACTERS HAX): ")')
0 2a REAb(t.I(6A2)') NAME
O 2a OPEN(H0. FILE =NAME.10STAi=IOS. ERR =200)
4024 C----==---- ==---- -- --- - =----~- -----------

0025 C--READ THE TITLE OF THE FILE
(0@6 C-- - - - - ===--- --

0027 READ (80.*(36A2)8) ITITLE
- - - --- --- - - = - --

k'.' $b' H k'THE Fkkk (60 Ahk)7I R .")')
$3k khikkH$.edkkHNO $bTO110

0032 CLOSE(80)
0033 WRITE (1.*("TRf AGAIN? ")')

kk k kH$.Hk hHNO bTO 100
0036 WRITE (1,'("A2)') UNLOCK
0037 S10P
0030 C-- ==-- ==-- - -- =-- - - - - - - - - = - - = = ---

6339 C--READ THE DATA FROM THE FILE AND TOTAL 1HE COUNISs

0040 C--- - - - - - - = = = - -- -- ----- - =- - = - - - - - - = - - -- - - - - -
'

0041 110 WR I1 E ( 1. * ( 2 A2. / .6A2. / .36a2./ . A2 ) ' ) CLE AR . N AhE .1111 LE . LULK
Og4g Wgj {(g.'("GETTING DATA FROM FILE "6A2)') NAME

0044 DU 120 I=1.8500
9045 READ (80.0 END4130) ICHAN(I). DATA (I)
0046 WRIIE(1.'I14.A2." ")') ICHAN(I).LLRbR
8047 IF(1.LE.2) Golo 120
3048 10iAL=iOTAltbATA(1)
8 kh 1 -

0051 WW I IL ( i . ' ( "DAT A POINTS: " .15./ . " TOT AL COUNTS " .F H.2./ ) ' ) 1. TOTAL
< 0052 CLOSE(80)
t 0053 C--------=-- -- - -----------= -------- - ------- =-

0054 0--GET NAME OF OUTPUT STOR AGE FILE
0055 L---------------------- ----------== -------------------- --- =

0096 140 WRilE(1. 8 ("DAI A S10R AGE FILE NAME: ")8's
; 0057 READ (1.*(6A2)') NAME

0958 OP EH g 81.F ILL*HAHE .10Gl A I=103.ER R -14 0 )4

0059 WWIIE(01.*(36A2)') IlllLL
0060 DAIA(1s=0.
0061 DATA (2)=0.

. Ib k'I(HbbSb'Dk1(bibH
~~~~~ '~~~~~~~~~~~~~~ ~~~

l 0064 C------------------------------ - -=--------------------------------
1 0065 WR (It (1. ib5 s

6h kh h)f') ''' * ' ' '+ E51
0060 READti.*(li) ) 1D0

L... _........_....' .---- - _ _ . . . . . . . . . . . . . . . _ . . _ _ _ _ _ . . . . . _ - - _ _ _ .g y

C--LAL CUL AIE heV/ CHANNEL F OR SPEC 1 HUM
L-- (s-MA+b)0 0

0 i - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - =--------------------'
0072 f,56 JR illt i . * ( "EHIER CHANNt.L HUHHER . kwV 14 CHhe+ 4t L( '/ 9=k His itWUI)"s>!
k =

vo7% NeX=S
0976 SUMA=0.
0077 bunX2=0.
0078 bunf-0.

J
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PROGRAM HILO (continued)

0079 60HXY = 0 .
0000 LO 157 K=1.HAX
0001 READ (1.*) OKkV(K.1).LKLV(K.2)
0802 IF(LkEV(K.1).ED.-Y9) Gulo 158
0003 SUhX=SUMX+CKEV(K.1)
0004- bOHX2=buMX2 + ( CK LV ( K .1 ) * 42 )
8005 SUNf=buMt+CKEV(K.2)
008f hunXV=bOMXi+LKEV(K.174LAEV(K.2)
000 157 CONI 1NUE
0008 158 K=K-1
00HV Aim (buMAY-((SUMX4SUNY)/K))/(SUMX2-(SUNX**2)/K)
00VO Aou t suMv / K )-(414 (SUNX/ k ) )
0091 WHITE (i . '("Ya"F 5.2" X+"F 5.2)' ) A1.A0
0092 C-- =- ----== --

-- -- ----- --=-- ----

0093 C CALCULATE 1HL NUd8LR OF CHANNELS / BLOCK t0R'GIVEN kwV/6LOCA
--= - - - - -

--
-

- --

0094 C- - ----

0095 159 WR 11E(i . 8 ("101HL kev / BLOLK : ")*'s
8096 READ (1.*) KEVB
0097 ILHbkalF 1X ( K LVB/ A1 )
00VG WRITE (i.*(F7 2." heV/ BLOCK = "IS" CHANNELS -- OK .")') KEVB.ICHBK
0099 REAb(1.*tA2)Is IANS
0100 IF(IANS.NE.2HNO) GOTO 160,

0101 WNilE(1.*("1Rf AGA1H7 ")')

$bl0159kkk $hkkkb$.N 1840
0104 G010 300

. - - = - ------- =-- ---~~~= ====- ~Ot05 C-------------E NUMBER OF BLOCKS / SPEC 1RUn
- -- -

0106 C CALCULATE TH
0107 C---------------- - --------= - --

0100 160 i4B A *I/ICHBK
-- =----- ------ -- =----=----= --0109 L-----------=- - - - - - - - - -

-

0110 C CALCULAIE 1HE AVENAGE COUNIS AND CENTER kev IN THE HIGHEST bluCK-----
-----

- -== == --=------==-0111 L------- ----

0112 H=a
0113 000 IB-NBK-N
0114 BON-0,
0115 FIRST=1-(N41CHBK)+1
0116 L As t =F 1R ST + 1CHbK -1
0117 DO 900 KwFIRST.LAST
0118 Surt=SUH+DAI A(K )
0119 900 CON 11NUL
0120 AVE = SUN /1LHDK

i PEAK (1)=((FINST4Ai+AO)+(LAST4Ai+A0))/2.
01@22 P E AK ( 2 s =(F IR 51 +LAST )/ 2.01
0123 E=PLAK(1)/1000.
0124 CALL EF F(E.1DQ.EFM.EF T .PE.CO.PP )
1125 WR I TL( 1. * ( " FIRST LAST SUM AVE. CHANNEL")')
01 WN i l L(1. * (216.2X .F7. 2.2 A .F 7. 2) ' ) FinST.LAS1.bOH. EVE
O ib'6/ C-------------~= -== ==-- - - -- ---- ==- = = - - - - - - - - - - - - - - - - -

0120 C--CALCUL AIL THE COstPION EbbE
- - - - - -- -- =----------- ---=- ---0129 L--------------------=
PEAK (1)/(1.+(2.4PthK(17/511.ss0130 PLAK(3)=PLAK(1)-

0131 PEAK (4)=(PEAK (3)-AO)/Ai
0132 WHITE (1.'(" PEAK ENERGYSPLAK CHANNEL *LDGE EHLNG(* EDGE CHAdHEL")')
0133 WR A'IL( 1. * ( 4( 6:7. 3.5X) ) ' ) PEAK

khh bl~-SU5557di LOMP10H BACKGROUr4D ~~
~~~~~~~~~~~~~~~~~ ~~~~~~

0136 L----=------- =------- =- --------------==- - --------------------

013'/ 185 LO 186 1k=1.0200
01461 00tWi(1K)=0.
0149 106 LOHl1NUE
0140 INEXial>IX(PLAK(4))
0141 P-PEAK (1)

100gggg gg(kN.Gl.0)GOTO
0144 WN1tL(i.8("CH00f.E COMP 10N CORRECTION COEFFICilNI(DEF=1.)")')
0145 HLAD(1.4) CLOkFF
0146 IF (CCOL F F LE.0. 001) CCOEF 6 =1. 0
0147 100 A=5UN 6 (EF l / Ek ti-1. s / PEha t e s s .u64CluEF F
0140 WW11Lti.*("AVEWAGE He".F7.1)') H
014Y NimidLAl/4.
b$Y L$rY1 h 5T) l's
0152 DAIAtII)=DA1At11)-(Curwl(11))
0153 11LDATA(11).LI.0) b464411)=0

Q})ab
1VO C0t4 T iteut.4

va H2 *ll/ 2.
0156 t42= 4. 41tJE X i / 3.
015/ ut. Ort =(H2-0 s / t INEX X -Nd)
Gibu WHiIL(1.*t"IIWhl blOPt *i7.3)') SLOPL

B.10
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PROGRAMHILO(continued)
:

0159 #41=1NE A f +1
0160 DO 191 l'N1.N2
liet LutlP T 11
0162 IF (C0 P I()=li s .L IH2+(SLOPE 4(II-N1))

DAla(11)=DAIA(II)-)(LOHel(11))LOHP1(11)=0
0

0163
0164 it(DAIA(11).LT.9) DAlkt11)=0
0165 191 CON ilt400
It'5 n%'s.'"hil' '~'
0168 SLOPL=(H3-H)/(1-N2)
016V WNIIE(i * ( "SECOND SLOP E " .F 7. 3 ) ' ) SLUPE0170' DU 1Y2 I1=3.N20171 COhPT(11)=N36(SLOPE 411)

: 0172 tr(CDHPT(11s.Lt.0) 00nPT(11)=tl0 3 DA T A( I I )= DA T Aill )-( LUtlP I ( 11 ) )0 3 It(DAIA(11s.LI.0) DAIA(11)=0 .|0 5 192 CONI 1NUE
9176 C--==- = - - - - - - - - - - - = - - - - - -

ggy/p c----------T SE ANb bL PEAKb
- ----- - - - - = -------0177 L---SUH1HAC

-- _ . - ------------ -- ------ .. - --- --------
51 v IF(E.LT.i.022) CO 10 iV10
0100 IF(KG.GT.9) GO 10 19090181 ku=1
gggj gR{{E{1g'("511 DLTECTION PROBABILITr FACTONI ")')

,
,

0184 1909 R=PP/(PE+C0+PP)*i.3
0105

bb$h0h*KE SE=2. 4 ( 1. -PS 11 )gP b114 RI kN i.Lkkk
0100 IS*1FIX(511./A1)

. 0107 ID=1FIXt1022./A1)L 0120 IFE=K-IS
l Divi luE=K-ID
; 0192 DAIA(ISE)=DAIA(ISE)-DATA (K)*ESE
i 0193 DATA (AbE)tbAlA(IDE)-DAIA(K)4Lbd91Y4 1907 CONTINUEi-

| U195 8H i l t ( 1. ' ( 2110 . 36 20. 5 ) ' ) 1bl .1 DE .ESL . LDE . AVE
| 01Yo 1910 uu 901 k=F INbl .LAST

0197 DAlath)= AVE /kFM
isiYU 901 LuullNUE
uiVY N a te + 1

| H200 It(N.LT.NbK) Gul0 000
! 0'!01 L----- - =---------------------------------------

Oh02 -------------------------C--ZERO UUT FIRS
0--------------- T LH ANNEL S--NU T A F ULL BLut.K AND heimL tin d o0203 ------------------------------------------------------------0204 bu 777 Kk=1.FINSI-1-

020S DA1A(kK)=0
0206 777 LONIJNUE! 0207 193 DO 1/4 JK=1.1
0209 ILHAN(JK)=1FIX(ICHAN(JK)*A1+AO)

'

0209 194 Lul411NUE,

| gg1() ggl{t(1){("S{0HING".15."DATACHANNELS")') 1

0212 WR11E(01.4) ILHAN(JK). DATA (JK) 10213 195 LON'I ANUE
!

hh 200 hRfktf!*("RFADERROR "14" ON FILL "6A2" OPEN - ")') 105.NAME0216 300 LLOSE(01)
0217 WHITL(1.8(T25;"PHOGRAN IS 6INISHED")')gjpj gN 16(1,'(42) )sONLOLk
0220 END

|
!

l

|
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SUBROUTINE LEAD |

T3 T=00004 IS OH CR00026 USING 00006 BLKS H-6000
Otti SU9 ROUTINE LEAD (E C)

C---SUHNOUllNE TO SuhTRACT LEAD COLLINATOR SCATTERq00 2
ut03 f.odMON LOL(21uo)

' 904 - DIMENSIDH MU(12) .ENU(12) .R ANGE(40 )
505 - -REEL MU.HULO -

12. 006. 069. 06. 051 0 043. 047/.$60. 700..h00. 1200..1466.45. 042,$00. 5500..DATA MU/5.p6 95. 46b7'2- 006
.1/ S O . . <.bAIA EnUe120007

9000 X 6500. 10000./
1999 DATA kANGE/1.9.2.1.1.5.1.6.1.6.1.6.1.5.i.0.2.2.2.2.2.2.2.4.2.3.|
- 010 X 2.% 2.4.2 J 2.1 3 0.2.1.1.9.2.0.1.B.1.0.1.'/.1.7.1.6.1.6.1.4.1.4.2'

X 1.o i.25.l.25.1. 1.3.1.3.1.25.1.25.1.3.1.3.1.3/011
0012 0------------------------------=- ------------------- ------~~

0013 0-- Al.CULATE NL.T TR ANSHISSION THRU COLLINATOR - 31.0G/CH402
0014 G-- ATA 16 NORMAL 1ZLb TO L0-60

- ---0015 0----------------- - - - - - - - -- - =---- ----

t 0016- HUCOs0.06
I 0017 T-31.0

0019 1BF*36
0019 DO 10 1=1.10
0020 IF(E.LI.Ehutl') GO 10'20s
0021 il C HTINUE
0024 'd0 N 1-nU(1)-HULO
902a A =EAP(-NET 41)
0024 DO 40 !=1,2100

| 8025 EL=l/04E

hhhh IthfIfkI)
!!s" !selii!A "!RESGl?,35i.>

khd! 35 bbtfY)AB40.3
0032 40 00H11NUE
003.5 RETURN

| 0034 EHis
!

i
i

|

|

!

|
!

I

l

i

!

!
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PROGRAM CX

*
Ti T=00004 IS ON CR00026 USING 00024 BLKS R=0000
9001 F1H4X.L
0002 SFILLS(2.2)
0003 4EMA(LARGE.0)
8804 PROGNAM CX().
0005 C----------------- C ALCUL AT ES EF FECT IVE CX V ALUEb F OW THE ILku SPHENE

-----=-----=- -------------- ------------------ -----
kShh b~~ blhHbIUf[Dkhkf!-bukk NIkkNIhb YOhN If!$Nh k(hu EHkRkhbRA UA P ALLEL0000 C-----BE AM . A POIN T SOURCE AND AN ISOTROPIC FIELD,NAT R AD PROT BOARD.NRPB 92.0009 C--- -HARWEL

C--- -------L, ENGLAND.0010 -- -------- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -0011 INTEGER NAME(6).ITITLE(36).CSCRN(2).LCRSR. LOCK.UNLUCK0012 INTEGER ICHAN(8200)
6013 DINENSION F(5).CKEV(5 2 .E(31) FL(31) CX(31.8).C(8).CT(0)COMMON /LARGE/ DATA (8206)).ICHAN,00NPI(2100)0014
0015 DATA CSCRN/iS5508.15512B/0016 DATA LCRSR/15507B/
0017 DA1 A LOCK /iSS54B/
0018 DATA UNLOCK /15555B/0019 DATA E/15. 20. 30. 40. 50. 60. 70. 80. 90. 100. 110. 120. 130..0020 X140. 150. 200. 300. 400. 500. 600. 1000. 1500. 2000. 3000..90 1

X4000.EL/29654.612hi.2125000. 6000. 7000. 8000.Y9. 304
9000. 10000./

QQ ? DATA
X187. 169. 151. 134.. .1.66|25.44.4.3$*303. 277. 250. 226..D'06..uu % 4.29.S.18.7.13./.11.0024 X8.38.6.92.5.92.5.19.4.69.4.19.3.04.3.49/ .

4025 DATA 0X/.0X1.33.1.32 1 2. 82 1.18.i.40 1.44.1.J7.1.45.1.43.1.41.1.38.1.36.
X . 91. 9. 84 .

3, i . 2h . i .11.1. 05.1. 0 4.1. . i . . . V V . 99. 97. . YS . 92. 91,0026
0027 .87.4028 X.28. 58.1.00.1.28,1.46.1.47.1.45.1.43.1.41.1.39.1.37,
8029 X1.35.1.33.1.32.1.30.1.22.1.12.1.08.1.06.1.03.1.02.1.00.1.00. 98.
003f N'6h.'.'h'ih7*f$fi .' 1 41 1.45.1.43.1.41.1.39.1.3*/.

'

0032 Xi.35.1.$3.1.32.1.30.1.22.1.12.1.08.1.06.1.03.1.02.1.00.0.99. 93.
.

0033 X.08. 83. 84..H5. 84. 03. 82
XI.36.1.34.1.32.1.3.1.22.l.2}i.5.1.48,1.45.1.43.1.4.0034 X 90. 94 1.11.1.34 1.50.1 51935 id.i.08.1.06.1.03.1.00.0.95.0.85.0.81.0036 X.80. 79. 70. 78. 77. 76. 76.0037 X.0.

2 E2.1.it.i.06.1.04.1..i.. 99. 99. 97. 95..Y2. 9182.1.10.1.4.1.44.1.47.1.45.1.43.1.41.1.38.1.36.1.33.1.32.003H
Xi .3.1 5X.75. 6 . 91. 85.0039

0040 X.28. 58.1..i 28,1.46.1.47.1.45.1.43.1.41.1.39.1.37.1.35.1.33.0041 X 1. 3d .1. 3.1. 22.1.12.1. 0 H i . 0 6.1. 03.1. 02.1. . i . . 97. 91. . H4. . / 5004
004I' X.63. 5X.67. 7Y.37. 25..i.67.1.29 1.46.1.47.1.45.1.43.1.41.1.39 1.37.1.3% 1.33.0044 X1. 32.1. 3.1. 22.1. iE .1. 08.1. 06.1. 0 3. 95. 65. 41. 36. 32. . /H . 2% .0045 X.21. 17. 13. 1.

h X. '. 6 *hh 4/. 54k'.30k *.bh$lh|ki$5'khihik'.) Ik *!$.04!!0b'!09k'.u)
* *

.
.00411 X. 0%/

0049 C-----------------------------------------------------------------------0050 C--GET IH
0051 0--------E DAT A FI LE NAME AND LH

----------------------------- --------------------------------0052 WRITE (1.*(2A2./ T25." SPECTRUM ANAL'fSIS PRHGWAN*./)*) L9.H N0053 WRIIE(1.*(A2)') LOCK
k kb( 3(kAb$ NAkk '

0056 CPEN(80
4057 C------------.Fil.E=NAME.IUSTAT=105. ERR =200)------------------------- --------------------------------0058 C--READ THE TITLE OF THE FILE0059 C--- - ---------------------------------------------------------------0060

READ (80[8(2A2.36A2./)')
*(36A2)') ITITLF

0061 WRITE (1 CSCRN.IIIllF0062 WR 1 TE (1. 8 ( "1S IHIS IHE FILE YOU WANT)7 ")**0063 RFAD(1.8(A2)') IANS *

0064 IF (1 ANS.NE.2HNO) GOIO itu
m2 Ehin'itS'
0067 C--------------------------------------------------------'-------------006H C--READ IHE DATA FWHH TH
0069 C---------------------EFILF-----------------------------------------------0070 110 WRLI (1 '("GElllHG DATA TRON FILE: "hA2)8) 4wW$071 DO i0 f=t.H%00
1972 RF AIM 80.4 F ND4130 ) ICHAN(I).DAIA(1)1973 WRIIF(1.'(I4.5X.F7.0.A2." ")*) ICHAN(1).DotA(I).LCRSP0074 120 CONIINUE
0075 130 I=l-t
1976 WR11E 1.'(15." DATA I TF M4 READ"I') I8077 LLO
007H C--------

M(80)
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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PROGRAMCX(continued)-

0079 C--CALCULATE EX VALUES
I 80 .C--------- - - - - == ----------= =- ------ - -- - --------

e H =0.*
0004 DO 30 J=3.204R
9005 LN= ICHAN( J ) .

Oh h(b.kT8k))GOTO24
00HB 10 CONilNUE
000V 20 IGet

kl= I GI EE / ( b)-E(IG-11)
0092 F=-(F L(IG)-F L(IG-1))*El + FL(IG)
0094 DO 25 k=1.0

k'">L%ik19557-icx''c"'-c*''c-i""'''.1%?h
25

00Yh RT=RT+R
0097 DO 29 N =1.0

Of Nd

C $KI R1 -32 K,

XU . li . * (/" MAXIMUM VALUE.5: h0M6W AND f NC i6LUh.kIkkkhbtA$Dk H
WR11E 2.5CM = " .F 5. 2./ .16x . " DEEP = ".0404

010S XFS.R /.16X. " ts.2 /.16X."5 HALL = ".rS.2.//"LEHlWAL VALUEb
1189 - ilst.4%"AtL v"0.4CM =t .f t'ait? C 's" " * * ' ''* * 3c" " 's 2 ' -

.
"" * -

1044-H R*CH442"I')RTgigg gljF( g'(/" TOTAL EXPOSURE = ".L10.4."

litt ~ sit ttLittna;(" READ ERROR "I4" ON FILE "6A2" OPEN = " > ' ) 10h.NAME
0112 WR11E(1.*(/.T25." PROGRAM IS FINISHED *)')
0113 WHIIC(1,8(A2)') UNLOCK

kh f4
0116

.

B.14
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PROGRAM POLY

T2 T=00004 IS ON CR00026'USING 00042 BLKS R-0000
00.'1 FTN4 L-

khk P 6GWAM POLY ( ). PHANTOM DATA ANAliGISz

O t .i 4 C

f P5 . C
THIS PROGN AM ANALYSES DATA F NOM 1HE. PL EXIGLA5h itD PHANIO84.

%.C' ILD DAIA 18 t NitkED Al ukt. W11H Init e:
ALibHAl)L Rd COWktCilONON HND NALnGHOUNDt- Oi/~G ' If IHE GEONEIN Y 15 A POINI SOURCE Ae4 INVERd

0089 C. 16 mPPLALD. IHE PROGWan 4 HEN File LAlbil:4h 8,ALADNAllOH's FUN
000Y- C- THF PHANTOM 10 1HE DAIA. TO DETENNINE THE NLLAl1VE LONIWit<UllONS-

Or lHL COMPONENIS.ggge {
4012 'C NOTE: AN OP TION ALLOWS OMISSION OF ANT TWO COhPONENIS.
0813 C

' ! ik -~ kAb f(t k k 3 |kI1t i *I lLE . It',NI . GEOM .t4HHE( J ) .HH5.ndDt .bL A4. . I IF t. . I NUNbis (5) .CXD(5) .C(ii .11) . A(6.7) .F k AC(5) .DISI
0016 INILLEN EN(6.3) . II
0047 INifGLW SCAli
b418 DA T A D/ 0. 0 . 0.48. 0.95.1. 43. i .91. 3. 02.S . 08.7.14. 0. 4H . i . 91.7.14/
00tY - C
0020 C ENith DATA-
0021 WH11E ti 10)g

tt$i ''
LW""t ' ( 1. 4 5 6 "' " S ~'" * 2 "*SS ''' ""a"' "" ** ' a ""a' ' * ' "" "' '

0024 MODL=d' ~ IDEFAULT VALUE
' D d5 500 F ot:MAI ( T7."PHAN TOM DA1 A ON MODIF IED THI DOh1METLk ?" ./.

17." //(dNit R 2 FOR PHANIDM. 1 e uN nODl F ls .9IN1) ")O d6 +
0 27 RFAb (1.'(11)') MODE
002H It4UM=0

2'g [F (MODE .EQ g) NgT,g(1570)0
g

BbIH 11 -700 AN k[D kNd thfEN 2)0 1 + t)W 7 *)
003/ NE Ab (1.4) ~IYPE

a IF (TYPE.EQ.2) INUMalNUM&J lii NFADINGS 16 CoF Mn INLLUDkD
go.j$ .00d MODE = MODE +2 INUMBER OF ENikilh PFM LINh
00Jh WN10E (1.11)

' 0037 11 FORMAI (// 17."15 DATA IN A FILE 7 ")00J9 NtHb (1 12I ANS
00dv 12 FONNAf [A1)
0040 IF t otes . NL .1 H t ) GO 10 19
0041 C

k$4$ bM$E 1 ib
0044 13 FuknAt (///T7.*t NTER 6 CllAW ACTEN F ll h NAML ")
0045 Wthb (1.14)-(NAML(1).let.J)

h I Sh LL=NAME)4

0C40 R E AD ( HY .12 ) ANS I!GNONE F ill HEADING
004Y 18 0 16 Jai.lNUM
gggy {[gb(H{,6s(l(J.K).K=1. MODE)
0052 CLD!it (h9)
0053 L.O 10 J8
ft24 E DAiA knoM ieNMiNAL
0956 19 WNilE 41,20)
ggp7 20 FORMAI (/// gly."LNIEN ObSF WVED TL D kkHDgNGb (FOUR g i ON E nt.H " ,

DO27hiINNN' ' " " '''

DOS
0060 WRllE (i.d57 J
00hi 2's F OR Me l (i?."POh!IlON ".11.": ")
Oggj 27 RtAb (1.4) t f ( J .K ) .h = 1. HObE )

.0064 t, AVE N Ahl VALuth FOR EACH PO51:lON
0065 2H Du 40 J=1.It40M

/ *

, u eMODE ,.
=

80sn Do att x=i.nnD
80 bun 6bbN+1tJ h8
lliY 30 Po,M W,t*> ^ " 8 > '"' c"'" ' " " " " " - 't"" * "'st
0072 IF (LtJ1.tQ.0.) LNI=LNi+1.0 f(40 b1VihlOtJ is t ItNO)
0073 M (J sebHM/Ltel
1130 *' hW'lli"'!! .st ,
0076 SG 60Rnni

( / / . i? . ".I N T EN
ILD BnlEGNOllND NL(700.4 pnp *) 1

0077 N t. AD ti.08 liKG EiKG4 i

007H bAmeEb |
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I PROGRAM POLY (continued)
!

I

|1079 WHITE (i . * (//// .T7. "BACKGNOUND SURIN ACIED UAL UES" .// ) ' )
DO 60 J=1.lNUh ISUUlkhbl liHLM bH OUN D

=

|000h N(JsE () l0 K
00H3 It (N(J).LI.0.9) R(J)=0.
00H4 WRllE (i.*) NtJ)
0005 60 LONTINUE

i 0006 C
' 0007 L CONNECT FOR SOURCE GEdMLINT
| 0000 C

000Y WNITE (1.62)

/k 'f'.k'.*S hUbuhhk$kfbN bRN ! ids".+ / JN

00V2 + /.19."2. 1/k LONNECTION (LINE SOUNCF'".s

0093 + / . I '/ "J . 1/H442 00RRELs10N trO1HI b0UNLE)".
hha h k hb t i . 64') EEbN

*
j
' 0096 64 FUWhAI(11)
! 0097 IF(Lt0N.LO.0)Gl0H=1 IDEFAULT
i 0098 1F (LE0n.LQ.is GO 10 6h
i 00Y9 WRilk (1.66)

0100 66 &ORMAI (//.T7." ENTER D15IANCE FROH SOURCE TO PHHNTON (LN) "7
0101 Rteh (1,*) bibi-

gg0g {g I (4t QRR (R .Dibi .GE0H . INUN)
'

0104 L
910S L HONNAlllL TO G .5 CH AND DlbPLAY TLD REbullS

J = l '. (T NUN
(1 ////)')U10 WNatt

010) DU 'it
i 010H X=HtJs/H(27
' 010V Whilt (1.47 D(J).R(J).X

0110 72 Luf4I ANUE
0111 C
6112 L R1AP CallbHATION VALULL FNOH FILE
0113 C
0114 L OPTION TO IpNONE A CALIBRATION
0115 WNilt (1.10/0s
0116 1970 F0knHf (//,T7."FNTER CALIBHATIONS 10 BE SKIPPED (/E F OR t40NE) *)
0117 HEAD (1.*(2A2's') SCAL.hCAli
0110 (.
611V IF (h0DE.EQ.3) IHEN
0120 OPEN ( 12.t lLE=' IC ALI b ' >
0121 E lt.L

(12. FILE ='PCAL')ggg} {{E
0124 Rt AD (12.70) IliTLE WILE HLADING
0125 70 F UNnAl (Ata

kbh feb h0 lat 4
0120 RLAls ( 12,0 0 .F NDaiO O p (EN(1.L).L=1.3) tRtAD CALIBRATION SOUNCE
0129 80 F UN H4 T (342s

Ab 12 A s * * ' ' *
bL li.HINL DA K Fi

0132 Rf Als (12.4) tbh!P(J). Jet.THUN)
0133 fLbt
0134 ILNislLNf+1
0135 N6 HD (12.*s CXS(I).CXD(1) e5HnLLOW AND DLLP CX
0134 heals (12.4) t G( ICN I .J ) . Jai . I NDH ) tiLD RLHulH63 FOR 1R UR 1 RAD
0157 DO DO L31.3
0130 H8 LNLILNT.LsatN(1.L)
013Y END16
0140 90 LOl4Ill4411:

100 LONIANUE- gi4g -

01 3 b DLitkNINE CR05b PRODUCIS
'

! 1644 t. AND bE T UP MAINIX FOR blHUL TANE005 h00AT 10N sol ui10N
0145 C b e f.AUSS14r4 Lt.lMlHAlluti,

f IHE INPUT NATHlX HAS DINI.NSIONS ICt4f Bf ILNI +1. WHEHF
0140 0 1C:41 1S IllC HUMBF.R Of t.All BR A110Ha
014Y t.

bt !C Ni.!NbiklX 10 ILR0
01SP DO 120 lat.ICHI
01 %l bu 110 J s t ,H
01%4 110 A(I)Js=0.0,

i 01 % 3 40 CD:4 itsOL
OF6 L CAI Lun AIL LROGb PRODUGTSI0l 47 LO s80 is1.ILHI t I* ROW Nuhl>LR
01S0 DO 160 J + i . I Lea ( a f -LhLUttN NUseHL k
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PROGRAM POLY (continued)

0159 LO 140 L=1,1NUri I L=bEPTH (POG1110t4 Ali PHAN10tti
0160 A(1.J)= A(I.J) + C(I.L).G(J.L)
0161 140 00NilHUE

th 14 k6 4

0164 C
0 65 DO 200 !=1.ICHT ILAST Col.Uhr4 0F HAtWIX
0 66 b0 190 L=1.~1 HUN
0 67 190 A(1.Hsantl.N)+H(L).C(I.L)
0160 200 LonelltJUE
Og69 C

b1/$ bbdb5L=I.$(k4Ib
0172 WRITL ti. A(L.LL).LL=i.N)
C173 205 COf4|lNUE
gggg CLOGL (12)
0176 C SOLVE FOR COLFFICIENTS
0177 CALL NAIR A(ICHT. As ! ANSWERS ARE NOW IN LAST COI.UitN OF A0178 C
017Y C DIfiPLAY RESULTS
0100 WR11E (1 '(///)')
H10 DO 230 LE1 ICHI

L I)'40 )
11 0 230 WRITE (i (LN(L.J).J=1.3).A(L.N)
lia 240 FUHhAT . 342. 2x .F 6.3./ )
0184 LND
0105 C

SUDNGUTINE GCONW(R. DIS 1.GEON.TNUM)
010H REAL RL117.DLhi.D(11)
018Y INitGLk GLOh.EAP

. 0 '. 4 8 . 6 . H UN
T

gg?g {ggA 0. 95.1.43.1.91.3.02.5.08.7.14.0.40.1.91.7.14/
SiY2 DO to I=1.THun
0193 R(11aR(I)s(((DIST+D(I))/(DIST))..LXP)OiY4 10 LONIINUE
0175 15 (THUN.EO.8) WRITE (1.20) (R(I).I=1.8)0196 IF ( Tr4UM .EO .1 L ) WR11E (1.25)

}'5 F0HNA1O FORMai (//.T7."CORRECikD RtADINGS:(R(1s.I'./.19 8(F5.0
i.11)0 Y7 " .ix))t//.17."LONRELitD HEAb1Nb5: "./.tv..11tF5.0.1X))0 YO

0 99 REIUwN
0200 Et4D
0'01 C
OIOP C
0203 SUBROUTINE MATHX(M.A)
0204 REAL A(6.7)
0205 H
ggg9 g......IN..IL.G.1.R..H.4........................................................
0200 C GODDARD C0NPUTER SCIENCE INSi I TUTE *02Oy C

( b)s SUBROUTINE NAME. S!HULIAHLOUS EQUATIOl4 SOLVEN
40410 C0211 C ( LALLlHG HAtiE. SthEu 40212 G (3) STATUS / CHANGE LEVEL. PGN . = GLSL O 13. PCH . = 00-10-650213 C (4) PROGRAHhtb BY. GR E I LHhed PHILLIPS 6gg{g g (5) ADAPTLD TO HP FORNAT RULAND JAHN 02-70 g

021e L SUPPOR TED IN PAR T Bf GRANT NO. FR00197 Bf THE .0217 C 6PELIA

%$1B t.................L RESE ARCH RESOURCES LHnNCH. #4166 USPHS. .

.....................................................!.0220 L .

0721 C T,UPPORitD IN PARI H GRANT h%. FR00197 ne lHL .gggg { SPLCI AL WLSEARCH RL60URCES BWHNCH. NIH-H5PHS.L.......................................................................g0224
0225 L IHblROL110HS tuH UbEt
$2@6 L 1has orouron will hondie a nomanun of 22 unuotions. Th* number02<7 C of coef f icien ts per equot aon must he aquoi to the ( n unn e r of
0220 L enuntaans & 1): 1.e. on quonented matrix. ihe annut dnto netv be0229 L enter ed an nny form subarct to the orderano e estr ac t anu t the
0230 L f or n<it beina m;ecified by the uner in his/her prooron the0231 L orderano restt action as that the anput c ue t t a t s eri t s vi the 6th
0232 C equntion must (as be placed in outendano sequence. Ati.Js.....0233 L Atl.J).... and (b) the coefficients for the se*isth equotaan ;gggg { nust began on o new line.

1

0236 G The orrnv A contains the anuut coet'facaents nnd is poswed an
i0237 L LbnnON. lhe number of equotaons nat) 15 poswed to the subs out ant
10230 C hv the toil statement- LAI.L SSIht(Ms (N ( o r * 2.' s . ihe re*ustant '
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PROGRAMPOLY(continued)

0239 C wr:Aues are found in the sn+1)th elen=nts of tiie arresv et i.e..~

-.--.5! =b.5.bb1 1.5 5. 1 Ibll 1 b--- -- -- II b *-' *

, $ 42 L
t 43 N=H+1
0 44 11=1
0245 it 13=11

#d9 B8?ot!?!?A'*'i')
0249 IF(SUH-ABS (A(1.11)))20.30.30
0249 20 13=1

- $k 30kNNi$bhk *

IF(13-11)40.60.40-0252
. 40 bo 50Ja1.N -0253

hk$$ $$~.hhbklik.J)
02s6 50 A(13.J )= SUM
O257 60 13=11+1
0250 D0701=13.M
02%9 70 A(1.11)=ALI.11)/A(11.11)
0260 80 J2=11-1
0261 13=11+1

hhIn$ 90fsOkuhJ $N '

100 A(11.Ja=4(211.J)-A(It.I)*A(I.J)D01001=1 J -0264
0265
gjge; j{(|1-M)110.130.iiO
0260 11=11+1

g0120=11MOggv
120AYfIfi$bA)tf.11)-A(1.J)sA(J.I1)37

- 0272 IF(11-H)10.80.10

hhh'4 h0bH .}"
'

0275 13dJ2+1
0276 A(13.N)=A(13.N)/A(13.13)
0277 IF(J2)140.160.140

140 D0150 Jai J2
0b270O 79 15 0 A( J .N) = AIJ .14)- A(13.N) 4 A(J .13 )
0200 160 NETUkN
0201 END
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