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RemoTeE DeTECTION OF RADIOACTIVE PLUMES UsING MiLLIMETER WAVE TECHNOLOGY
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ABSTRACT

The reprocessing of spent nuclear fuel, a common method for manufacturing weapons-grade special nuclear
materials, is accompanied by the release of fission products trapped within the fuel. One of these fission products is
a radioactive isotope of Krypton (Kr-85); a pure 3- emitter with a half-life of 10.72 years. Due to its chemical neutrality
and relatively long half life, nearly all of the Kr-85 is released into the surrounding air during reprocessing, resulting
in a concentration of Kr-85 near the source that is several orders of magnitude higher than the typical background
(atmospheric) concentrations. This high concentration of Kr-85 is accompanied by a proportionately high increase
in air ionization due to the release of beta radiation from Kr-85 decay. Millimeter wave (MMW) sensing technology
can be used to detect the presence of Kr-85 induced plumes since a high concentration of ions in the air increases
the radar cross section due to a combination of atmospheric phenomena. Possible applications for this technology
include the remote sensing of reprocessing activities across national borders bolstering global anti-proliferation
initiatives. The feasibility of using MMW radar technology to uniquely detect the presence of Kr-85 can be tested
using commercial ion generators or sealed radioactive sources in the laboratory. In this paper we describe our work
to derive an ion dispersion model that will describe the spatial distribution of ions from Kr-85 and other common lab
sources. The types and energies of radiation emitted by isotopes Co-60 and Cs-137 were researched, and these
parameters were incorporated into these dispersion models. Our results can be compared with the results of MMW
detection experiments in order to quantify the relationship between radar cross section and air ionization as well as

to further calibrate the MMW detection equipment.
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INTRODUCTION

With the incredible potential for destruction attributed to
nuclear weapons, the proliferation of special nuclear materials
(SNM) is a notable concern for both national and global security.
One possible method by which SNMs can be manufactured is the
reprocessing of spent nuclear fuel. In fact, some reactors are designed
specifically to enhance plutonium production for the purpose of
bolstering nuclear weapons programs [1]. When nuclear fuel is
reprocessed, fission products trapped within the fuel are released.
One of the most prominent gaseous fission products is Krypton-85
(Kr-85), which is created in abundance in typical fission reactions.
Kr-85 has a half-life of over 10 years, so it will not decay during
the 1-2 year fuel-storage period that is typical before reprocessing
occurs. Additionally, since Krypton is a noble-gas, it does not readily
chemically react making it very difficult to suppress emissions of the
gas during the reprocessing procedure [2]. Furthermore, Kr-85 is
radioactive; a pure B~ emitter with an average energy of 251 keV/
particle [3]. Studies have shown [4] that emissions of Kr-85 during
reprocessing exceed the background (atmospheric) concentrations
of the isotope by several orders of magnitude. Therefore, detection
of Kr-85 offers a pragmatic and unique method for detecting the
reprocessing of nuclear fuel.

Currently, the only way to detect the presence of Kr-85 is
via atmospheric sampling [4]. Although effective under certain
circumstances, this method has several drawbacks. First, collection
efficiency is greatly affected by uncontrollable parameters such as
wind, rough terrain and national borders. Wind and terrain can
dramatically affect where and how far the plume of radioactive
Kr-85 will spread. Furthermore, the detection efficiency decreases
as distance from the source increases, so national borders impose a
significant hurdle to international Kr-85 detection for nuclear fuel
reprocessing plants far from borderlines. Additionally, it is neither
practical nor cost-effective to continually sample the atmosphere,
which limits the atmospheric collection method to applications
where the time-frame of Kr-85 emissions is known. Ideally
the disadvantages of the atmospheric collection method can be
eliminated by using MMW radar to detect Kr-85 emissions directly
near the source (the stack of a reprocessing plant).

The ability to cheaply and continuously monitor the output
of known and suspected reprocessing facilities will greatly enhance
the ability of international organizations to monitor compliance
with non-proliferation treaties and initiatives. Rather than detect
Kr-85 directly, the MMW radar will detect the ionized air that
results from the emission of radioactive Kr-85. lonized air has a
higher radar cross-section than normal air, which allows plumes of
radioactive gasses to be distinctly imaged or detected. Furthermore,
other atmospheric phenomena such as ion-induced nucleation can
further increase the radar cross-section of such plumes. These "tell
tale” signatures in combination with the a priori knowledge of the
plant and weather conditions would then indicate the presence
of Kr-85, uniquely proving that fuel was being reprocessed. The
goal of this project is to develop models for the spatial dispersion
of ions, which can be used as a benchmark to test and calibrate the
MMVW system.

Centimeter-wave technology has been previously used to image
the emissions of several commercial power plants [5]. However, the

physical process by which radar cross section is increased due to
radiation-induced ion concentration is complicated and, currently,
not well understood. In the absence of a model that predicts radar
cross section based on air ion concentration, experiments must be
designed to test the response of the MMW technology to different
sources and concentrations of ions. Therefore, it is important to
derive models to predict the spatial distribution and concentration
of ions from different sources so that the results of the experiments
can be benchmarked.

MATERIALS AND METHODS

Isotopes of Interest

The release and decay of Kr-85 is the most significant
contributor to the increase in air ion concentration [2] during a
reprocessing event. In fact, calculations using data from a study
on reprocessing has shown that the ion concentration due to Kr-85
decay is expected to be three or more orders of magnitude greater
than the atmospheric ion concentration [4]. However, Kr-85 is not
an easily obtainable source for use in the laboratory due to the fact
that its gaseous nature presents a significant health risk to laboratory
personnel. Alternate sources such as Co-60 and Cs-137 are available
from many vendors in the form of sealed disk sources, making them
convenient for laboratory use. Although the types and energies of the
radiation emitted from each of these sources differ from Kr-85, these
sources are useful to study the MMW interaction of air ionization
that occurs and the spatial distribution of those ions.

There are several parameters of interest in the construction of a
spatially-dependent ion model, such as the path length of a typical
beta particle (with given energy); the average number of ion pairs
formed per energy of a beta particle; and contributions from gamma
radiation. All of these parameters have a distinct affect on the
derivation of a spatial ion model, and need to be taken into account
for each of the individual isotopes. The energy spectra and decay
modes of Kr-85, Co-60 and Cs-137 are well known, and all of the
pertinent data for each of these isotopes can be found in references

[3], [6] and [7] respectively.
Estimate of Radiative Losses for Given Beta Particles

Since ion pair formation is the main concern for this
application, energy losses through non-collisional pathways such
as Bremsstrahlung must be accounted for. Radiative losses such
as Bremsstrahlung represent energy loss mechanism that do not
directly form ion pairs and hence detract from the formation of an
ion plume. The actual ratio of radiative to collisional energy loss
is a complex expression; however the following expression gives an

accurate approximation.
(dE/dx), g7

(dE/dx), =~ 700 (1)
where E is energy in units of MeV, and Z is the atomic number of
the medium through which the - travels. The derivative terms on
the left hand side of Eq. (1) represents the ratio of radiative stopping
power to the collisional stopping power. Integrating Eq. (1) over all
space yields the ratio of total radiative energy loss to total collisional
energy loss for a particle of known energy. This approximation is
used for each of the isotopes, Co-60 and Cs-137. In order to ensure
the estimate is conservative, the maximum B energies will be used
for E and the highest possible value will be used for Z. Since the
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medium of interest is air, which is composed of ~78% nitrogen (Z=7)
and 22% oxygen (Z=8), a value of Z=8 will be used.

The results of the calculation for each of the three isotopes are
shown in Table 1, and clearly indicate that the amount of energy lost
to Bremsstrahlung for each of the three isotopes is negligible. These
data are supported by the following conceptual argument: since the
kinetic energy of the B~ particle is relatively small, the amount of
energy lost in the event of an inelastic collision would likewise be
negligibly small. Therefore, it can be assumed that all of a given B7s
energy is lost to the formation of ions in atmospheric air.

o | Mz | m
Kr-85 0.6874 0.7856%
Co-60 0.3182 0.3637%
Cs-137 0.5140 0.5874%

Table 1. Table showing conservative estimates for the total percentage
of energy lost to Bremsstrahlung for each of the three isotopes of
interest.

Ion Pairs per Beta Particle

The previous section demonstrated that the beta particles from
Co-60, Cs-137 and Kr-85 lose all of their energy to the formation of
ion-pairs in air. The number of ion pairs corresponding to a typical
B from each isotope can be calculated. This is an important input
parameter for the spatial ion-distribution model, describing the
number of ion-pairs expected to be produced per charged particle.
It will be assumed that a B~ emitted by a particular isotope has a
kinetic energy equal to the average kinetic energy of the spectrum
for that isotope. The W-value for air is 33.8 ¢V/ion-pair [8].

Using this information, the average number of ion pairs created
per B can be calculated as:

Avg eV

B particle

ion pairs

B particle ()

The information in Table 2 can be used to verify a value for
the expected number of ion-pairs created per m? per second by
Kr-85 emissions from reprocessing plants. A study from the WAK

) S ion pairs
= (W- n:n’uc)[ o J

reprocessing facility in Germany gives a value of 2.7 mCi/m3s due
to Kr-85 emission during reprocessing [4]. Using this data, the
number of ion pairs/cm3s can be calculated:

3.7x10" Bq

I

1",
/ sec

2.7mCi 7443 ion pairs
m* 1000 mCi ~ 1Bg 1B
7.4 x10" ion pairs 7.4 x10° ion pairs
- m's - cm’s 3)

gy | Boapanse
Kr-85 251590 ~7443
Co-60 95770 ~ 2833
Cs-137 174320 5157

Table 2. Table showing the expected average number of ion pairs
produced in air per beta particle from each of three sources of
interest.

The specific production rate of ions due to Kr-85 emissions of
the given activity is roughly 7.4 x 10 ion-pairs/cm3s. This value
can serve as a baseline for experiments where the ion production
parameter can be controlled.

A couple of points should be noted about Eq. (3). First, it is
assumed that ion pairs are created instantaneously coinciding with
the release of a . The B~ has a velocity near the speed of light when
released, and its maximum travel length never exceeds three meters
as per rule of thumb. Since time = distance/velocity, to a classical
approximation, this assumption is valid.

Another more egregious omission is the recombination of
ions once they are formed. Models of this process are currently
underdeveloped and go beyond the scope of this study, but it is
expected that such models will be useful in the future.

Maximum Beta Particle Range in Air

The range of the B in air is an important parameter because it
represents the distance over which significant ionization is expected
to occur. The definition of maximum range of a 3~ assumes that
the particle traveled in a straight line, although this is rarely ever
the case. It has been found that the range is largely a function of
the B~ energy, and the density of the medium material, regardless of
the material's other properties [8]. Figure 1 illustrates this fact and
is used to derive expected values for the range of the B’s emitted
by each of the above three isotopes. In this case, we will estimate
the range x density values for the average energy and the maximum
energy of a f from each of the three sources. The results can be

found in Table 3.
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Figure 1. Figure showing the range x density value for several materials
as a function of beta particle energy. Notice that the figure shows the trend
is relatively constant regardless of which material is considered [8].
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Isotope £ Max Beta Avg Beta MaxiTum E.stimatedZ Avergge Es.timatedZ Max Est. Avg Est.
nergy (MeV) Energy (MeV) Range*Density (g/cm?) | Range*Density (g/cm?) Range (cm) Range (cm)
Kr-85 0.6874 0.25159 0.3 0.06 2320 46.4
Co-60 0.3182 0.09577 0.1 0.015 773 11.6
Cs-137 0.514 0.17432 0.11 0.028 85.1 21.7

Table 3. Estimates of the average and maximum range of the beta particles in air based on the range x density plot (Figure 1). The maximum and
average energies of the beta particles were used to determine corresponding “maximum” and “average” range x density values on the chart above.
To calculate the range, the range x density values were simply divided by the density of dry air, approximately 0.001293 g/cm?.

Gamma Ray Interaction in Air

Although Kr-85 is a pure beta emitter, the sources that will
likely be used in the lab emit both beta and gamma radiation. For 10"
instance, some common lab sources, including Cobalt-60 (Co-
60) and Cesium-137 (Cs-137), are dual gamma and B~ emitters.
Therefore, it will be useful to know what effect, if any, the gamma

I=7. NITROGEM

radiation will have on ionization.

wip or ”_em"p ey

The probability of a gamma ray interaction in any medium is
measured with an attenuation coefficient, p, which is the probability,
per unit path length, that a gamma-ray photon will be removed from 1t
a theoretical beam defined by its initial path [8]. The attenuation
coefhicient is dependent on the energy of the gamma ray, the atomic
number of the medium, and the density of the attenuating material.

Fhoton Energy, Mev'
I=8. OXYGEN

Since the medium of interest in this case is air, we are interested in
the attenuation properties of nitrogen and oxygen under reasonable
atmospheric conditions. The mass attenuation coefficient (which
accounts for density) can be estimated from published graphs and

Tables (Graph A, [9] and Table 4).

The density of dry air at standard atmospheric conditions is

wip or u_enf'p cm?fy

Phaoton Energy, Met'

Graph A. Mass attenuation coefficients for nitrogen and oxygen.

about 0.001293 g/cm3 [8]. Using this value for the density, we

can calculate the probability per unit path length of an interaction Isotope v-Energy | pip (cm2lg) | wip (cm?lg) | Est. plp (cm2g)
between the gamma ray and the medium. An alternate way to (MeV) for0 forN for Air
characterize the same property is to calculate the mean free path of Co-60 | 1.173,1.332 0.035 0.05 0.0467
the gamma ray in the given medium. The mean free path is defined Cs-137 0.682 0.09 0.085 0.0861

as the average distance that the gamma ray travels through the
medium before any interaction takes place. This value is simply the
reciprocal of the attenuation coefficient and is shown in Table 5.
The values for mean free path length for gamma rays from
Co-60 and Cs-137 are ~160 m and -85 m respectively. As rough
estimates, even if they are an order of magnitude too high, these
values still show that the gamma rays interact far less in air than beta

particles do. Hence the ion production rate from gamma rays is Isotope Est. p/p (cm?g) for Air y (1/cm) A (cm)
expected to be much smaller than that from beta particles. However, Co-60 0.0489 6.323E-05 1.582E+04
in a laboratory setting, the gamma rays are bound to hit other solid Cot37 0.0927 120E-04 83436403

materials/equipment and emit secondary energetic electrons which
will cause ionization in air like beta particles do. See Eq. (4) for
an estimate of ion production rate as a function of distance from a
gamma ray source of given activity.

Each of these calculated parameters plays a role in the spatial
ionization model. The amount of ions produced per beta particle
and the maximum beta particle range help define the magnitude
and spatial resolution of the models, respectively. The gamma-ray
range in air similarly plays a role in determining the spatial scale of
the model. Finally, the calculated absence of radiative losses allows
the model to ignore loss terms due to Bremsstrahlung.

Table 4. Table showing the estimates for the mass attenuation
coefficient for gamma rays in oxygen, nitrogen and air. The oxygen
and nitrogen values were estimated using the graphs found in
Appendix A. The estimate for air is calculated by the following formula:
0.78xN-value+0.22xO-value. This is intended to compensate for the
concentration of nitrogen and oxygen in air.

Table 5. Table showing the calculated estimates for the mass attenuation
coefficient and the mean free path of the gamma rays emitted by the
two listed sources.
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Spatial Ionization Models for Isotopes of Interest

The information calculated in the above section for Co-60 and
Cs-137 was applied in the development of a model to calculate the
expected amount of ionization from disk sources of Cs-137 and Co-
60 of known activity as a function of distance from the source. These
predicted values will then be compared to any measured changes
in cross section to greater understand the relationship between
ion concentration and changes in radar cross section. Co-60 and
Cs-137 were considered for this ion model because these isotopes
will most likely be used for laboratory tests of MMW technology.
Furthermore, the results of these models could easily be extended to
Kr-85 sources, since the principles used to derive the parameters in
the calculations section do not differ for different isotopes.

REesuLrs AND DI1SCUSSION

Since ionization is, by far, the most prevalent pathway by which
gamma ray energy can lose energy in air, the measure of charge/
unit mass (gamma source exposure rate) can easily be converted to
ion-pairs/unit mass. The exposure rate equation is based on the
assumption that the volume of interest is large compared to the size
of the source (i.c., spherical geometry is applicable). Since the mean
free path of the high energy gamma rays of interest is on the order
of tens of meters in air, and since most lab sources tend to be small
disk sources, this assumption is upheld quite well. The equation
for calculating exposure rate from activity is given by Knoll [8] as:

_r4d
=14 (4)
where,

X =exposure rate (R/hr)

I' = the exposure rate constant (Rxcm?)/(hrx mCi)

A= Activity (mCi)

d=straight-line distance from source to point of interest (cm).

Eq. (4) shows that exposure rate can be calculated as a function
of distance if the activity and the exposure rate constant are known
for the isotopes of interest. Exposure rate constants can be found
in a number of radiological health resources [10], while the activity
must be a given parameter. The parameters of interest for Co-60

and Cs-137 are given in Table 6.

Exposure Rate Constant Activity
Isotope (R*em2)/(hr*mCi) (mCi)
Cs-137 33 0.4
Co-60 13.2 0.95

Table 6. Exposure rate constants and activities for Cs-137 and Co-60.
The exposure rate constants were looked up on page 59 of reference 8.
The activities of the sources were specified by the designers of the
experiment.

The conversion between Roentgen and ion-pairs per mass
is: 1R=2.08x10% ion-pairs/0.001293 g air (I cm3 at standard
temperature and pressure (STP)) [8]. Therefore, if it is assumed that
the medium is at STP, the value for exposure rate can be converted
to ion-pairs/cm3/s; which is the parameter of interest.

Carrying out the calculation for Co-60 and Cs-137 and then
converting the answer to ion-pairs/cm3/s yields:

v 04 _ 126 R lhr  _ 2R
X =132 d2 = T E * 3600 s = O.UOJD?
. 2.08 x 10” jon pairs;’cm} . 7.28 x 10* ion pairs )
IR & em'’s
for Co-60 and
. 2,04 132 R , lhr _ R
X=33 £ - F hr 36005 - 0.0003673
, 208 x 10” ion pairs/cm’ . 7.63 x 10° lon pairs )

IR d cm’s

for Cs-137.

Therefore, given the distance in centimeters, the number of
ion pairs produced per cm3 of air as a result of gamma ray radiation
is 7.28x10°/d? ion pairs/cm?®/s for Co-60 and 7.63x10°/d* ion
pairs/cm?®/s for Cs-137. At a sample distance from the source of
10 cm, these equations yield 7.28 x10% ion pairs/cm?/s for Co-60
and 7.63x10° ion pairs/cm?®/s for Cs-137.

Unlike the gamma ray case, no convenient equation exists
to calculate the amount of ionization as a function of the spatial
distribution of the beta particles. In order to estimate the amount
of ion-pair production as a function of spatial distribution, a simple
spatial model will be derived based on the following assumptions.
1. Although beta particles are emitted with a spectrum of possible

energies, it will be assumed that each beta particle emitted by

the source leaves with the average energy for that particular
spectrum (i.e., 95.77 keV for Co-60 and 174.32 keV for Cs-

137).

2. Since the path of beta particles is erratic in air, the overall motion
of any given beta particle will be characterized as random.
It follows that the ion pairs due to beta radiation follows a
Gaussian spatial distribution.

3.  From the central limit theorem, it can be shown that 99.7% of
the expected values will reside within three standard deviations
of the mean for a normal distribution. In this case, the mean
value is zero (in other words, the average value of the distance
traveled is zero, since the emission of beta particles from the
source is assumed to be spherically symmetric). Therefore, it
will be stated that three standard deviations will correspond to
the maximum range of a beta particle in air.

4.  The magnitude of the distribution can be calculated in the
following manner. Given the average number of ion pairs
produced per beta particle as calculated above and the number
of beta particles emitted per unit time which can be estimated by
the activity of the source, the Cs-137 source is expected to emit
0.4x3.7x107=1.48x 107 beta particles/second, while the Co-
60 source is expected to emit 0.95x3.7x107=3.52x107 beta
particles/second. Therefore, the number of ion pairs produced
per second due to beta radiation is:
1.48x107x2833=4.19x10'% ip/s for Co-60,
and 3.52x107x5157=1.81x10"" ip/s for Cs-137.

The general form for a Gaussian distribution [11] is given by:

fx) = — A exp| - =
’ oA2m 207 7)
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where A is the magnitude of the distribution, ¢ is the standard
deviation, and x is the single spatial dimension considered.
Calculating A and ¢ as described above, we are left with the
parameters given in Table 7 for Co-60 and Cs-137.

. Max Range (cm) o
Isotope A (ipls) (from Table 3) (cm)
Cs-137 1.18E+11 77.3 28.3
Co-60 419E+10 85.1 25

Table 7. Parameters A and o for Cs-137 and Co-60 as calculated for
the spatial ion model above.

It does not matter whether an ion pair was created indirectly by
gamma ray interactions or by beta particle interactions. The total
number of ion pairs at any given distance is expected to be the sum of
the ion pairs created by gamma radiation and beta radiation. Thus,
combining all of the information above, the spatially-dependent
functions of ion density for each isotope is:

2 (]
exp _Jc_2 +7.08{(IO

o2m 20 x @®)
for Co-60, where
A=4.19x10" ip/s;

0=25cm;

flx[cm]) =

x=distance from source (cm);
and

X 7.63 % 10°
_]_ —

A 2
Slx[em)) - \/Z exp 262 . . where
A=1.81x10" ip/s;
0=28.33 cm;
x=distance from source (cm);

for Cs-137.

CONCLUSION

Figures 2 and 3 show the results of these models plotted in
two dimensions from which we can conclude that the contribution
of jon pairs due to gamma radiation is negligible compared to the
amount of ion pairs produced by beta radiation. This matches the
prediction made above.

One of the shortcomings of this model is that it does not take
into account recombination. The simplest models for recombination

are often shown in differential form such that: % =—a *n* where
n(t) is the concentration of ions and alpha is a recombination
coefficient [5]. However, this model is not accurate in this case
because the mechanisms for recombination in the atmosphere are
far more complex than this model suggests. Also, values for o are
not accurately known for situations where ion concentrations are
higher than the general background level. Since recombination is
not considered in the above model, the density of ions predicted by
the model may be somewhat higher than what is observed. More
research is needed to better understand the role of recombination
in high-ion density atmospheric situations.

Also, notice that the ion-pair densities predicted by the model
are given in ip/cm3s. The time dependence is a consequence of the
activity of the sources. In a previous model it has been shown that

w10 lan Concentration vs. Distance from Source far Co-60
? T T T T T T T T T

Lo) L= ()]
T T T
1 1 1
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Figure 2. A figure showing the spatial distribution of ion pairs from the
decay of a 0.95 mCi disk source of Co-60.
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Figure 3. A figure showing the spatial distribution of ion pairs from the
decay of a 0.4 mCi disk source of Cs-137.

the ion concentration tends to approach the value predicted by the
time dependent model in a relatively short time frame. This indicates
thar after several milliseconds, the densities predicted by the model
tend to be time independent. This is largely due to diffusion and
recombination of ions.

Due to their ready availability, Co-60 and Cs-137 were identified
as the most obvious choices for laboratory sources to be used to test
and calibrate the MMW detection technology. Parameters such as
the range of beta particles in air, the range of gamma rays in air, and
the number of ion-pairs expected to be produced by each type of
radiation were calculated. These parameters were then incorporated
into a spatial ion model based on a Gaussian spatial distribution.
The results of these models will be used as a starting point against
which the detection data from MMW tests in the laboratory can be
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checked. Currently, this model is based on generalized assumptions,
and will be refined upon collecting data using the MMW detection
system.
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