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MODELING OF EXTERNAL RADIATION FROM THE
TRANSPORT OF RADIONUCLIDES ACROSS ACANYON

Brent M. Bowen, Witham A. Olsen, Donald Van Etten, and I-li Chen

Los Alamos National Laboratory
Los Alamos, New Mexico

1. INTRODUCTION

The Los Alamos Meson Physics Facility (LAMPFis an
800-mullion electron volt, | mA intensity linear proton accelerator
used for studying subatomic particles at relativistic velocities.
Routine operation of the accelerator results in the formation of
shen-lived air activation products, primarily in the beam stop
section of LAMPF.

Offsite radiation exposure levels from LAMPF operations
have been routinely monitored in the location of maximum ¢x-
posure since 1977 with a network of thermoluminescent dosi-
meters (TLDs). In 1982, a pressurized ionization chamber (P1C)
was placed at the fenceline location of the maximum external
radiation level (Bowen 1982). This instrument has the ability to
monitor very low external radiation levels over short-time periods,
and is used with the TLD measurements to estimate external
radiation levels. Also. a Gaussian-type model, using onsite metcor-
ological data and radionuclide release rates. is then used to predict
daily radiation exposures and is compared with the PIC mcasure-
ments.

This study presents the results of monitoring and modeling
external radiation levels from LAMPF emissions at three locations
during 1984, Mcasured radiation exposurces are presented for all
three locations during a 49-day period. Hourly radiation levels are
calculated for all sites and compared with the prevalent wind
patterns during the study period. Predicted daily levels are com-
pared with measured values at all of the sites. Accuracy of the
model is compared for day and night conditions. Annual model
predictions are also compared with TLID measurements.

2. BACKGROUND

The .05 Alamos National Laboratory is located on the
Pajarito Plateau on the castern flanks of the Jemez Mountains. The
Sangre de Cristo Mountains lie nearly 70 km to the east. The Rio
CGirande Valley runs north-northeast to south-southwest between
the two mountain rnges. The plateau slopes downward to the cast
from the base of the Jemez Mountains (approximately 2500 m
above sea level hr MSL) to the Rio Grande (approximately 1 7(X)
MSL)over adistance of 25 km. There also are numerous alternat-
ing " finger” mesas and canyons running along the stope line of the
platesu. The canyons are $0-100 m deepand 100-200 m wide,
while the mesas vary from 200-600 m in width, LAMPF is located
on a mesa top just south of Los Alamos Canyon.

The LAMPF stack is located about 800 m south of the
closest Laboratory boundary location across the Los Alamos Can-
von. Three short-lived, gascous radioactive ar activiation prod-
uets, O, Coand PN, account for virtually all downwind radiation
levels, Because of the annihilation of positrons from the decay off
these radionuchdes, 0,511 MeV photon radtation s cmitted from

the plume of gases as 1t travels downwind trom the stack. However,

the total amount of tadintion in the plume decreases with ime (or
downwind distance) s the gases decay Some charactenisties of
these three radioactive gases are shownan Fable T Note that maost

of the radioaciivity released is "*O. However, the half-life (T"*)
of *Oisonly 12} s. The contribution of '*O to the total radioac-
tivity in the plume at the Laboratory boundary increases with
increasing windspeed. Note that although much less ''Cis
emitted than '*O, more ''C remains at the Laboratory bound-
ary distance than "*O for windspeeds under 3 m/s. For greater
windspeeds. 'O becomes the dominant gas. The contribution of
N to the total radioactivity is small because it comprises only a
small percentage of the releases and has a relatively short half-life.
Table | shows that the total radioactivity in the plutne
varies greatly with the windspeed. At higher windspeeds. the
reduced cross canyon travel time results in less radioactive decay:
however, stronger windspeeds enhance dilution of the gases caus-
ing lower concentrations downwind, The “*decay factor” of the
radionuclide mixture mitigates much of the “*dilution factor™ with
increasing windspeed. Therefore. over the typical windspeed
range, photon radiation levels from the plume are expected to
decrease slightly with increasing windspeed. Also, windspeed can
affect the stability, and in turn, indircctly affect plume concentra-
tions and resulting gamma radiation.

3 SITING AND INSTRUMENTATION
3.1 LAMPF Recleases

The study area is shown in Fig. 1. The LAMPF stack is 30
ni high and has a diameter at the top 0of 0.9 m. A Kanne-type air-
ionization instrument is uscd to monitor the radioactive gases
before entering the stack. A volume is recorded. which is correlated
10 the total radionuclide air concentrations in curies per cubic
meter (Ci/m") in the stack gas. The percentage compositions of "0,
"C, and "N in the stack gas have been determined previously by
analyzing bag samples of the stack gas. Stack velocity is measured
continuousty by an anemometer placed halfway up the stack and
by periodic stack tests.

‘Table I. Release Data of the Three Primary Radioactive Gaves
and Amounts of Radloactivity Remaining at 800 m Downwind

% Remaining at 800 m
Radioactive  T"! for Different Windspeeds
Gaves (%) (v) 1(m/9)  Y(m/s) 6(m/v) !() (m/v)

BOTH 123 | 22 47 td
"ele) 1230 04 Ro 0y 90
"N 6l 40 bE} Ro 0l

Total (42) 1 L AN nh
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Fig. 1. Map of study arca.

3.2 External Radiation Monttoring

Three PICs monitored real-time photon exposures to air
during 1984 at the nearest offstte boundary across the Los Alamos
Canyon. The instruments were located atazimuths of 0° (north),
2Y (north-northeast) and 45 (northeast) of the LAMPF stack. The
PICs tocated in the north and notth-northeast are 725 m from the
stack, while the northeast PIC 15 located 875 m from the stack,
Fach instrument uses a modified Reuter-Stokes high-pressure
ionmization chamber (Van Etten 1986). Anarray of 12 hithium
Huortde TLD stations also monitors long-term gamma doses on &
routine hisis,

L3 Meteorology

Meteorological data were collected for this study ona 12 m
tower tocated between the north and north-northeast PICs ata
distance of 728 mand a bearning of 127 Iram the LAMPE stack (Fig.
11, Another tower 1s located about 100 m to the noith-northwest of
the stack on the LAMPE side ot Los Alamos Canvon,

4. RESULTS AND DISCUSSION
41 Monttonng

The predomimance of south-southwesterly and south-
westerhy winds at b os Aamos s illustrated by an hourly frequences
duagram tor the d9-day studs pertod (Fig. ). This penod s
representatiy e ofas erage annual winds, Note how anup-valley
wind des elops in the atternoon hours and becomes more frequent
later 1 the ey emng and carly mornieg hours, About 28% ofall
nightume winds are southwesterly, while the directions south-
southwest, southwest, and west-southwest account forag total of
nearly S of mghttime winds Much ofthe hagh frequency of
southwester Iy winds is probably caused by the channeling ol the
vegronil winds by the Rio Giaande Valles . This process occurs mote
trequenthy at might w hen the vertieal mpamg s ata mmimum

Hy 0400 the Bequeney ot upayaltes winds decreases while
down valles winds become more important By late morming, the
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Fig. 2. Hourly frequency diagram of wind direction duringa 49-
day study period.

northeasterl; winds, probably also caused by channeling. account
torover 20% of all winds.

The daytime wind pattern is complex and varicd. Besides
the channeling effect, some southwesterly winds result from a
mountain-valley wind up the Rio Grande Valley caused by strong
solar heating (Bowen 1981). These winds are especially important
during the summer scason becausce of a lack of strong and persis-
tent winds. Ar upslope wind also develops over the Plateau during
the day at times of light large scaic winds and strong sunshine. Note
the occurrence of southeasterly and south-southcasterly winds
during the late morning and afternoon hours.

The complex pattera of winds causes large variations of
gamma levels® with time of day. Average hourly gamma levels
caused by LAMPF emissions tor the 49-day study penod are
shown in Fig. 3. Both the highest and lowest hourly ayerages oceur
at the northeast PIC. The highest averages of 40 pR/h oceur
around midnight because of the high trequency of southwesterly
winds. Midday values are very low at the northeast site from a
scarcity ol up-valley winds at this time, The north-northeast site
shows a similar. but more moderate daily gamma radiation vana-
tion. The north PIC shows a rather uniform average radiation level
throughout the day. Increased dayume miving of the atmosphere
plays an important role 1n reducing gamma radiation lesels atall
three sites.

The increased daytime mixing is shown visvidly in Fig. 4,
which contains histograms of standard deviation ot honzontal
wind (a,) and vertical wind (a,) by horr. Values of both o, and o,
are more taan twice as large during the early afternoon hours as
they are during the late-might and early-morning hours. The
drurnal vaniation of the two are quite similar,

I'he varton during the day in the LAMDPE release rate
also contributes somewhat to radiation variations. Average hourly
release rates for the study penod were §0-10% lower dunng the day
when routine mamntenance of the LAMPE beany s the greatest.

4.2 Modehng
421 Discussion

I'wa magor considerations in the modehng ot radiation
caused by a plume are the distance ol the receptor from the plume
and the itensy of he radiatton emanating tromat These vons
siderations are inaddition to the problem of estimating the down.

CExposute to iy expressed in units ol roentgens, A gamma
exposures, both measured and modeled, will be expressed in
roentgens throughout this report, However, the units of roentgens
and rems, the units of dose, are sirtaalls interchangeablie (1R =
90 em)
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Fig. 3. Average hourly external radiation at three sites from
LAMPF emuissions during a 49-day study period.

30
e T
n 4‘\ ey ;I ! E'EE
A pt i
0 mf!mf;lt : i] ‘,‘] 3! IJL {'HHH}JH”
5
()'¢

| ﬂ i ;:* £l * |

MAEEHEEE Rt RE NN
0o 2 4 6 0 12 W 8 20 22 A

HOUR

g 4 Average hourdy standard deviation of honizontal wind
ditectton tag) and vertical wind (ev,) at East Gate during a 49-day
study pertod,

wind configuration of the plume and the concentration of radio-
nuchides within it. A gamma-cmitting cloud v ‘th small dimensions
compared with the distance the radiation travels s te'med a finite
cloud for modeling purposcs. A method tor calculating the ex-
posure from a finite cloud has been developed by Healy (1968),
This model contains integrals that account for the geometry of the
passing plume with respec . to the receptor. A considerable amount
of computer ime 1s required to calculate the integrals. Heaiy
suggests using the finite cloud model when the standard deviation
of the spread of the plume {6) is less than 100 m or so.

A much simpler infinite cloud model can be used for
gamma-ray plumes at relatively large downwind distances. The
tfollowing model for infinite clouds is taken from Moteorology und
Atomic Energy (Healy, 1968):

YD =0457Ey . (n

where yD is the dose (rads) or exposure (roentgens), E, is the
average gamma energy emitted at each disintegration (MeV/dis),
and y is the radionuclide concentration (curies/m”*), This equation
can he used during equilibrium or near-equilibrium conditions
when just as much energy-absorption per unit volume occurs as
energy-release per unit volume. The value of yD isdirect’ 7 propor-
tional to x. Since x is relatively casy to determine by using the .
Gaussian dispersion model, the infinite model is much casier to
calculate than the finite model.

The finite model was used to predict 24-h exposures at the
three sites by adding up | 5-min estimates. The results indicated
that the model underestimated the actual exposures by more than
50%.

The infinite model was then used to estimate 24-h gamma
exposures at the three sites. Fiealy suggests that Eq. (1) be reduced
by a factor of 0.5 for calculating ground level doses, because a
receptor at the ground would only receive radiation from half the
idealized cloud or plume. However, an empirically derived reduc-
tion factor of 0.25 was used instead.

The ground-level form of the Gaussian dispersion model
was used to calculate x. For long-term integrated concentrations,
the seasonal sector averaged form of the Gaussian dispersion
model was used. The dispersion coetlicients g, and o, were de-
termined directly from the onsite meteorological data using a
method suggested by | :raxler (1976). The stack release gas at
LAMPF is very close 1o the ambient temperature. The stack rise is.
therefore, expected to be from momentum only. The stack rise
equation suggested by Briggs (1969) was used.

The different heights of the three receptors relative to the
source were accounted for in the modeling. As a compromise, the
plume was assumed for modeling purposcs to travel halfway
between consant terrain (mesa top) height and height above sca
irvel. For exa nple the north FiC is ata height ' 7 m above the base
of the LAMPF stack. For modeliny, purposes, this reduces to 8.5 m.
Even at the north PIC, the highest monitor. this onc-half beight
adjustment in the inodel only increases estimates approximar.ty
10% over the case withcut height adjustment, The effectiscven
less at the north-northeast PIC, whichis only 10 m higher than the
ground level at LAMPF.

For simplicity, it isalso assumed that all avatlable gases in
the plume cross the conyon, Realistically, some of the gases are lost
by turbulence into the canyon. However, the transport of the
radionuclides into the canvon by turbulent exchange is expected to
be small ~ompared with the amount transported across the canyon.

4.2.) Daily Model Results

Daily model predictions, based on integration of 1 5-min
predictions, were made and compared with measured vilues,
Companson of the predicted and measured values for the three
utes are shown in Fig. S, There isgoe Jeorrelation between the
predicted and measured data. Correlation 1s strongest at the north-
northeast site and weakest at the northeast site, However evenat
the northeast site, the correlation coetticient s high at 0.8 Twrtha
corresponding rf value of 0,69, Fhisimplhies that 69% of the
vieriation of measuted vadues s explained by the modelat the
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Fig. 5. Predicted versus measared datly external radiation frem
LAMPF emussions at sites N, NNE, and NE of LAMPF on State
Road 4.

northeast PYC, with higher rf values at the other two sites. All three
correlations are significant at the 99.9% confidence level.

Note that the mocel closely predicted measured cxposures
at the north-northeast and northeast PICs with slopes of nearly
one. However, the slope of 0.6 1 at the north PIC indicates that the
madel underpredicts at this site. This rather large diffetence in
slope of the north PIC data may be related to the large difference of
wind frequency in south and south-southwest winds. Radiation
from the plume traveling toward the north-northeast PIC possibly
affects the north site. Or, the indicated wind direction may he
several degrees greater than the actual direction causing the model
to underpredict at the north site.

wwerage hourly predicted and measured values were also
compared with cach other over the study period. Results indicate
that the ratio of predicted versus measured values is greater during
the day than at night. One possible reasonas that some of the
radionuchdes may be mixing down into the canyon during the day.
Another explanation s that the model underestimates dispersion
during unstable periods and/or overesuimates dispersion during
stable penods.

4.2.3 Long- I'erm Model Results

The long-term Gaussian mode] was used to estimate ex-
posures atthe three sites for the 49-day study penod. These
estimates are compared with the estimates derved trom adding up
the separate 24-h estimates and with the measured data (Table D).
Results show that the long-term model is very usetul in predicting
cxposures, but notas accurate as the short-term model, Fhe long-
term model viclds estimates ruther close to those of the short-term
maodel, with both substantially underpredicting i the north sector.
Howeser the long-term model does os erpredict in the northeast
sector,

Long-term exposures were also calenlated tor 1984 atloca-
tons along State Road 4 1 he estmated exposures tmR)are: 75 1n
the northeast, 900 the north-northeast, ¥Wan the north and 280
the notth-northwest. This gives anaverage of $9.mR for the sector

Table II. Long-Term Fxternal Radiation Estimates Based on a
Long-Term Model, Short-Term Model and Measurement (mR)
(over 49-day study)

Long-Term Short-Term
PIC Site Model Model Measured
N 10.9 I2.6 20.7
NNE 279 276 255
NE 1.0 220 23.0
Nthru NE 239 207 231

from rorth-northwest through northeast. This compares with the
44 mR as reported by the TLD network.

5. SUMMARY AND CONCLUSIONS

The primary conclusions of the study are:

(1) A persistent, locally produced up-valley wind is responsible
tor causing the maximum exposures to occur to the northeast
and north-northeast of LAMPF.

(1) Thechanneling of large-scale winds, especial y at night, is
most likely responsible for the high frequency of up-valley
winds.

(3) External radiation is generally cc asiderably Liigher during the
nighttime hours because of decreased atmospheric dispersion
and, to a lesser degree. increased emussion rates.

(4) Predicted daily exposures uving the simple infinite cloud
approximation correlate very well with measured exposures.
The more complex finite cloud model gives ¢stimates more
than 50% less than measured values.

(5) The short-term model aoes underpredict exposures to the
north of LAMPF, especially during the nighttime and/or
times with weak atmospheric mixing, However, these periods
coincide with the persistent southwesterly and south-south-
westerly up-valley winds. Photon radiation from the adjacent
plume may affect the north PIC and is not accounted forin
the model. Another possibility is that the indicated wind
direction may be several degrees greater than the actual
direction causing the model to underpredict at the N site.

(6) Bascd on these modeling results, a Gaussian model 1s ex-
pected 1o accurately predict radioactive or nonradioactive
levels up to several miles downwind if onsite metcorological
and source data are available, However, further calibration ¢
the models using some form of tracer would increase con-
fidence in the use of the models.
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