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Abstract—Calibration factors to convert a measured full-absorption peak count rate to activity in the soil and dose
rate in air are given for Ge detectors that are used for field measurements of radionuclides. The appropriate factors
for a given detector are derived using three primary parameters: the manufacturer’s quoted efficiency at 1332 keV
relative to a 7.6 cm (3 in.) long by 7.6 cm (3 in.) diameter Nal(T1l) detector, the detector’s orientation in the field
(up or down) and the Ge crystal length/diameter ratio. The accuracy of the results obtained by using this simplified

calibration technique is estimated to be 10-15%.

INTRODUCTION

AS A RESULT of the Three Mile Island incident in 1979,
a need emerged. for portable instrumentation that could
be used for making rapid measurements in the field during
emergency situations. Portable Ge detectors became
available shortly thereafter and since have demonstrated
their usefulness in the area of field spectrometry. These
portable detectors have the same spectrometric capabilities
as the standard large dewar types but are light weight and
feature increased capabilities such as ruggedness, com-
pactness and an all-attitude operation. With the advent
of battery-powered portable microprocessor-based mul-
tichannel analyzers, a complete vy spectrometer system
now can be hand carried by one person for use in remote
areas.

Most v spectrometrists are familiar with the labo-
ratory calibration procedures used for fixed geometry
sample analyses. However, for field work, they only may
perform qualitative measurements by simply identifying
the v emitters present at a site. Semi-quantitative in-situ
results are sometimes inferred by comparing peak count
rates and obtaining a relative measure of contamination.
Ideally, one would like to convert the count rate to some
meaningful quantity such as dose rate or radionuclide
concentration.

A Ge-y spectrometer, whether portable or the stan-
dard large dewar-based type, has the capability to measure
uncollided flux from various photon-emitting radionu-
clides in the environment. The Environmental Measure-
ments Laboratory (EML) pioneered in studies involving
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the application of in-situ vy spectrometry (Beck et al. 1972)
to many types of radiation studies. These applications
include the measurement of residual '*’Cs levels in soils
(Miller and Helfer 1985), an analysis of power plant re-
actor plumes (Gogolak 1984) and surveys of indoor ex-
posure rates (Miller and Beck 1984). In-situ spectrometry
proved to be extremely valuable in making rapid mea-
surements of fission products in the environment during
the Three Mile Island incident (Miller et al. 1979) and
most recently was used with the same success by European
laboratories during the Chernobyl crisis (Gogolak et al.
1986). In all of these applications, the measured photon
flux can be converted into the inventory (activity per unit
area) or concentration of a particular radionuclide in the
soil and/or the exposure rate in the air based on a knowl-
edge of the source distribution.

Since the adoption of Ge detectors for field spec-
trometry in 1971, EML has calibrated eight coaxial Ge
detectors of various types and efficiencies. These were
commercial units, purchased from two different manu-
facturers, that included Ge(Li) and high purity P-type and
N-type Ge, ranging in efficiency from 3%-45% (at 1332
keV relative to a 7.6 cm [3 in.] long X 7.6 cm [3 in.]
diameter Nal[T1] detector). The calibration daia for these
detectors have been reevaluated and correlated to the de-
tector crystal dimensions and manufacturer’s quoted ef-
ficiency. Based on this information, we present here an-
alytical functions and tabular data that can be used to
provide reasonably accurate field calibration factors for
others to apply to their own Ge detectors.

FIELD SETUP PROCEDURES

In order to obtain accurate measurements of radio-
nuclides in the soil, the Ge detector should be placed on
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- relatively even and open terrain. Areas where there are
large obstructions such as boulders or man-made struc-
tures should be avoided. When working in wooded areas,
the detector should be positioned away from tree trunks
as far as possible. When measuring fallout radionuclides,
the terrain under study also should be undisturbed since
natural wind and water erosion processes as well as any
human activity, such as plowing, would upset the distri-
bution of any deposited radionuclides. Although these site
criteria can be difficult to meet for aged fallout, there is
generally no problem for a fresh deposition event: a typical
large lawn would qualify. For measurements in most un-
disturbed terrain, one generally can assume a uniform
distribution with depth for natural emitters and a negative-
exponential distribution with depth for fallout radionu-
clides.

It is our customary practice to place the detector ~ 1
m above the soil surface. At this height, a tripod-mounted
detector can be handled easily and still provide a radius
of view for y-emitting sources out to about 10 m. The
source geometry for in-situ measurements can be consid-
ered as 2x or a “half-space;” however, soil and air atten-
uation effectively make it finite in size. An illustration of
the relative contributions from the soil half-space of a
medium energy (662 keV), aged-fallout '*’Cs-y source is
shown in Fig. 1. The “field of view” actually varies, being
somewhat larger for higher energy sources and also for
sources that are closer to the soil surface. Depending upon
source energy, the detector effectively sees down to a depth
of 15-30 cm.

Some investigators have used a collimator to limit
the field of view of a detector (Cutshall and Larsen 1986),
allowing for a simpler calibration procedure. Indeed, one
may wish to measure small sections of ground under cer-
tain circumstances. However, for most applications, a
more sensitive and representative measurement can be
made by using a bare detector so that the full half-space
is seen. One of the principal advantages of field spectrom-
etry is that it averages out small-scale inhomogeneities of
the source geometry that invariably are present. The
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Fig. 1. Pictorial ground area representation of the relative con-

tributions to the total 662 keV primary flux at 1 m above the

ground for a '¥Cs source distribution wherc the depth parameter
a/p = 0.21 cm? gl
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amount of ground area viewed can be adjusted by simply
varying the height of the detector. Although the results of
the work described here are for a reference height of | m,
they could be applied to any height between 0.5 and 2 m
without any significant loss in accuracy.

CALIBRATION FOR FIELD SPECTROMETRY

A field calibration differs from that for laboratory
sample counting in that spiked samples are not used.
Rather a combination of experimental and theoretical
methods are applied. We present here a summary of the
procedure, and a complete description can be found in
Beck et al. (1972).

The basic calibration equation for in-situ spectrom-
etry can be expressed in terms of peak count rate (N),
activity or inventory in the soil (4) and uncollided flux
(¢) as

Ny/A = (Nj/NoXNo/$X¢/A), 1

where the fundamental calibration parameters are ex-
pressed in ratios as follows: ;

Nj/A s the total-absorption peak count rate (cpm) in
the spectrum at the energy of a particular nu-
clide v transition per unit inventory (Bq m™?)
or concentration (Bq g~!) of that nuclide in the
soil,

N;/Np is the angular correction factor of the detector at
that energy for a given source distribution in
the soil,

No/¢ s the peak count rate (cpm) per unit uncollided
flux (y cm™2 s™!) for a paraliel beam of y rays
of the same energy that is incident-normal to
the detector face, and

¢/A is the total uncollided flux (y cm™2 s7') at that
energy arriving at the detector per unit inven-
tory or concentration of the nuclide in the soil.

In order to obtain the calibration factor (Ny/A) for a
particular nuclide, the three quantities (Vy/No, No/¢ and
¢/A) are determined separately. The first two terms are
detector dependent and can be determined experimen-
tally, while the latter can be calculated on a purely theo-
retical basis. We will discuss these terms in some detail.

No/o

The value of Ny/¢ at a particular energy is obtained
by counting a y-emitting point source of known strength,
placed at a distance of at least 1 m from the detector face,
to simulate a parallel beam of normally incident radiation.
The observed total-absorption peak count rate then is di-
vided by the flux as computed from the inverse square
law, corrected for air and source holder attenuation. Val-
ues of Ny/¢ are determined in this manner at several dif-
ferent energies, and the results are plotted as a function
of energy on log-log paper. Between 200 keV and 3 MeV,
the data are fit to a straight line reasonably well. For any
energy in this range, we can use the equation
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In(No/¢) =a—bInE, ) essary to measure this factor because a cylindrical Ge de-

* tector generally does not have an isotropic response to vy

where E is the energy of the « line of interest (MeV), and rays incident at various zenith angles. Since the angular
a and b are constants which are detector dependent. distribution of photons incident at the detector in the field

varies with the source energy and distribution in the soil,
N//N, is not a constant. However, as we will show later,

Ny/No the values generally do not vary by a large amount for a
The angular correction factor (Ny/No) is dependent given detector. The value of Ny/N, for a particular energy
upon both the detector and source geometry. It is nec- and source distribution is calculated from

Table 1. ¢ — Unscattered flux (v cm™2 s7%) at 1 m above ground per unit source strength in the soil.*

Source (alp) - cm2 g-l
energy 0 bod
(keV) (Uniform) 0.0625 0.206 0.312 0.625 6.25 (plane)
50 1.4403 0.0816 0.2245 0.3049 0.4748 1.147 1.577
100 2.7744 0.1458 0.3627 0.4708 0.6786 1.359 1.710
150 3.3264 0.1702 0.4103 0.5261 0.7438 1.427 1.775
200 3.9056 0.1843 0.4550 0.5770 0.8018 1.483 1.804
250 4.0640 0.2008 0.4697 0.5910 0.8185 1.506 1.863
364 4.7184 0.2268 0.5158 0.6429 0.8775 1.578 1.933
500 5.3904 0.2519 0.5595 0.6918 0.9334 1.650 1.995
662 6.1456 0.2788 0.6041 0.7412 0.9889 1.719 2.054
750 6.5312 0.2919 0.6257 0.7649 1.015 1.752 2.084
1000 7.5280 0.3245 0.6769 0.8209 1.077 1.830 2.151
1173 8.1472 0.3437 0.7067 0.8531 1.113 1.874 2.189
1250 8.4384 0.3523 0.7198 0.8675 1.129 1.895 2.205
1333 8.7504 .0.3617 0.7336 0.8826 1.145 1.914 2.224
1460 9.1472 0.3731 0.7511 0.9011 1.166 1.941 2.247
1765 10.091 0.3997 0.7897 0.9428 1.211 1.997 2.294
2004 10.818 0.4188  0.8173 0.9725 1.243 2.036 2.334
2250 11.397 0.4357 0.8414 0.9982 1.271 2.071 2.358
2500 12.173 0.4536 0.8667 1.025 1.300 2.105 2.385

For alp = 0 (uniform profile, natural emitters), the source strength is
17 g-l s-l for soil at all depths. For a/p > 0 (exponential profile, fallout

emitter), the source strength is 1 7 cm"2 s-1 emitted from an infinite column
of soil where the activity exponentially decreases with depth at relaxation

length of 1/a at soil density p.
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Fig. 2. Efficiency curves for parallel beam of radiation normal
to the detector face (N, /¢) for the various Ge detectors as listed
by code number and quoted efficiency (e).

[ resiaxas
Ny/Ng = 3)

[ o

where R(6) is the peak count rate for v rays of energy
E at angle 0, relative to the peak count rate at § = 0° (nor-

mal incidence) and ¢(6) is the y-ray flux at energy E at
angle 6.

In order to obtain the values of R(#), the peak count
rates are measured for point sources of various energies
positioned at different angles at a fixed distance of at least
1 m to the detector. It is sufficient to perform this mea-
surement at 15° intervals and draw a smooth curve
through the experimental data. To obtain N//Np, a nu-
merical integration can be performed by using values of
¢(0) that previously have been tabulated for various ener-
gies and source distributions (Beck et al. 1972).

In using the function R(6) in the calculation of N/
Np, the direction the detector will face when in use must
be taken into account. In general, the back end of a de-
tector will have a low response to flux due to the atten-
uation effects of the cryostat. Consequently, the ideal ori-
entation for a field detector is facing downward. This gen-
erally is accomplished by mounting on a tripod with the
dewar overhead. In this position, the uncollided v rays
from the soil below will be incident between 0° and 90°,
where 0° is defined as normal to the detector face. How-
ever, if a standard upward-facing cryostat is used, the range
of angles from a ground source would be 180°-90° as
measured from the normal to the detector face. Aithough
a 30-L dewar might be thought of as shadowing the Ge
crystal in this position, the amount of flux from the ground
area being blocked is small compared to the total incident
at the detector. For either the upward- or downward-facing
case, it usually can be assumed that the detector has a
symmetrical response about the azimuth because of its
cylindrical shape. The results of our analysis for angular
corrections presented in this paper cannot be applied to
detectors that are oriented with their axis of symmetry
parallel to the ground plane, such as would be the case
for “goose-neck” cryostats.

-
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Fig. 3. Experimental values of the constant “a” as a function of detector efficiency (¢) and a quadratic fit to the
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Fig. 4. Experimental values of the constant “b” as a function of detector efficiency (¢) and a quadratic fit to the
data. .

/A

The incident flux per unit inventory or concentration
of the nuclide in the soil is not detector dependent, but
rather a function of soil density and composition, air at-
tenuation and the source distribution in the soil. Values
of ¢/A for various natural and man-made v emitters found
in the environment have been reported previously for

uniform and exponential source-depth profiles in a rep-
resentative soil mix (Beck et al. 1972). Values of the flux
at various energies per unit-y emission in the soil, repro-
duced from Beck et al. (1972), are given in Table 1. The
parameter a/p in this table is a measure of the exponential
profile, where « is the inverse of the relaxation length and
p is the soil density. Thus, to compute a flux value for

1 1 ]

Se—80.344 MeV
A=====20.662 MeV
@« =@ |, 408 MeV

0.5 0.6 o7 0.8

0.9
L/D

1O 1.1 i.2 1.3 14

Fig. 5. Experimental angular correction factors (Ny/No) and fits as a function of the crystal length/diameter ratio
at three different energies for a downward facing cyrostat for depth distribution of a/p = 0 (uniform source
: distribution).
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Table 3. Angular correction factor (N;/No).*

L/D

Energy

(Mev) 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3
0.3 0.64 0.64 0.65 0.68 0.73 0.80 0.89 1.02 1.17
0.5 0.69 0.69 0.69 0.71 0.75 0.81 0.89 1.00 1.13
0.7 0.72 0.72 0.72 0.73 0.77 0.82 0.89 0.99 1.11
1.0 0.75 0.75 0.75 0.76 0.78 0.83 0.89 0.98 1.08
1.5 0.78 0.78 0.78 0.79 0.81 0.84 0.89 0.96 1.05
2.0 0.80 0.80 0.81 0.82 0.82 0.85 -0.89 0.95 1.02
2.5 0.82 0.82 0.83 0.83 0.84 0.86 0.89 0.94 1.01

*
Upward facing detector, uniform source

any arbitrary nuclide with a given depth distribution, a
value of ¢ can be interpolated from Table 1 at a particular
energy and then multiplied by the yield for that v ray.

CALIBRATION RESULTS

The specifications of the eight detectors we calibrated
using the above methods are listed in Table 2. As will be
shown later, the crucial parameters for estimating detector
calibration factors are the efficiency, orientation and crys-
tal length/diameter ratio.

Figure 2 shows Nj/¢ plotted as a function of energy
for all eight detectors. As can be seen, these efficiency
curves are nearly parallel. Thus, it would appear that they
could be related in some way. Since it has become an
industry standard to measure the efficiency of a Ge de-
tector at 1332 keV relative toa 7.6 X 7.6 cm (3 X 3 in.)
Nal(T1) detector, we chose to use the manufacturer’s
quoted efficiency, which we denote as ¢, to predict the
response at other energies. The separate values of @ and
b (from eqn 2) for each detector are plotted as a function
of ¢ in Figs. 3 and 4, respectively. A fit to a second degree
polynomial in each case yielded:

a' = 2.689 + 0.4996 In ¢ + 0.0969(ln ¢)* and (4)
b’ = 1.315 — 0.02044¢ + 0.00012¢%, )

distribution (al/p = 0).

where the prime denotes the corresponding theoretical
values of a and b. As can be seen, the fits are quite good.
The maximum deviation from the curve fit for a is 2%,
while that for b is 6%. These expressions for a’ and b’,
therefore, can be used in eqn (2) to estimate the value of
N, /¢ for any detector at any energy.

On a purely theoretical basis, the angular response
of a detector should be related to the crystal dimensions.
At low energies (<100 keV), the response will vary ac-
cording to the surface area of the detector seen by the-
incident flux. At higher energies, a more complex three-
dimensional analysis would be required. In addition,
housing, mounting and dead-layer (inactive Ge) atten-
uation effects are present. Despite these complexities, we
have found that the values of Ny/N fit a relatively smooth
curve when plotted as a function of the crystal length/
diameter (L/D) ratio (e.g., see Fig. 5). Using this and sim-
ilar figures, we have estimated Ny/N values at various
energies for both upward and downward facing detectors
for the two most extreme cases of source depth distribu-
tion, uniform (a/p = 0) and infinite plane (a/p = ).
The data set cover a range in crystal L/D values of 0.5-
1.3 and are listed in Tables 3-6. Considering the relatively
small variation of N;/Np with the depth distribution, it is
sufficient to apply the values for an infinite plane for any
source near the soil surface. Cases of deeply distributed
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Table 4. Angular correction factor (N;/No).*

Heaith Physics

July 1988, Yolume 55, Number 1

i

L/D
Energy
(Mev) 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3
0.3 0.77 0.77 0.78 0.78 0.81 0.89 1.00 1.12 1.34
0.5 0.79 0.79 0.80 0.80 0.83 0.90 0.99 1.10 1.28
0.7 0.80 0.80 0.81 0.82 0.84 0.90 0.99 1.09 1.24
1.0 0.82 0.82 0.82 0.83 0.86 0.91 0.98 1.08 1.20
1.5 0.83 0.83 0.83 0.85 0.87 0.92 0.98 1.06 1.16
2.0 0.84 0.84 0.84 0.86 0.88 0.92 0.98 1.05 1.13
2.5 0.85 0.85 0.85 0.87 0.89 0.92 0.97 1.05 1.10
* Upward facing detector, plane source distribution (a/p = ®).
Table 5. Angular correction factor (N;/No).*
L/D
Enecgy
(Mev) 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3
0.3 0.81 0.82 0.83 0.86 0.91 0.99 1.08 1.18 1.31
6.5 0.84 0.85 0.85 0.88 0.93 0.99 1.06 1.14 1.25
0.7 0.86 0.86 0.87 0.90 0.93 0.98 1.05 1.12 1.21
1.0 0.88 0.88 0.89 0.91 0.94 0.98 1.03 1.10 1.18
1.5 0.91 0.91 0.91 0.92 0.94 0.97 1.02 1.07 1.13
2.0 0.92 0.92 0.93 0.93 0.94 0.96 1.00 1.05 1.10
2.5 0.94 0.94 0.94 0.94 0.95 0.96 0.99 1.03 1.07

*
Downward facing detector, uniform source distribution (a/p = 0).
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Table 6. Angular correction factor (N;/Ny).*

L/D

Energy
(Mev) 0.5 0.6 0.7 0.8

0.9 1.0 1.1 1.2 1.3

0.3 0.80 0.80 0.81 0.83

0.5 0.82 0.82 0.83 0.85

0.7 0.83 0.84 0.85 0.87

1.0 0.85 0.85 0.86 0.88

1.5 0.86 0.87 0.88 0.90

2.0 0.88 0.89 0.90 0.91

2.5 0.89 0.90 0.91 0.92

0.88 0.97 1.07 1.19 1.35

0.90 0.97 1.06 1.16 1.29

0.91 0.97 1.05 1.14 1.25

0.92 0.97 1.04 1.12 1.22

0.93 0.97 1.03 1.10 1.17

0.93 0.97 1.02 1.08 1.14

0.94 0.97 1.01 1.07 1.12

*
Downward facing detector, plane source

sources (a/p < 0.1) should have the values for a uniform
profile applied, while a median value of N;/N, can be
applied to somewhat aged fallout products that have not
penetrated far into the soil (0.1 < a/p < 0.5).

ESTIMATED CALIBRATION FACTORS

The conversion of an observed peak count rate to a
radionuclide inventory or concentration in the soil can
be performed by determining the three separate factors
No/¢, Ny/No and ¢/A and using egn (1). This procedure
is outlined in example 2 in the appendix. To save most
of the steps of this operation, we have taken the results
of our fit of Ny /¢ to € and combined them with the values
of ¢ as derived from Table 1 to yield the factor Ny/4 for
some common natural and man-made radionuclides.
These values are presented in Tables 7-9 for detectors
with efficiencies ranging between 5-45% in steps of 5%.
The values for any arbitrary detector in this range can be
interpolated from this listing. These Np/A4 values represent
the peak count rates to inventory or concentration con-
version factor for a detector where N;/Np = 1, that is,
where there is no angular correction factor. Also listed in
these tables are the factors to convert the inventory or
concentration to exposure rate and dose rate in air at a
height of 1 m above the ground.

distribution (a/p = =).

In Table 7, the factors for man-made emitters were
calculated using an exponential depth distribution where
a/p = 6.25, which corresponds to a source that has pen-
etrated somewhat into the soil. At a typical soil density
of 1.6 g cm™>, this would mean that 63% (1 — 1/e) of the
activity was contained in the top | mm of soil. We have
found from past experiences that this represents a rea-
sonable approximation to a fresh deposition of fallout.
Aside from some penetration of a fallout product below
the soil surface, this type of profile can result from the
effects of ground roughness, which, in effect, makes a sur-
face source appear deeper to the detector.

Table 8 contains factors for the ubiquitous '¥’Cs for
various depth profiles. We include this information for
this nuclide, because it contributes several percent to the
total y-exposure rate in most areas, and, in a sense, can
be considered part of the “background” radiation envi-
ronment. As a weapons test fallout product that was de-
posited for the most part in the late 1950s and early 1960s,
this nuclide has assumed a depth profile in undisturbed
soils that varies among sites throughout the U.S. In gen-
eral, one can expect the current profile to be reasonably
well represented by an exponential function, where a/p
is on the order of .03~.2 for open field areas where the
climate is moist and from .2-1 for semi-arid areas.

The listing in ‘I'able 9 is for natural emitters assuming
a uniform source distribution. As such, the quantity in-
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ferred is in the form of a concentration, independent of
depth and soil density. In most cases, there is equilibrium
among the various nuclides in the U and Th series, so
that the measurement of any one line yields a concentra-
tion value for the entire series, although averaging several
lines will give a more precise value. Exhalation of 2*Rn
from the soil complicates the task of evaluating the U
series; however, this effect tends to produce only a 10-
20% reduction in the important y-emitting 2'“Pb and 2'*Bi
daughter products in the surface soil, which is offset
somewhat by the contribution of the flux from these same
nuclides in the ambient air. A detailed evaluation of this
phenomena can be found in Beck (1974). The ¢/4 values
used to compute the 2°Ra and progeny in this table are
based on an intensity of 0.45 per disintegration for the
.609 MeV 2'“Bi line, which differs from the intensity of
0.43 reported in Beck et al; (1972).

Before applying the Ny/A values from these tables
to the peak count rates in a field spectrum, it is necessary
to multiply by the appropriate angular correction factor
(Ny/Ny) from Tables 3-6 in order to obtain Ny/A.

DISCUSSION OF ERRORS AND LIMITATIONS

Although the results obtained by applying the semi-
empirical calibration data provided here cannot be ex-
pected to be as accurate as those based on an actual ex-
perimental calibration, we believe that they would fall
within reasonable error bounds. As a measure of the ex-
pected accuracy, the estimated conversion factors as
computed by the above method for the eight detectors
used in this study were compared to the experimental
values. For energies above 500 keV, the differences were
generally <5% with no value exceeding 7%. Since this
comparison can be made only for the present limited set
of eight detectors, we conservatively estimate that the un-
certainty in our estimated calibration factors is on the
order of 10%. Somewhat larger differences between the
estimated and experimental values were found for energies
between 200 and 500 keV, so we conservatively estimated
the uncertainty in this energy range to be 15%. Considering
the convenience of being able to apply this semi-empirical
calibration without performing any laborious experimen-
tal work and associated calculations, this degree of ac-
curacy seems reasonably acceptable.

In addition to any systematic errors that may be in-
troduced in applying the calibration described here, there
are the usual statistical counting errors associated with
the analysis of spectrum peaks. These counting errors are
related to the level of activity present at a site and the
detector efficiency and counting time. For an average size
detector of 25% efficiency and a counting time of one h,
the results for typical levels of natural background emitters
would have a coefficient of variation of 5% or less. The
lower limit of detection for common fission products such
as those. listed in Table 8 using a detector of this size

would be on the order of a 100 Bq m™2 for only a 10-min -

count.

A good check to perform when making field mea-
surements is to sum the individual exposure rates for each
radionuclide (natural and man-made) and, after adding
in the cosmic-ray contribution to the total air ionization,
compare the result to a reading obtained from a pressur-
ized ionization chamber. When the two values are in
agreement, one can assume the Ge detector calibration
being used is correct. In cases where there is some uncer-
tainty in the history of the site, this comparison also serves
to insure that the assumed source distributions are correct
as well. To make this comparison, we present for the
reader’s convenience in Fig. 6 the cosmic-ray secondary-
exposure-rate equivalent and dose rate in air as a function
of altitude and barometric pressure for mid-latitudes as
derived from Lowder and Beck (1966). In a strict sense,
the quantity “‘exposure rate” is only applied to v rays of
certain energies. However, for environmental radiation
measurements, it is convenient to extend the meaning to
include the exposure-rate equivalent of ionization due to
cosmic rays. These values vary with the 11-y solar cycle
being a few percent higher at solar minimum and lower
at solar maximum (O’Brien 1972). :

The conversion factors presented in Table 7 are
somewhat sensitive to the depth profile of the nuclide in
the soil. We have chosen a source distribution, where o/
p = 6.25, because it is applicable to the case of a fresh
deposit that would occur if there were releases to the en-
vironment from an accident at a nuclear facility. For
sources that are distributed more deeply in the soil, such
as '¥’Cs from global-weapons-tests fallout, the application
of these factors would underestimate the inventory. How-
ever, the exposure rate that would be inferred from the
data in Table 7 still would be reasonably close to the true
value. This results because the observed peak count rate
in a field spectrum is essentially a measure of the uncol-
lided flux, and, although both the uncollided flux and the
exposure rate for a given inventory vary significantly with
the source depth distribution, the ratio of these two quan-
tities does not vary significantly.

In cases where a deeper profile of the nuclide is sus- _
pected, one can take soil samples from different depths
for laboratory analysis to determine the true profile (Miller
and Helfer 1985). The correct conversion factor to apply
in order to obtain an inventory estimate then can be cal-
culated using the ¢ values from Table | to generate a table
analogous to Table 9 for !3’Cs. For a comprehensive listing
of the corresponding exposure-rate per unit inventory
factor that must be applied in these cases, we refer the
reader to Beck (1980).

CONCLUSIONS

In-situ y-ray spectrometry is a practical tool for ob-
taining information on radionuclides in the environment.
It is particularly useful in emergency-response situations
where a rapid assessment of deposited activity and ex-
posure rates for specific radionuclides is desired. It is also
a sensitive method that can be used for routine checking



28 Health Physics

July 1988, Volume 55, Number 1

ALTITUDE (km)

30 2.8 2.0 X 1.0 0.5 [

12 S 5 I 20 I S S A O S I A T I N N R
R v 100
20
> ?
T 80 <
N 3
:
g 0 &
& 2
g 6o ¥
§ -
S 5o‘§
40
A 30

sllLlllIllJll [ S O WU O N O T S B |

550 €00 650 700 750

ATMOSPHERIC PRESSURE (mmHg)

Fig. 6. Cosmic-ray-exposure rates and dose rates in air as a function of altitude and atmospheric pressure at mid-
latitudes.

of low-level contamination in the environment. Since a
complete calibration of a Ge detector for field measure-
ments involves a considerable amount of effort, the cal-
ibration factors given in this paper can be used in situa-
tions where an approximation will suffice. The only pa-
rameters that are needed are the manufacturer’s quoted

~

efficiency at 1332 keV, the detector orientation (up or
down) and the Ge crystal length/diameter ratio. Despite
the variation in detector response that results from other
variables such as crystal mounting, housing and dead lay-
ers, it would appear that the accuracy of using these semi-
empirical calibration factors is on the order of 10-15%.
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APPENDIX

For clarity, we will provide two examples that show how
to use the calibration method described in this paper.

Example 1

In this first example, we will use a hypothetical detector
with a downward facing cryostat, 30% efficiency and a crystal
length/diameter (L/D) ratio of 1.0. The nuclide we wish to mea-

sure is 3'I (.365 keV), a freshly deposited man-made emitter
(Table 7).

(1) From Table 6, we estimate the angular correction factor
Ny/N, for .365 keV and L/D ratio of 1.0. The N;/N, value for
this energy is seen to be 0.97.

(2) The Ny/A can be obtained by using Table 7. The value
from Table 7 is 0.072.

(3) These two values are multiplied to compute N,/4.

Nj/A = (0.072 cpm per Bq m™2)0.97)
or

Ny/A = 0.070 cpm per Bq m™2.

(4) If the measured peak count rate is at 100 cpm, then
the activity deposited is:
A = 100 cpm/0.070 cpm per Bq m™?
or .
4 =143 X10°Bgm™2

(5) Using the conversion factor from Table 7, the contri-
bution to the dose rate would be:

I= (1.5 % 10" nGy h™! per Bq m~2X1.43 X 10* Bqm™2)

or
I=2.14nGyh™\

Example 2

In this example, we will compute N;/A4 for an arbitrary
nuclide with a given depth distribution by knowing the following
information about the detector and the nuclide to be analyzed.

The detector will have the same characteristics as in example
1, but the nuclide will be Ag-110M at .658 MeV with a source
distribution of a/p = 6.25, which corresponds to a slightly buried
source. We will compute N;/A4 using the three terms in eqn (1).

(1) The angular correction factor (N;/Ny) is interpolated
from Table 6 to be 0.97.

(2) Using eqns (4) and (5), where ¢ is sct equal to 30, we
find the values for a’ to be 5.509 and b’ to be 0.810. Incorporating
the values of @’ and &' in eqn (2), we calculate No/¢ to be 347.

(3) Using the data in Table 1, we interpolate and find the
flux for unit  emission to be 1.72, which is multiplied by the
yield for that v ray (v per disintegration).

o/4 = (1.72)0.947)

¢/4 = 1.63y cm~? 5™ per Bq cm™
or
¢/A = 1.63 X 10~*y cm™?s™! per Bqm™2.

(4) Nj/A is then
Ny/A = (0.97X347X1.63 X 107

or
Ny/A = 0.0549 cpm per Bq m~2.
(5) For a peak count rate of 100 cpm, then ’
A = 100 cpm/0.0549 cpm per Bq m~?
or

A=182X10°Bqm™.

(6) Using Beck (1980), the exposure rate for 1 mCi km™
is given as .0436 uR h™! for this source distribution, a/p = 6.25.
In SI dose units, this is equivalent t0 .0103 nGy h™! per Bq m™.
I =(0.0103)1.82 X 10%)
or

I=188nGyh™.



