Bﬁhgel gegda - ERID-091432 REMOT;E

- MARCH 19¢8

| - , SENSING
© DOE/NV/11718-107 . LABORATORY
- UC-702 ) OPERATED BY BECHTEL NEVADA

FOR THE U.S. DEPARTMENT OF ENERGY

AN AERIAL RADIOLOGICAL SURVEY OF THE
LOS ALAMOS NATIONAL LABORATORY
AND SURROUNDING AREA

N\

LOS ALAMOS, NEW MEXICO

DATE OF SURVEY: APRIL - MAY 1994



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
government. Neither the United States government nor an agency thereof, or any of their employees,
makes a warranty, express or implied, of assumes legal liability or responsibility for the accuracy,
completeness, or usefulness of any disclosed information, apparatus, product, or process, or
represents that its use would not infringe privately owned rights. Reference herein to a specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does
not necessarily constitute or imply an endorsement, recommendation, or favoring by the United States
government or an agency thereof. The views and opinions of the authors expressed herein do not
necessarily state or reflect those of the United States government or an agency thereof.

This report has been reproduced directly from the
best available copy.

This report is available to DOE and DOE contractors
from the Office of Scientific and Technical
Information, P.O. Box 62, Oak Ridge, TN 37831. Call
(423) 576-840]1 to obtain prices.

This report is available to the public from the National
Technical Information Service, U.S. Department of
Commerce, 5285 Port Royal, Springfield, VA 22161.
Call (703) 487=4856 for information.

GoS - & oto

bR . i KRR o .k

i omsnaialMR_:




DOE/NV/11718-107
Bechtel Nevada MARCH 1998

AN AERIAL RADIOLOGICAL SURVEY OF THE
LOSALAMOS NATIONAL LABORATORY
AND SURROUNDING AREA

LOS ALAMOS, NEW MEXICO

DATE OF SURVEY: APRIL - MAY 1994

- L. V. Singman
Project Scientist

REVIEWED BY

e Lo 2 F L
"H. WZClark, Jr., Manage¥”
Radiation Sciences Section

This Document is UNCLASSIFIED

Ll (Yt

D. Wrig
Authorized Derivati lassifier

This work was performed for the U.S. Department of Energy by EG&G Energy Measurements, Inc., under
Contract Number DE-AC08-93NV 11265 and Bechtel Nevada under Contract Number DE-AC08-96NV11718.




-

ABSTRACT

Ateam from the Remote Sensing Laboratory conducted an aerial radiological survey of the Los Alamos National
Laboratory, Los Alamos, New Mexico, during April 20 to May 4, 1994. The survey team measured the terrestrial
gamma radiation at the site to determine the levels of natural and man-made radiation. This survey included the

areas covered by a previous survey conducted in 1982.

The results of the aerial survey showed a background exposure rate that varied from 7 to 17 microroentgens per
hour (uR/h) plus an approximate 7.5-pR/h contribution from cosmic rays. The major radioactive isotopes found
in this survey were potassium-40, thallium-208, bismuth-212, bismuth-214, and actinium-228, which are all natu-
rally occurring isotopes, and sodium-24, manganese-54, cobalt-58, cobalt-60, cesium-134, cesium-137, excess
thallium-208, protactinium-234m, and americium-241, which are due to human actions in the survey area. In
regions away from man-made activity, the exposure rates inferred from gamma-ray measurements from this sur-
vey agree closely with the exposure rates inferred from the 1982 survey.
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1.0 INTRODUCTION

The Atomic Energy Commission, a predecessor of
the U.S. Department of Energy (DOE), began a pro-
gram in 1958 to map the terrestrial gamma radiation
in and around facilities that produce, use, or store
radioactive materials. The Aerial Measuring System
(AMS) evolved from this program.

The AMS is an aerial surveillance system used in
detecting nuclear radiation. The AMS is used to
ensure public safety from man-made nuclear radi-
ation by monitoring potential sources of radiation such
as nuclear power plants, plants where nuclear materi-
als are manufactured, and sites of former nuclear
detonations. The AMS is maintained by the DOE and
has been operated by Bechtel Nevada since Janu-
ary 1,1996, under contract to the DOE. During this
survey, the AMS was operated by EG&G Energy
Measurements, Inc. (EG&G/EM). The AMS is oper-
ated from two sites, the Remote Sensing Laboratory
(RSL) located at Nellis Air Force Base in Las Vegas,
Nevada, and the Washington Aerial Measurements
Operations located at Andrews Air Force Base near
Washington, D.C. Bechtel Nevada routinely conducts
aerial surveys for the DOE, U.S. Nuclear Regulatory
Commission, and other government agencies.

During April 20 to May 4, 1994, a team from the RSL
conducted an aerial radiological survey of the Los Ala-
mos National Laboratory (LANL). The DOE requested
this follow-up survey to assess the impact of the past
12 years of operation.

Although the laboratory has been the subject of
numerous radiological studies by both LANL1-4 and
EG&G/EM,58 a comprehensive, detailed radiation

map of the entire area has never been published. The ’

object of this survey was to systematically map both
the natural and man-made gamma radiation of the
entire laboratory area.

The most recent aerial radiation survey prior to 1994
was conducted with a helicopter in September 1982.
That survey resulted in two reports, 5 together cover-
ing about 20 percent of the laboratory area. One
report covered Technical Area 15 (TA-15); the other

report covered TA-2, TA-21, and TA-53. An RSL aerial

survey was also conducted in 1975 with a helicopter,’
but a report was not published.

An earlier radiological survey® conducted in
1861-1962 was also performed at the LANL area. An
airplane (rather than a helicopter) was flown at 152 m
(500 ft) above the ground, with nominal 1.6-km (1-mi)
line spacing to cover an area approximately 160 km

(100 mi) wide by 250 km (160 mi) long. The equip-
ment on board the airplane recorded only the number
of gamma-ray counts each second and did not mea-
sure the energy of the gamma rays. The exposure
rates inferred from the count rates of that measure-
ment are two to three times higher than those of the
present measurement. The 1961-1962 survey will
not be included in later discussions due to the sparse
sampling of the area during that survey {only nine
flight lines intersected the survey area that was cov-
ered with 152 lines in the current survey) and the
uncertainty in the conversion from count rate to expo-
sure rate.

2.0 SURVEY SITE DESCRIPTION

The first atomic bomb was built at LANL during World
War Il. The laboratory now supports a wide variety of
research activities in addition to the original nuclear
weapons research. The activities are conducted in
technical areas that are scattered throughout a
111-sg-km (43-sq-mi) federal reservation.

LANL is located in Los Alamos County in north centrai
New Mexico about 40 km (25 mi) northwest of Santa
Fe. The Los Alamos National Laboratory Reservation
is situated on the Pajarito Plateau between the Jemez
Mountains in the northwest and the Rio Grande Valley
in the southeast. The plateau consists of a series of
finger-like mesas separated by deep east-west-
oriented canyons in the northern part and north-
west—-southeast-oriented canyons. in the southern
part. The canyons are 46—91 m (150-300 ft) deep
and 91-183 m (300600 ) wide. The mesas range
in elevation from about 2,400 m (7,800 ft) to about
1,800 m (6,200 ft). The vegetation consists mainly of
coniferous forests and pinon-juniper bush lands that
support a typical variety of western mountain wildlife,
Laboratory land is used for building sites, test areas,
and waste disposal and provides isolation for security
and safety.

The very rugged terrain of the LANL area is shown in

‘Figure 1. Also shown are the boundary of the aerial

survey, which approximates the laboratory boundary,
and the locations of man-made isotopes as indicated
by the aerial gamma survey. Note that the RSL
photograph has not been orthogonalized, so survey
positions on the map may contain errors up to 91 m
(300 ft).

The survey covered about 85 percent of the Los Ala-
mos National Laboratory Reservation. Part of Pueblo
Canyon, including the town of Los Alamos in the north
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of the reservation, and a small area in the southern tip
of the canyon were not covered to avoid disturbing
nesting peregrine falcons, which are protected by the
Endangered Species Act.

3.0 NATURAL BACKGROUND RADIATION

Throughout this report, radiation levels (exposure
rates) are given in units of microroentgens per hour
(uR/h). These values are defined in terms of the radi-
ation effect on a specific quantity of air. Dose repre-
sents the amount of energy deposited in any material
by the radiation. A common quantity used in radiation
studies is the dose equivalent, which takes into
account the biological effect of the abosrbed dose on
the human body. The dose equivalent is expressed in
units of rem, and for gamma rays, one uR/h of expo-
sure rate is approximately equal to 8.37 mrem/yr.

Natural background radiation originates from several
different sources. Natural terrestrial isotopes, air-
borne radon gas and its daughters, and cosmic rays

-are the three sources generally considered to com-

prise the natural background radiation field. Two other
contributors to the full gamma-ray spectrum are man-
made terrestrial isotopes and the equipment.

Long-lived radionuclides present in the earth’s crust
are usually the largest source of background radi-
ation. Naturally occurring isotopes found in the soil
and bedrock consist mainly of radionuclides from the
uranium and thorium decay chains and radioactive
potassium. The most prominent natural isotopes usu-
ally seen in aerial spectra are potassium-40 (4°K),
0.12 percent of natural potassium; thallium-208
(208T1) and actinium-208 (298Ac), daughters in the tho-
rium-232 (232Th) chain; and bismuth-214 (214Bi), a
daughter in the uranium-238 (238U) chain. Although it
is considered a man-made radionuclide, a measur-
able amount of cesium-137 (137Cs) is found through-
out the world as a result of the atmospheric testing of
nuclear weapons. These naturally occurring isotopes
typically contribute 1-15 uR/h to the background radi-
ation field.®

Radon (a noble gas) is a member of both the uranium
and thorium decay chains. Afteritis created in the soil
from its parent isotope, radon can diffuse through the
soil and become airborne. The highly mobile
radon-222 (222Rn) of the uranium chain has a half-life
of 3.8 days and yields a highly variable fraction to the
gamma spectrum. The contribution of radon and its

"daughters to the background radiation field depends

on several factors including the concentration of ura-
nium and thorium isotopes in the soil, the permeability
of the soil, and the meteorological conditions at the
time of measurement. Typically, airborne radiation
contributes 1-10 percent of the natural background
radiation level.

Cosmic rays entering the earth’s atmosphere are a
third source of background radiation. High-energy
cosmic rays (principally protons, alpha particles, and
some heavier nuclei) interact predominantly with
atoms in the upper atmosphere to produce showers
of secondary radiation. The contribution of cosmic
rays to the background radiation field varies with alti-
tude and geomagnetic latitude. The earth’s magnetic
field traps some of the cosmic rays, so a larger fraction
of the cosmic rays reach the poles than reach the
equator. In the continental United States, values
range from 3.3 uR/h at sea level in Fiorida to 12 uR/h
at an elevation of 3,000 m (9,800 ft) in Colorado.!°

4.0 DATA ACQUISITION

Gamma-ray data were acquired at LANL from an
instrumented helicopter (Figure 2) flying parallel lines
separated by 91 m (300 ft) at an altitude of 61 m
(200 ft) above the ground. Some of the survey param-
eters are listed in Appendix A. Preflight calibration
data and post flight-line data were evaluated immedi-
ately on a ground-based computer to verify integrity
and to assess the LANL terrestrial gamma environ-
ment. Some 18 flights were required to complete the
survey. More data-acquisition detail is given in Appen-
dix B.

4.1 Aerial Measuring System

The aircraft system consists of the following:

A. The Messerschmitt-Bolkow-Blohm  (MBB)
BO-105 helicopter capable of flying from
3-3.5 hours with the instrumentation and a
crew of two.

B. The sodium iodide, thallium-activated,
Nal(T/), detector pods each containing four
2- X 4~ X 16-in detectors plus a 2- x 4- X 4-in
detector mounted just above the closely
packed larger detectors.

C. The Radiation and Environmental Data
Acquisition Recorder, Version IV, (REDAR V)
system that receives, processes, displays,
and records the incoming gamma, atmo-
spheric, and positional signals.



FIGURE 2. MBB BO-105 HELICOPTER WITH DETECTOR
PODS :

D. The Real-Time Differential Global Positioning
System (RTDGPS) receiver.

4.2 Mobile Data Processor

A ground-based, mobile computer system was used
to process the stored gamma data both before and
after each acquisition flight. Pre- and postflight pro-
cessing validated the integrity of the aerial system
data. This system aided the continuous creation and
updating of contour maps showing the intensity of
gamma radiation as the survey progressed.

4.3 Survey Procedure

A. Onehundred fifty-two flight lines were planned
and plotted to fit a U.S. Geological Survey
topographical map of Los Alamos, New
Mexico.

B. Roads and landmarks were flown in the sur-
vey area. The resulting path plot was used to
scale gamma data to the map.

C. The standard individual acquisition flight pro-
file included the following steps:

1. A preflight check of the aerial system
was performed and evaluated before
each flight.

2. Thetestline was flown at the survey alti-
tude of 61 m (200 ft}. During one flight it
was flown at 61, 122, 244, 305, and
914 m (200, 400, 800, 1,000, and
2,000 ft) to determine the atmospheric
gamma-ray attenuation coefficient.

3. Adjacent flight lines were flown, so cov-
erage was continuous in time and space.

4. Thetestline was reflown at61 m (200 ft).

5. A postilight computer routine was
applied to the new data for quality and
parameter analysis, and the gamma
count-rate contour maps were updated.

D. Atfter all the planned lines had been flown, a
fraction of one line from each flight was
reflown. These line data were compared to the
initial data.

5.0 DATA ANALYSIS

About 31,200 data points along 152 flight lines were
accumulated at 61 m (200 {t) above the LANL terrain,
Each data point consisted of a 1,024-channel gamma
energy spectrum, atmospheric temperature and pres-
sure, altitude, and positional coordinates from the
Global Positioning System (GPS) satellites.

The gamma energy spectra contain the radiological
information that was used in the computer-aided anal-
ysis to evaluate (a) the natural gamma exposure rate
at 1 meter above the ground and (b) the location, iden-
tity, and concentration of man-made isotopes. The
specific variables produced are the gross count rate
{GC) used to estimate terrestrial exposure rate; the
man-made gross count rate (MMGC) used to locate
man-made isotopes; photopeak count rates used 1o
search for and locate specific isotopes; and net spec-
tra used to verify the species of the detected gamma
emitters.

5.1 Gross Count Rate

The total gamma interaction rate in the detectors
yields the total count rate. These gammas originate in
the soil and from airborne radon, cosmic interactions
in the air, and the aircraft. The GC is defined as the
total count rate less the radon, aircraft, and cosmic
components, so it represents the soil or ground com-
ponent.

GC = Total — (radon + cosmic + aircraft) (1)

The measured gamma energy range has been set
from 38~ 3,026 keV, which includes most detectable
natural gammas. The lower limit is set just above elec-
tronic noise, and the upper limit includes all terrestrial
gammas.

The GC has been correlated to the exposure rate,
uR/h, at ground level. The correlation is




930 cps/(uR/h) for the LANL area flown at 61 m. This
value is accurate to within about 41 pR/h for natural
isotopes distributed in the soil and may not be applied
to man-made isotopes. The GC was evaluated, con-
toured, and plotted for the LANL data. More details of
the method are provided in Appendix C.

5.2 Man-Made Gross Count Rate

The MMGC divides the energy spectrum into two
parts: part A, the integral count rate from
38-1,394 keV and part B, the integral count rate from
1,394 - 3,026 keV. Gammas from man-made isotopes
usually appear in part A (or energy window A)
whereas natural gammas appear in both A and B
(energy windows A and B). This allows a simple
method for separating the man-made gamma count
rates from the natural gammas.

MMGC = A — KB (2

The coefficient, K, is evaluated over the test line and
over the survey area where only natural gammas
exist. The MMGC was evaluated overthe entire LANL
survey area, then contoured, and plotted. The contour
plot shows the location and magnitude of most of the
man-made isotopes on the LANL site. Some man-
made isotopes are not detected with this method,
either because their gamma fluence rates are too low
or because some of their gamma energy components

lie in window B. Extensions of the MMGC method

were used to locate anomalous gammas in the upper
fraction of the energy spectrum (above 1,394 keV).
More detail of the MMGC method is provided in
Appendix C.

5.3 Photopeak Count Rates

Gamma rays from specific isotopes may be detected
using a method similar to the MMGC. An energy win-
dow, A4, is placed in the spectrum to evaluate those
unique gamma-ray photopeaks. A background win-
dow, B, is placed where background or other species
exist. An‘4 - KB" equation, evaluated over the survey
area, yields increased count rates where the antici-
pated gamma and parent isotope exist. This method
may or may not be more sensitive than the MMGC.

In some cases, two background windows were
used: one at an energy higher than 4 and one at an
energy lower than A. With the use of a second (lower-
energy) window, the increase in background counts
causes a slight decrease in sensitivity compared to

- the single background-window algorithm. The advan-

tage of the two-background-window algorithm
emerges when the shape of the gamma-ray spectrum
near the photopeak is changing. Then, using a back-
ground window on each side of the photopeak pro-
duces a better estimate of the background counts
present in the photopeak window.

When the terrain elevation changes rapidly from mesa
10 canyon, the helicopter cannot maintain both its for-
ward speed and altitude above the ground. The resutt-
ing change in distance that the gamma ray must travel
produces a spectral shape change that the two-back-
ground-window algorithm handles more accurately.
Both the americium-241 (241Am) and 137Cs search
algorithms utilized two background windows.

Other specific photopeaks, where the data were
evaluated, . include those for excess 208T],
protactinium-234m (234mMpPa), 214Bj, and cobalt-60
{89Co). Only 241 Am was not detectable from examina-
tion of the GC or MMGC plots.

Contour plots of photopeak count rates for all of the
preceding isotopes were plotied to assess their exis-
tence and location in the LANL area. The accent was
on the possible anomalies located outside the techni-
cal areas. ‘

5.4 Net Gamma Energy Spectrum

Most positive count-rate excursions above three stan-
dard deviations of the MMGC or the photopeak count
rates were further evaluated from net spectrum piots.
The net spectrum is simply the spectrum associated
with the excursion less a neighboring background
spectrum. ’

The photopeaks in the net spectrum were then
examined for those associated with man-made iso-
topes. A spectrum from each man-made anomaly is
included in this report. Many net spectra associated
with an algorithm excursion do not indicate the pres-
ence of man-made isotopes. These spectra were not
included in this report unless they occurred in a techni-
cal area.



5.5 Data Averaging and Counting
Statistics

Total count rates and photopeak count rates are eva-
luated and retained in raw form as data sets. How-
ever, the algorithm count rates (GC and MMGC) and
photopeak count rates is generally averaged over five
seconds (about 180 m [600 ft] along a flight line). That
is, each set of five data points are averaged to yield
a new data point at the location of the central raw
point. The process is advanced one raw data point at
a time, so the total number of data points remains the
same.

The averaging process has the advantage of allowing
a clearer picture, whether line plot or contour, to the
analyst or reviewer. The five-second average pro-
duces littie distortion to a point-source count-rate plot
from a 61-m (200-ft) altitude, 36-m/s data set.

Background counting statistics from both MMGC and
photopeak algorithms were evaluated flight by flight
and over large fractions of the LANL survey area.
Generally, three times the algorithm’s standard devi-
ation (30) of the averaged algorithm output was cho-
sen as the value for the lowest-level contour line.

6.0 RESULTS

The primary results of this survey are the man-made
count-rate map (Figure 3) and the terrestrial expo-
sure-rate map (Figure 4). In addition, gamma energy
spectra from 20 locations are presented to indicate
the anomalous isotopes and the natural isotopes that
are present. In areas where the radiation contours
indicate a point-like source of radiation, an estimate of
the source strength is presented in Table 1. Note that
the gamma contours have been overlaid on a road
map created by the DeLorme Mapping company’s
MapExpert® and contain some of the local place
names.

Someisotopic source values have been estimated but
suffer from inadequate knowledge of the source con-
figuration and compilexity. Detection efficiencies for
the gammas and their isotopes that were detected
during the survey are listed in Table 2.

Finally, not all gamma emitters were detected during
the survey because the aerial system is limited to a
minimum detectable activity (MDA) for each emitter.
Sources having an activity smaller than this amount
are unlikely to produce a count rate that is distinguish-
able from statistical fluctuations in the background.

The MDA as used here is three standard deviations
above zero or above the background value of the
algorithm output. Minimum contour levels are gener-
ally set atthe MDA. Some minimum contour levels are
listed in Table 3.

6.1 Man-Made Count-Rate Map

The man-made count-rate map (Figure 3} includes a
MMGC map as well as portions of an excess 208T|
count-rate map and an 241Am count-rate map. This
combined presentation depicts all of the detected
anomalous gamma activity on one map. The wide-
energy window MMGC algorithm was not as sensitive
for detecting excess 208T| and 241Am as were individ-
ual narrow-window algorithms. Those anomalies not
detected by the MMGC were simply transferred from
separate excess 208T| and 24'Am maps onto the
MMGC map.

The 20 locations where anomalous gamma activity
was detected are discussed individually in the follow-
ing sections. Location numbers beside each anoma-
lous area, shown in Figure 3, also identify the spectra
in Figures 5-8.

6.1.1 Technical Area 2, Location 1

TA-2, Omega Site, contains two research reactors, so
some man-made activity should be expected. Spec-
trum 1 shows the presence of both 137Cs and 60Co.
The highest contour at 12,000 cps locates the maxi-
mum activity and one of the reactors. The lowest con-
tour at 1,200 cps is not concentric with the other con-
tours and suggests the active material is spatially
extended. The source’s photopeak count rates
approximate 1 and 18 mCi of 137Cs and €°Co point
sources, respectively. .

The exposure-rate map (Figure 4)) indicates the loca-
tion of this site with. an exposure contour at
25--50 uR/h (an understatement). The exposure may
be mostly due to 89Co since its hypothetical point
source value is 18 times that of the 137Cs,

6.1.2 Technical Area 21, Location 2

TA-21, DP Site, between Los Alamos Canyon and DP
Canyon, is the site of the plutonium and chemistry {ab-
oratories. Unfortunately, the northern boundary of the
survey ends over DP Canyon, so the contour lines are
not closed. Spectra 2a and 2b indicate both 241Am
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Table 1. Summary of Man-Made Detected Sources
Point Source
Identified - Strength?®

Location Site Description Isotope {mCi)

1 TA-2 60Co 18

2 TA-21 137Cs 15

241Am 3

3 TA-53 LAMPF 54Mn 2,800

Target 60Co 800

4 TA-53 LAMPF 54Mn 76

Storage 80Co 32

5 TA-53 Ponds 22Na 21

58Co 16

6 Los Alamos 137Cs 3
Canyon

7 Mortandad 137Cs b
Canyon

8 Mortandad 137Cs c
Canyon

9 TA-50 137Cs 2

10 TA-48 511 keV 48

137Cg d

11 TA-15 North none
12 TA-15 Central 234mpg 2,000
13 TA-15 South none

14 TA-18 60Co 6

15 TA-36 Kappa 134Cs d

Site excess 208T| 6

228p¢ d

16 TA-54 West 24am 500

17 TA-54 East 137Cs 17

24am 5,000

18 Background 40K e

’ 2087} e

214Bi e

223Ac e

19 TA-16 234mpg 1,000

20 TA-3 2087 8

2 A hypothetical point source is assumed. Values are rounded to the nearest millicurie.

b Large-area source of finite extent, Section 6,1.5.

¢ Small-area sources of unknown extent, Section 6.1.5.
d Highly uncertain source strength.
@ Large-area, large-volume source.



Table 2. Detector Sensitivity to Gamma Activity in the Ground

Area Source?
Gamma Energy For o =0.1 cm™ For o = 0.001 cm™ Point Source®
Isotope (keV) (pCi/g)lcps {pCi/g)/cps (mCi/cps)
24 m 59.5 0.183 0.15 0.036
Annihilation 511 0.15 0.011 0.011
137Cs 662 0.026 0.017 0.023
134Cs 796 0.0152 0.0094 0.016
58Co 811 0.0186 0.011 0.014
54Mn 835 0.015 0.0090 0.014
234mpg 1,001 2.59 1.54 2.8
767 7.44 4.62 6.7
22Na 1,275 0.0165 0.0094 0.020
60Co 1,333; 1,173¢ 0.0083 0.0047 0.010
excess 208T) 2,614 0.022 0.011 0.036

B Vertical soil acti
b On soil'surface.

vity: A = Age =% 2, z = depth.

Table 3. Some Minimum Contour Activity Levels®

' € Average energy, 1,275 keV, used in computations.

Minimum ActivityP
Gamma Energy Minimum Contour . :
Area Source® Point Source

Isotope {keV) (30 cps) (pCi/g) (mCi)
24 Am 59.5 60 9.0 2.0
137Cs 662 50 0.9 1.2

234mpg 1,001 130 200 400.
60Cod 1,275 © 50 0.2 0.5
excess 208T]| 2,614 100 2.0 4.0

2 Minimum contour placed at 30 of the search algorithm counting statistics.
b values have been rounded to a single significant digit.
¢ The area source is uniformly mixed in the soil.

d The 22Na minimum is twice that of 89Co.
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and 137Cs at this site. The man-made count-rate con-
tours (Figure 3) indicate 241Am in the westem part of
TA-21 and '37Cs in the DP Canyon between the west-
em and eastern parts of the site. Hypothetica! point
sources of 2.6 and 14.6 mCi, respectively, would
produce the same photopeak count rates in the
detectors.

The exposure-rate map (Figure 4) indicates only the
presence of 137Cs (and not 241Am) at 15-25 uR/h.
This is an underestimate since the exposure calibra-
tion has been measured and computed for large-area
sources only.

6.1.3 Technical Area 53, Locations 3,4,and 5

The Los Alamos Meson Physics Facility (LAMPF) in
TA-53 exhibits the largest gamma source detected by
the airborne system at LANL. The high-energy proton
beam may well be expected to produce primary and
secondary nuclear reactions and consequent radio-
activity. There were no radioactive air emissions from
LAMPF during the survey of that region of the
laboratory.

Target Area

The target area, Location 3, produces GC rates
greater than 120,000 cps in the primary detectors,
which puts them in a saturated condition. The single
detector has been used to evaluate GC rates greater
then 30,000 cps. Both manganese-54 (34Mn) and
60Co (2,800- and 800-mCi hypothetical point sources)
are visible in Spectrum 3. Note that the lowest contour
extends into the Los Alamos Canyon, and either may
indicate activity deposited there or may simply be radi-
ation originating from the target area itself. Net energy
spectra from the canyon indicate no man-made iso-
topes. The maximum exposure rate indicated in the
target is 250 pR/h, a large understatement since
exposures are computed for large-area natural
sources.

Storage Area

The LAMPF storage area, Location 4, exhibits much
less activity than does the target area. Spectrum 4
shows the presence of 54Mn and 60Co (76- and
32-mCi point sources).

The maximum exposure level that is indicated is
somewhat greater than 50 uR/h, but again it is an
understatement. Perhaps 100 mR/h is the order of
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magnitude expected a few feet above the storage
area.

Pond Area

The pond area, just east of the target and storage
areas, is the weakest detectable gamma source atthe
LAMPF. The gamma energy spectrum, Location 5,
shows sodium-22 (22Na) at 21 mCi and, rather
weakly, cobalt-58 (%8Co) at 16 Ci. Note that the
lowest-man-made contour, 1,200 cps, shows activity
extending about 150 m (2,000 ft) in an easterly direc-
tion from the ponds.

The exposure-rate map indicates a maximum expo-
sure somewhat larger than 25 uR/h over the ponds but
is probably in the milliroentgens-per-hour range.

6.1.4 Los Alamos Canyon, Location 6

The MMGC (Figure 3) shows activity in the Los Ala-
mos Canyon about 1 km (3,000 ft) east of the LAMPF
target area and 800 m (2,000 ft) northeast of the
LAMPF ponds. Spectrum 6 indicates 137Cs. A point
source of 3 mCi would yield the same maximum
photopeak count rate. Should the 137Cs isotopes be
mixed in the soil, one may expect an average activity
on the order of 2 picocuries per gram (pCi/g). The
exposure-rate map does not indicate anything
unusual in this area because the maximum exposure
rate from this source is expected to be less than
1 uR/h for the uniform distribution of 137Cs in the soil.

6.1.5 Mortandad Canyon, Locations 7 and 8

Mortandad Canyon contains 137Cs along approxi-
mately 2 km (2 mi) of its length. The net gamma
energy Spectrum 7 shows predominantly 137Cs.
Photopeak count rates suggest 9 pCi/g of 137Cs
assuming a uniform distribution in the soil. Such a
concentration yields about 4 pR/h. The exposure-rate
map shows a 15-25-uR/h region that tends to follow
the man-made contours in Location 7. Location 8 just
reaches the 15-uR/h level.

Location 8 includes 1,500 m (5,000 #t) of Mortandad
Canyontothe west of Location 7 and shows only inter-
mittent 137Cs activity on the MMGC map. Spectrum 8
confirms the presence of 137Cs,

6.1.6 Technical Area 50, Location 9

A small 137Cs source (equivalent to a 1.5-mCi point
source) exists just off Pajarito Road near TA-50,



Waste Management Site. Spectrum 9 confirms the
137Cs identification.

6.1.7 Technical Area 46, Location 10

TA-48, Radiochemistry Site, appears as concentric
circles on the man-made map, much as a point
source. Spectrum 10 shows a predominant 511-keV
photopeak probably due to beta annihilation. The
equivalent point-source strength is 48 mCi.
Cesium-137 is apparent at perhaps 1 mCi. Sodium-22
and 58Co may also be present but are difficult to iden-
tify in the spectrum. At least some of the 511-keV
gammas may originate in the 22Na. The exposure
map indicates a maximum of approximately 50 uR/h,
but one should expect exposures 1,000 times greater
than the map indicates since the gammas appear to
originate from a small area.

6.1.8 Technical Area 15, Locations 11, 12,
and 13

The man-made gamma map shows three anomalies
in TA 15, R Site: (a) a central area, Location 12; (b) a
southern low-activity area, Location 13; and (c) a
northern very low-activity area, Location 11. ‘The
count-rate intensities decrease in the same order.
These areas are separated by 700-800 m
(2,000-3,000 ft).

Only the central area, the most intense, yields recog-
nizable photopeaks in Spectrum 12. The 767- and
1,001-keV photopeaks are quite visible. Count rates
from a two-window 234mPa search algorithm suggest
2 Ci of 234mpa, and thus 238U may occupy Location
12.

Locations 11 and 13 are both weak sources (if they
exist). Energy spectra from these locations, Spectrum
11 and Spectrum 13, yield no clear indications of the
isotopes involved. However, the 234MPa photopeak
search algorithm yields a contour over both Location
11 and Location 13 suggesting 234MP3 exists there.

Location 12 appears on the exposure-rate map at a
maximum of 25 uR/h. Again, this exposure may be an
underestimate by a factor of 100-1,000.

6.1.9 Techqical Area 18, Location 14

Critical assemblies in TA-18, Pajarito Laboratory Site,

.yield detectable activation gammas as shown by the

16

80Co in Spectrum 14. On the exposure-rate map, this
area is indicated by a closed contour of 1525 uR/h,
which may be 1,000 times lower than the actual expo-
sure rate. ‘

6.1.10 Technical Area 36, Location 15

TA-36, Kappa Site, shows a maximum excess 298T|
contour of 170 cps (equivalent to a 6-mCi point
source) using a two-window 208T| search algorithm.
Spectrum 15 shows a preponderance of 232Th daugh-
ter photopeaks, 298T| and 228Ac. Other gamma emit-
ters appear in this energy spectrum. Cesium-134 is a
possibility although the large peak at 800 keV may be
caused by other isotopes. The exposure-rate map
indicates the area with a closed contour at
15-25 pR/h. '

6.1.11 Technical Area 54, Locations 16 and 17

The materials waste disposal sites at TA-54 display
high-level contours on both the man-made count-rate
and exposure-rate maps. The predominant isotope,
241Am, (in the curie range or more) is quite clear in

-both Spectra 16b and 17b. Spectrum 16a indicates

that the large sources have saturated the detectors.
Spectrum 17a shows the presence of some 137Cs
(equivalent to 17 mCi).

6.1.12 White Rock Area Background,
Location 18 '

A gamma spectrum, Spectrum 18, accumulated over
the area just west of the White Rock and Pajarito
Acres illustrates the general components of a back-
ground spectrum for the area in and around LANL.
Potassium-40 (1,461 keV) is the predominant photo-
peak. The 232Th chain of gamma emitters is indicated
by the presence of 208T| (2,614 keV) and 228Ac (911
and 969 keV). Finally, 214Bi indicates the presence of
238, These radioisotopes are all natural and have
been detected by the aerial system throughout the
United States.

6.1.13 Technical Area 16, Location 19

A concentration of 234MPa (1,000 mCi or more) is
apparent in both the man-made count-rate map and
the exposure-rate map for TA 16, S Site. The 234MPa
is a decay product from 238U, so uranium is also pres-
ent. Spectrum 19 indicates the two 234mPa photo-

peaks always found with concentrated 238y,



6.1.14 Technical Area 3, Location 20

The gamma spectrum, Spectrum 20, from the main
technical core area of LANL, TA-3, contains one pri-
mary detectable gamma source, excess 208T} equiva-
lent to an 8-mCi point source, and several other photo-
peaks of the 232Th chain. Both the man-made
count-rate map and the exposure-rate map show the
presence of this anomaly.

6.2 Terrestrial Exposure-Rate Map

The terrestrial exposure-rate map (Figure 4) indicates
the exposure rate at 1 meter above ground level
(AGL) from the soil and surface gamma sources. This
map does notinclude the exposure due to cosmic rays
or airborne radon. These exposure values are nomi-
nally 7.5 4 0.5 and 0.5 4 0.5 uR/h, respectively. The
radon gamma background continually changed, rang-
ing from 0-1 pR/h during the survey.

The general character of the exposure-rate map sug-
gests the natural or background rate is about 10 pR/h
in the west and increases to 1225 uR/h in the east.
The canyons are also apparent from their higher-
count rates (yellow and orange strips). Larger-expo-
sure rates in the canyons are probably due to more
gamma activity in the lower strata and more soil sur-
face exposed to the detectors at a smaller average
distance.

Concentric contours locate higher-exposure rates
over a number of technical areas. These have been
discussed in the previous sections. Note that expo-
sure values over finite area sources {less than 300 m
[1,000 ft] in diameter) are underestimated by as much
as a factor of 1,000.

7.0 CONCLUSIONS

Approximately 111 sq km (43 sq mi) of the Los Alamos
National Laboratory Reservation were surveyed for

DOE in April and May of 1894, The 152 flight lines (a
path of 1,130 km [700 mi}) spaced 91 m (300 ft) apart
indicate no observable changes in the natural back-
ground gamma radiation environment., The gamma
environments from laboratory technical areas occur
at the same locations as were observed in the prior
aerial surveys in 1982 and 1975, with the exception
that some activity has virtually disappeared.

Terrestrial (natural) exposure rates agree well with the
1982 measured values in TA-15 but are somewhat
higher in the Los Alamos Canyon. However, the 1982
exposure algorithm used only the upper portion of the
gamma energy spectrum because of the airborne low-
energy activity in the LAMPF area at that time. Note
that natural exposure, as defined here, is due to that
gamma fluence coming from the soil.

The 137Cs activity appears to have declined since
1982. Only a single perturbation shows in the Los
Alamos Canyon in the current survey. The photopeak:
count rate (200 cps) at that location 800 m (3,000 ft)
northeast of the LAMPF ponds is somewhat less than
the 240500 cps obtained in 1982 on a less sensitive
system.

TA-15 has also changed since 1982, The most
intense area of the three active areas remains easily
detectable due to 234MPa gamma rays, but the north
and south areas (Locations 11 and 13, Figure 3) are
much weaker than in 1982. Man-made activity may
not exist in these locations since no such identifiable
gamma-ray photopeaks appear in their gamma |
energy spectra.

. Eleven technical areas are detectable from the aerial
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system. These range in activity from an equivalent
point source of a few microcuries at TA-50 to multi-
curie levels at the LAMPF and TA-54. Some 2.2 per-
cent of the surveyed area contains detectable gamma
count rates from man-made activity.



Survey Site:

Base of Operation:

Survey Dates:
Survey Area:
Site Elevation:
Survey Altitude:
Aircraft Speed:
Line Spacing:
Line Direction:

Detector Arrays:

Acquisition System:

Aircraft.

Navigation System:

APPENDIX A
SURVEY PARAMETERS

Los Alamos National Laboratory
Los Alamos, New Mexico

Santa Fe Municipal Airport
Santa Fe, New Mexico

April 20~May 4, 1994

111 sq km (43 sq mi)

1,900-2,400 m (6,200-7.800 ft)

61 m (200 ft) |

36 m/s (70 knots)

91 m (300 1)

Rotated 9 degrees clockwise from east-west

Eight (2- X 4- x 16-in) Nal(T{) detectors
One (2- x 4- X 4-in) Nal(T!) detectors

REDAR IV
MBB BO-105 Helicopter (Tail Number N4OEG)

Real-Time Differential Global Positioning System
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APPENDIX B
DATA ACQUISITION

This appendix presents general data-collecting pro-
cedures that are in use. These procedures are
intended to give the reader a general overview of the
processes.

B.1 AERIAL MEASURING SYSTEM

The helicopter, which carries the detectors over the
survey area, is flown at a nominal altitude of 61 m
(200 ft) AGL. A radar altimeter system continuously

" monitors and provides feedback to the pilot. A line

spacing of 91 m (300 ft) provides an adequate amount
of overlap in the detectors’ fields of view during each
flight line. The lines are roughly parallel to the axes of
most of the canyons traversing the survey area. Flying
the helicopter paraliel to the canyons minimizes the
altitude adjustments that the pilot must make.
Appendix A provides a summary of the survey param-
eters.

A navigational system, called the RDGPS, on board
the helicopter determines the helicopter’s position
each second by receiving signals from a constellation
of GPS satellites. Every four seconds, an RDGPS
base station (programmed with its own true position)
determines its position from the available satellites
and broadcasts a positional correction to the helicop-
ter. The correction term adjusts the helicopter’s posi-
tion, minimizing the errors caused by using only the
satellites to determine position.

With the RDGPS positional data and the coordinates
of the intended flight lines, the on-board computer
reports the distance to the desired flight line every
second. With the base-station correction applied, the
uncertainty in the helicopter’s position is +5m (15 ft).
The second-by-second position of the helicopter is
converted into the x-y coordinate system for the sur-
vey and recorded with the rest of the data on magnetic
tape.

Two aluminum pods, each containing four down-
looking and one up-looking Nal(T/) detectors, are
mounted to the skids of the helicopter. The sight rect-
angular detectors view the total radiation field avail-
able to the helicopter. One of the smaller up-looking
detectors does not view the ground and is used to
monitor the airborne radon and cosmic-ray contribu-

" tions to the radiation field.
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The down-looking detectors have a large gamma-
ray sensitive volume, each detector measuring
5x 10 x 40 cm (2 x 4 X 16 in). A small check source
produces voltage pulses in each of the eight down-
looking detectors. These pulses are matched in ampli-
tude before each flight. The pulses are then added
using summing amplifiers and the summed pulse is
fed into an analog-to-digital converter (ADC). A
second ADC is used to process the gamma signals
from just one of the eight detectors to increase the lin-
ear count-rate range.

The ADCs are components of the REDAR IV system.
The digital data are stored in the REDAR IV memory
in 1-second intervals and written on magnetic tape at
the end of each 4-second period. The REDAR 1V also
continuously processes and stores data from various
sensors such as those for atmospheric pressure, out-
side air temperature, aircraft altitude, and positional
data from the GPS.

B.2 SURVEY PROCEDURES

Since the detectors measure the radiation field at the
altitude of the helicopter, a correction must be applied
for the attenuation of the gamma-ray intensities
through the air to obtain an inferred exposure rate at
1 meter AGL. One factor that strongly affects the mea-
surement is the presence of liquid water between the
radiation source and the detectors. Changes in the
relative humidity of the air (water vapor) are notof con-
cern here since the gamma-ray absorption for even
100 percent relative humidity is not that much different
than for dry air. However, changes in the amount of
water in the top severai centimeters of the soil can
introduce major discrepancies. For this reason, no
data are collected immediately after a rain storm. Dur-
ing the LANL survey, there were five days with preci-
pitation. The storms caused survey operations to be
discontinued for the remainder of those days. How-
ever, the ground was dry enough by the next day to
permitthe survey to continue. More flight time was lost
due to high winds than was lost due to wet grounds.

One of the first flights flown on a survey is the “perime-
ter” flight. This flight generally involves flying the heli-
copter along roads, fences, or other distinct structures
that can be seen from the aircraft and are present on
either U.S. Geological Survey maps or aerial



photographs. The perimeter flight establishes a link
between the positional coordinates of the survey data
and the aerial photographs or geographical maps
used later to display the data. Since the flight is known
to have followed the roads or other structures, the
data coordinates can be scaled to match most distor-
tions in the map or photograph.

While at the survey site, several flights are flown to
collect data that are used for estimating the back-
ground for the radiation measurements. A “test line”
is a flight path chosen near or within the survey area
that has no man-made radiation sources nearby and,
preferably, can be fiown at the start and end of each
survey flight using only visual landmarks. Atthe begin-
ning of the survey, and usually again near the end of
the survey, an “altitude profile” flight is flown over the
test line at various altitudes to obtain a profile of the
count rate as a function of altitude. For this survey, the
altitudes for these measurements were 61, 122, 244,
305, and 914 m (200, 400, 600, 800, 1,000, and
3,000 ft). These data determine the air attenuation
coefficient and the initial background count rate at the
survey altitude. The count rate measured at each alti-
tude is fit to an equation of the following form:

(C;— B) =T e~ 44;

where

A C; = the gamma-ray count rate measured at each

altitude {(cps)

B = the background count rate from nonterrestrial
sources to be determined (cps)

T = the gamma-ray count rate from terrestrial
sources (cps)

A = the air attenuation coefficient to be determined
(m™1)
H; = the aircraft height above the ground during the
measurement {m)

A background count rate is calculated from the low-
est- and highest-altitude data and an assumed air
attenuation coefficient. The background count rate is
due to contributions from the cosmic rays, airborne
radon and its daughters, and equipment. The back-
groundis assumed to be independent of altitude, even
though the cosmic-ray contribution increases slightly
over these altitudes. Then, using this background
value and the four lower-altitude data, a linear least-
squares fit to log (C; —B) versus H produces the air
attenuation coefficient. The uncertainty in the highest
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altitude is usually quite large and so does not contrib-
ute a very useful data point to determine this coeffi-
cient. If the air attenuation coefficient is much different
from the initial (assumed) value, the procedure is iter-
ated until the background count rate and air attenua-
tion coefficient change little from one iteration to the
next and are consistent with the measured data.

Using this technique, a value exists for the back-
ground count rate that consists of contributions from
airborne radon, cosmic rays, and equipment. The
cosmic-ray and equipment contributions to the back-
ground count rate are assumed not to change during
the survey, but the amount of radon (and its decay
daughters) in the atmosphere will change daily.
Therefore, the detectors are flown over the test line at
the survey altitude at the beginning and end of each
survey flight. Increases or decreases in the count rate
compared to the altitude profile count rate represent
increases or decreases in the background.

Before each flight, the voltage outputs from the
Nal{Tl) detectors are maiched in amplitude. This
ensures that the same energy gamma ray in one
detector produces an electrical pulse of the same size
as a similar gamma ray makes in one of the other
detectors. In other words, the width of the peak
formed by gamma rays of the same energy will be a
minimum, which is necessary to produce reliable
results in the analysis stage.

During the data flights, the helicopter flew at 61 m
(200 ft) AGL.. At this altitude, the absorption by the air
between the ground and the detectors was relatively
small for the gamma rays of interest. The helicopter
flew along predetermined lines spaced 91 m (300 ft}
apart. This line spacing permits complete coverage of
the survey area.

Immediately after each flight, a number of checks are
performed to verify the reliability of the accumulated
data. These checks are completed before the next
flight begins. The detectors, electronics, and environ-
mental instruments are checked to make sure that
they are functioning properly. The data are also
examined for surprises (such as areas of unexpected
high-intensity radiation) that might change the data-
acquisition strategy.

The test line data from the beginning and end of each
flight provide an initial adjustment to the daily changes
in nonterrestrial radiation. To check for more subtle
variations, a portion of at least one line from each flight
is reflown, and the data are comparedto the data from
the previous flights. This process serves as an addi-
tional check on data continuity and reproducibility.



APPENDIX C
DATA-ANALYSIS PROCEDURES

The body of this report provided an overview of the
processes used to analyze the data for this survey.
This appendix presents details of these processes for
readers interested in a more precise description.

There are several methods for processing the data
that may be used to evaluate the data. The most
obvious is the GC method that is a simple integration
of all gamma rays detected at each location. The GC
method calculates the exposure rate for each sample
and presents the results as a series of equal exposure
contours on a map or photograph of the survey area.
With this display, variations in the whole radiation field
may be easily seen.

However, variations in the total radiation field are not
always of most interest. Often what is important are
the changes in isotopic concentrations (variations in
the energy composition of the field) or the ability to
track a single radioactive isotope throughout the sur-
vey area. The MMGC method is another integral-
based analysis method. It is used to locate regions
where the energy content of the gamma-ray spectrum
deviates significantly from that of the natural back-
ground spectrum. :

A third data-processing method often applied to the
data is used to look for a specific isotope throughout

the survey area. This method relies on mapping the

observed count rate in a narrow energy window minus

a suitably chosen background window to show how -

that isotope is distributed throughout the survey area.

C.1 GROSS COUNT RATE

For the purpose of this survey, the GC of agamma-ray
energy spectrum is the integrated count rate in the
energy range from 38-3,026 keV. The lower-energy
limit is an effective lowest energy that can be reliably
recorded by the airborne detector systems. There are
almost no gamma rays of interest in these surveys
having energies above the upper-energy limit. The
exposure rate may be expressed as follows:

e AH=61)

530 ©1
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where
A = the air attenuation coefficient (0.005387 m~1)

B = the background count rate at the survey
altitude (counts/s)

Cg = the gross count rate at the survey altitude
{(counts/s)

E¢ = the gamma-ray exposure rate (uR/h)

" H = the aircraft height above the ground during the
measurement {m)

The factor in parentheses (Cg —B) is the net count
rate (from terrestrial sources) for each 1-second data
sample where C changes each second, and B is
determined from the test-line data as discussed at the
end of Appendix B. B is a measure (at the beginning
and end of each fiight) of the cosmic-ray, radon, and
equipment and aircraft contributions to the radiation
field at the flight altitude. The exponential factor cor-
rects this net count rate for variations in altitude. (For
example, if the aircraft is momentarily too high, this
factor raises the net count rate to what it would have
been if the aircraft had been at the desired survey alti-
tude of 61 m [200 ft]).

The factor of 930 in the denominator is the conversion
from counts per second measured at an altitude of
61 m (200 ft) to microroentgens per hour measured at
1 meter above the ground. This conversion factor
depends on the measurements made at a 61-m
(200 1) altitude at the Lake Mohave Test Line in
Nevada''12 and the air attenuation coefficient mea-
sured at the survey site. The conversion factor
assumes a uniformily distributed radiation source over
an area which is large compared to the detector’s field
of view and has an energy distribution similar to that
of the natural background.

C.2 MAN-MADE GROSS COUNT RATE

The GC method maps the variations in the total radi-
ation field. This is not always the most useful presen-
tation of the data. Changes in the GC data may indi-
cate the presence of man-made radionuclides or they
may simply indicate changes inthe radionuclide abun-
dances caused by changes in the types of rocks. Simi-
lar changes in the GC data may be caused by an
abrupt change in the vegetation coverage. For natural



background radiation, the shape (energy distribution)
of the gamma-ray energy spectrum is generally fairly
constant, and variations in the GC data can be repre-
sented by scaling the energy spectrum measured at
one location to fit the new location.

The MMGC method is a means of identifying regions
in the survey area where the shape of the energy
spectrum deviates significantly from the shape of the
background spectrum. Through its definition (pres-
ented below), the MMGC is very sensitive to small
changes in the abundance of man-made isotopes
while being very insensitive to large changes in the
abundance of natural isotopes.

The technique relies on two basic characteristics.
First, the energies of naturally occurring isotopes
appear throughout the energy range where the sys-
tem is designed to observe (40-4,000 keV). Second,
man-made isotopes that have half-lives long enough
for the isotope to be dispersed from their site of cre-
ation and then detected by an aerial survey generally
have gamma-ray energies limited to less than about
1,400 keV. This energy is approximately midway

_ between the 1,330-keV peak of 650Co (a commonly

observed man-made isotope) and the 1,460-keV
peak of 40K (a common naturally occurring isotope).

This situation can be exploited by measuring the
gamma-ray spectrum in a background region—
known to contain only naturally occurring isotopes.
This background region provides a ratio of the low-
energy to high-energy count rate that will be applied
to succeeding measurements to find the count rate
attributable to activity by man-made isotopes in the
area. This process is good for locating regions of man-
made isotopes, but it is also good for finding “false-

positives™—regions that deviate from the originally .

measured background spectrum simply because they
have different relative abundances of radioactive iso-
topes embedded in their rock formations. Usually, the
number of regions identified by the MMGC method is
small enough that the gamma-ray spectrum for each
region can be inspected, and it can easily be deter-
mined which isotopes are present.

Using an energy spectrum from an area known to con-
tain only naturally occurring radioactive isotopes, the
ratio of the number of counts in the spectrum below a
cutoff energy to those above that energy is defined as
Kyy. Equation C-2 shows this ratio where the cutoff
energy is generally 1,394 keV. Almost no gamma rays
are observed beyond the 20871 peak at 2,614 keV, so
an arbitrary upper limit of 3,000 keV (shifted up to
3,026 keV to match the upper edge of a particular
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spectral channel) is generally chosen as the end of the
high-energy range.

1394

Z o(E)

Ky = —ogee—— (C-2)
c(E)
E=1394
where:
¢(E) = the counts in the background energy
spectrum at the energy E

Kysu = the ratio of the low-energy counts to high-
energy counts in the background spectrum

This ratio, assumed to be fairly constant over the sur-
vey area, is usually used throughout the survey area.
(If there are drastic changes in the geology within the
survey area, a different background spectrum may be
needed for each of the geologically distinct regions.)
The MMGC represents the integrated counts
observed below the cutoff energy minus the inte-
grated counts expected below the cutoff energy. The
MMGC rate (Cpu) is given in Equation C-3;

1394 3026

Cum = D, <(E) = Kuw . clE)
E=138 E=1394

(C-3)

The other terms in the equation are defined above. In
regions where there are no man-made isotopes, this
equation reduces to statistical fluctuations about zero.,
In past studies, the MMGC method has been shown
to be sensitive to low levels of man-made radiation
(less than 1 uR/h) even in the presence of large varia-
tions in the natural background. In practice, this algo-
rithm is a general search too! to locate regions of
anomalous radioactivity.

C.3 GAMMA SPECTRAL ANALYSIS

The MMGC algorithm is very general and is sensitive
to any change in the low-energy portion of the
spectrum. It cannot tell us what causes the
change—whether a true man-made isotope is pres-
ent in this region; whether the increased low-energy
gamma rays are caused by naturally occurring iso-
topes whose gamma rays underwent more inelastic
scatterings before reaching the detectors (thus dis-
torting the energy profite of the spectrumj); or whether
the isotopic composition of the background spectrum
in this region of the survey is significantly different



from where Kjsps was determined (for example, gran-
ite versus limestone). Once a region appears in the
man-made contours, the energy spectrum is
examined for individual isotopes. An analysis of the
gamma spectrum will determine which isotopes are
present and which of the three scenarios previously
described caused the MMGC deviation.

Generally, the large background field (due to the natu-
rally occurring isotopes) is not of interest—only the
spectrum due to the man-made isotopes. Unfortu-
nately for a 1-second spectrum, the number of counts
atany given energy is so small as to make the identifi-
cation of a particular isotope very difficult. To increase
the number of counts in the spectrum (and thus pro-
duce better statistics}, the spectra from neighboring
locations are combined to produce a single spectrum
showing the radiation measured over some larger
area.

Figure C-1 shows how the “net’ spectra shown
throughout this report are defined. The area is divided
into “peak” and “background” regions. The contour
levels used to define the peak and background
regions are usually MMGC levels since these are the
man-made activity regions that are usually under
investigation when creating these spectra. {The peak
and background boundaries may be defined by sev-
eral methods—contour levels or simple rectangular
boxes may also be used.) The peak region of the
spectrum consists of the spectra contained inthe area
bounded by the outer contour level. The background

‘region consists of the spectra contained in the rectan-

gular box but outside the outer contour level. This
partitioning ensures that the background spectrum is
representative of the geology near the anomaly, but
there will be some contribution of man-made radioac-
tivity in the background region. The net spectrum is
the result of subtracting the background spectrum,
normalized by the ratio of the peak live time to the
background live time, from the peak spectrum.

HalE) = CpolE) = cpE)  (C4)
e Toig &
where
cpeak(E) = the counts in the peak energy spectrum

at the energy £

cBig(E) = the counts in the background energy
spectrum at the energy E

cNet(E) = the counts in the net energy spectrum at
the energy E

23

MZI tja::kgrt;u ndl //7 /
/ O peak

FIGURE C-1.
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DEFINING PEAK AND BACKGROUND
REGIONS AROUND RADIATION ANOMA-
LIES. For the area shown, the peak region
consists of all survey spectrawithintherect-
angle and enclosed by the outer contour
line. The background reglon consists of all
spectra outside the outer contour line but
Inside the ractangle.

Tpear = the total live time for the spectrum
comprised of all peak-region spectra (s)

Tpig = the total live time for the spectrum
comprised of all background-region
spectra (s)

This technique produces a net spectrum that has very
little contribution from the naturally occurring radio-
nuclides in the region and makes the identification of
the remaining isotopes fairly easy. The one major
drawback of the technique is that it does not neces-
sarily produce a true indication of the strength of the
isotopes seen in the net spectrum. That is, comparing
the intensity of an isotope in one net spectrum with the
intensity of the same isotope in another spectrum may
not be very meaningful.

C.4 WINDOW ALGORITHMS

The algorithm employed in the search for a particular
isotope is quite similar to the MMGC algorithm. The
major difference is that only two or three small pieces
of the spectrum are used instead of using the full
gamma-ray energy spectrum. The two-window algo-
rithm is the simplest of several window algorithms in
use. [t employs a narrow, primary window centered on
the energy of the specific isotope’s photopeak. A
second window, located at higher energies, assumes
that the background counts in the primary window are
proportional to the counts recorded in the second win-
dow. The background window may abut the primary



window, or it may be separated from it in energy. The
proportionality factor is determined in a region of the
survey that does not contain any of the specific iso-
tope so that the number of counts in the primary win-
dow is directly related to the number of counts in the
background window. The following equation is for the
two-window algorithm:

£ Ey
CZ—W:’M’OW = Z ¢(E) — Kz Z (E) (C-S)
E=El E=E3
where

Co—Window = the net counts in the primary window

¢(E) = the counts in the gamma-ray energy
spectrum at the energy £

E, = the limiting energies of the windows
(E1<E2<E3<Ey)

K> = the ratio of the counts in the primary
window to the counts in the back-
ground window in a clean region of the
survey area

If the principle source of background gamma rays in
the primary window is from scattered gamma rays
from photopeaks at higher energies, then thisis a rea-
sonable assumption. If there are isotopes other than
the one of interest with photopeaks in the primary win-
dow, then this algorithm will fail. For example, 234mPa
is a member of the 238U decay chain, and 228Ac is a
member of the 232Th decay chain. Both of these radio-
nuclides occur naturally and both have several
gamma rays in the 910- to 970-keV range. Attempting
to map the distribution of one radionuclide using a wjn-
dow in this energy range produces very marginal
results since it is very difficult to determine whether
changes in the count rate are caused by fluctuations
in the isotope of interest or by fluctuations in the con-
centration of the other isotope.

if a region that is free of the specific isotope cannot be
found or if the composition of the other isotopes
changes drastically in the clean region, then a simple
muitiplicative factor will not relate the counts in the pri-
mary window to the counts in the background window.
To ease this problem, the three-window algorithm
employs a background window on each side of the pri-
mary window. (The two background windows gener-
ally abut the primary window in energy.) This algo-
rithm assumes that, for any spectrum, the number of

24

background counts in the primary window is linearly
related to the counts in the two background windows.
The following equation is for the three-window algo-
rithm:

Ey
C3—m‘ndow = Z C(E) - KB
E, E,
z (E) + Z c(E)- (C-6)
E=E, E=E,
where

Ca—Window = the net counts in the primary window

c(E) = the counts in the gamma-ray energy
spectrum at the energy E

E,, = the limiting energies of the windows
(Ey<Ep<E3<Ey)

K3 = the ratio of the counts in the primary
window to the counts in the two back
ground windows in a clean region of
the survey area

The three-window algorithm is also very useful in
extracting low-energy photopeak counts where the
shape of the Compton-scatter contributions from
other isotopes is changing significantly. The three-
window aigorithm is commonly used to extract the
counts in the 137Cs photopeak.

C.5 SENSITIVITY

The correlation of photopeak gammas (uncollided in
soil or air but totally ahsorbed in the detector) to soil
activity may be treated analytically in a simple manner
whereas the total or gross count may not. The general
equations used to compute the photopeak count rates
per unit soil activity and per unit point source are
described in the following section.

C.5.1 Area Source

Assuming a vertical activity distribution in the soil,

S(Z) = SEO e“QZ (C‘?)



where
Sk o = the activity concentration at the surface of the
soil (y/em3s)
a = exponential concentration factor (1/cm)
" z = depth in the soil {cm)

The sensitivity, X [cps/(y/cm3s)], to a monoenergetic
gamma distribution may be written as follows (see ref-
erence 13 for a derivation):

de

900 -4
X < Ag J R(6) tanf e (p)a"a"m"’
.
2 6=0 a + (%)Sps secd
(C-8)

where

Ag = detector effective area for monoenergetic
gamma total absorption in the detector for
fluence perpendicular to the ground (cm?)

R(B) = relative effective area versus angle, 6,
measured from the perpendicular to the
ground

) = air mass attenuation coefficient (cm2/g)
a

oY oR

) = soil mass attenuation coefficient for the
s specific gamma energy (cm?2/g)

h = detector altitude above the ground (cm)
pg = air density (g/cm3)
ps = soil density (g/cm?3)

In practice, the effective area, Ag, and angular factor,
R(8), are measured in the laboratory.

The following are other useful conversions:

A. The activity concentration per unit soil surface
area:

SEO "
S‘4 mm-a— (C 9)

B. The activity concentration per unit soil surface
mass:

Sgo )

C. The activity concentration to a soil sample of
depth z:
1 - e-az

S§ = Sk paz (C-11)

C.5.2 Point Sources

Point-source sensitivity is a simple computation if one
assumes that the detector passes over the source to
achieve a minimum source-detector distance and
that the gamma fluence rate changes little during a
1-second data-acquisition time at the minimum
source~detector distance. These conditions gener-
ally exist during a routine survey:

“(%)apah

Xp = AgS Py (C-12)

Parameters have previously been established, and

the sensitivity units are counts in the photopeak per,

emitted gamma.

Since point-source gammas are detectable at angies
of other than zero degrees (or directly above the

- source) and when a source is weak (less than a milli-
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curie), a sum of several data points may be required.
The value of Xp then decreases, but the MDA
increases.
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