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Abstract—We have investigated the effect of pre-ionization by a
radioactive 137Cs γ-ray source on the atmospheric air breakdown
conditions in a high-voltage spark gap. A standoff millimeter-wave
(mmW) system was used to monitor the breakdown properties. A
decrease in breakdown threshold was observed with an increase of
radiation dose. We attribute this to a space charge-controlled elec-
tron diffusion process in a cloud of radiation-induced ion species of
both polarities. The space charge-dependent diffusion coefficient
was determined from the measurement data. In addition, we found
that the breakdown process shows random spikes with Poisson–
like statistical feature. These findings portend the feasibility of
remote detection of nuclear radiation using high-power mmWs.

Index Terms—Air breakdown, breakdown voltage, millimeter
wave (mmW), nuclear radiation, spark gap.

I. INTRODUCTION

A TMOSPHERIC AIR breakdown has been of great interest
in plasma physics [1], and its potential application to

remote detection of nuclear radiation-induced ionized air has
been explored recently [2]. Although the spark gap breakdown
has been known [3] for plasma generation, the physics of
breakdown parameters is not well understood in the presence
of nuclear radiation, particularly at atmospheric pressure. In this
paper, we present an analysis of the nuclear radiation-induced
air breakdown process in a dc spark gap and its detection with
a standoff millimeter-wave (mmW) system. The purpose of
our investigation is twofold: 1) demonstrate feasibility of high-
power mmW remote detection of nuclear radiation-induced
ionized air from its equivalent dc air breakdown investigation
and 2) shed light on the fundamental physics governing the
nuclear radiation-induced air breakdown process.

II. THEORETICAL BACKGROUND

A. DC Spark Gap and High-Power Microwave Breakdown

dc spark gap breakdown can be categorized into two types
[4]: the Townsend process at low pressure (p)—spark gap
separation (d) product, i.e., the pd value; and the streamer
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process at high pd value. The Townsend type is an electron
avalanche process that involves both primary ionized electrons
in the air and the secondary electrons emitted at the cathode due
to impact of the positive ions [5], [6]. The breakdown voltage
can be obtained by solving the generalized Townsend equation
[7]. A streamer is a filament-like structure due to strong electric
field around the rapidly advancing and highly concentrated
avalanche front [8], [9].

The high-power microwave air breakdown can be explained
in terms of the effective electric field strength, i.e., Eeff =
Erms/

√
1 + (ω/νc)2, where Erms is the root-mean-square

electric field and ω and νc are the electromagnetic circular fre-
quency and electron collision frequency in the air, respectively.
High-power microwave experiments have also been studied in
various frequency bands and resonant cavities [10].

In both cases, breakdown electric field is obtained when the
electric field-dependent ionization rate νi equals the attachment
loss rate νa plus the diffusion loss rate νd,

νi(Eb) = νa(Eb) + νd(Eb) ∼ νa(Eb) − D

Λ2
eff

(1)

where Eb is the breakdown dc or effective electric field strength
and D and Λeff are the diffusion coefficient and effective
diffusion length, respectively. When νi � νd, (1) gives,

D ∼ νi(Eb)Λ2
eff . (2)

B. Preionization and Afterglow Effect

Microwave breakdown under various background ionization
concentrations ranging from 106 − 109 cm−3 has been tested
[11] with a microwave cavity using Neon gas at pressures up
to 100 torr. It has been found that the breakdown field strength
could be reduced by more than 10% in the presence of pre-
ionization. The authors related such remarkable observation to
the transition from the free electron diffusion to the ambipolar
diffusion, which means the diffusion coefficient is also a func-
tion of ion density ni, D(ni); however, its detailed form has
not been obtained. The laser pre-ionization effect for an atmo-
spheric spark gap based on resonance enhanced multi-photon
ionization mechanism has also been investigated recently [12],
where a reduction of breakdown voltage up to 50% has been
achieved. However, the laser induced pre-ionization is along the
path of the laser instead of the whole space in the spark gap.

The afterglow in both dc spark gap and microwave air break-
down has a similar transition from space charge-controlled
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Fig. 1. Schematic diagram of nuclear radiation-induced air breakdown in a
spark gap between hemispherical electrodes.

diffusion to free electron diffusion for various gas species [13]–
[16]. It has been shown that the electron diffusion could be
noticeably modified by the space charge effect.

C. Nuclear Radiation-Induced Air Breakdown

In the case of nuclear radiation-induced atmospheric air
breakdown process, the background air contains many molec-
ular species including dust/aerosols, along with the production
of free electrons, positive, and negative ions. These variables
affect the overall dependency of the radiation dose � on the
breakdown electric field, Eb, which is a key parameter for
assessing feasibility of remote detection of nuclear radiation by
high-power mmWs.

III. EXPERIMENTAL DESCRIPTION

As a first step toward establishing the feasibility of remote
detection of nuclear radiation-induced air breakdown with high-
power mmWs, we used an air gap between two electrodes
maintained at high voltage to simulate the focal plane of a high-
power beam. Charges in air due to nuclear radiation are accel-
erated by the high voltage to produce avalanche breakdown,
which can be sensed remotely. Fig. 1 is a schematic diagram of
experimental setup showing a dc spark gap which is irradiated
by a 137Cs γ source; a standoff mmW transmitter and detector
system at 94 GHz are used to measure the breakdown-induced
transmittance changes. The dc spark gap consists of two hemi-
spherical electrodes, separated by a distance, d = 0.635 mm,
giving a pd value of ∼48.26 torr-cm. One of its electrodes is
grounded and the other is connected to a high-voltage dc power
supply (Bertan Series 225), which is controlled by a wave form
generator to produce a desired high-voltage sweeping function.
A triangular sweep was used to generate 0 to 4 kV within a 30-s
period, as shown in Fig. 2.

A nominal 20-Ci 137Cs source is used as the initial electron
seed source to induce the air breakdown process. Gamma rays
are emitted by radioactive 137Cs source in the following two-
step reaction:

1) Beta decay of 137Cs(T1/2 = 30.0 y)

137
55 Cs → 137m

56 Ba + β− + ν

Fig. 2. Triangular sweep of dc power supply from 0 to 4 kV over a 30 s period
and the corresponding mmW signal without (unshaded) and with (shaded) γ-
ray radiation.

2) Gamma decay of metastable 137mBa(T1/2 = 2.552 min)

137m
55 Ba → 137

56 Ba + γ.

The primary gamma photons with energy Eγ = 661.6 keV
are produced with frequency f = 89.78%. Because of much
smaller half-life, 137Ba daughter is in secular equilibrium with
its parent 137Cs isotope. Thus, 137Cs source with activity A =
20 Ci emits Nγ = 6.64 × 1011 photons per second. Using the
tabulated value of linear interaction coefficient for photons with
E = 600 keV, the mean free path in air is x = 103.2 m. The
radiation facility consists of 137Cs material (CIS-CS-210 type
capsule) of 20 Ci strength housed in a sealed housing. The
source is raised up with pneumatic control to a test position that
has a rectangular opening (horn) with a cone angle of 45◦. Lead
plates are pneumatically inserted into the aperture to attenuate
γ radiation from 0 to 99.96%. The distance from the Cs source
to the spark gap is ∼0.75 m.

A standoff mmW transmitter/receiver system at 94 GHz
was set up to monitor the signal change due to the air break-
down. The transmitter consists of a mechanically tuned Gunn
diode oscillator (Millitech model GDM-10 with ∼15-dBm CW
power) attached to a standard gain horn antenna that is coupled
to a focusing lens of 8.9-cm diameter; the receiver consists of
an identical horn antenna and lens pair attached to a Schottky
barrier diode (Millitech DET-10) and a low noise amplifier.
The transmitter and receiver are located on opposite sides
of the γ ray beam with a ∼2 m separation between them,
and aligned along the centerline of the spark gap. The data
were collected at 20 KS/s with a 24-bit DAQ board (National
Instruments USB-4431) connected by a USB cable to a laptop.
The instrument control and data collection were carried out
by LabVIEW running on a laptop computer from outside the
radiation controlled area.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The high-voltage dc power supply was controlled by a func-
tion generator that generated a triangular sweep, achieving a
voltage range from 0 to 4 kV within a 30-s period. A typical gap
voltage and the corresponding mmW signal without and with
full exposure of the spark gap to the 137Cs source are shown
in Fig. 2. It clearly shows that the air breakdown occurs only
when 1) the air gap is exposed to gamma-ray radiation and 2)
the applied voltage exceeds the air breakdown voltage, which
corresponds to an electric field of about 35 kV/cm.
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Fig. 3. Three typical spikes are shown in both mmW signal and spark gap
voltage traces: the lower dotted line is the mmW signal, and the upper dotted
line is the spark gap voltage; the ∼ 300 μs time delay between the peak and
the trough is due to the 90◦ phase delay of the high-voltage circuit.

Fig. 4. mmW pulse counts as a function of γ radiation dose.

Upon further examination (zoomed in), there exists a random
sequence of spikes in both mmW and gap voltage traces. Fig. 3
shows three typical spikes: the mmW spike is synchronized to
the onset of spark gap current; the spark current also affects
the high-voltage readout signal, which is 90◦ phase delayed
with respect to the current of the mmW signal, hence the gap
voltage trace reaches its minimum ∼ 300 μs after the mmW
signal peak.

By counting the mmW spikes above a certain threshold as
pulses, we measured the pulse counts as a function of radiation
dose from fully open to 99.96% shielding of the 137Cs source.
Fig. 4 gives the mmW pulse counts as a function of radiation
dose measured at 0.75 m from the 137Cs source. The log-log
plot shows that the number of pulse counts increases linearly
with the dose level, indicating a sensitivity level of 5 mR/h.

From the experimental data, we have calculated three para-
meters for the nuclear radiation-induced spark gap air break-
down: a) dependence of breakdown voltages on radiation dose,
b) the spikes per second, and c) the mean and standard deviation
of spike intervals. Fig. 5 shows the calculated parameters: (a)
the breakdown voltage Eb versus dose on a logarithmic scale;
(b) the breakdown spikes per second and its linear fitting to the
Poisson statistics as given in (3); and (c) the measured mean
time interval of breakdown spikes and its standard deviation.
From Fig. 5(a), the reduction of breakdown voltage is up to
0.4 kV, which corresponds to a reduction of ∼10% compared
to normal air breakdown voltage. To compare it with respect
to the reported values in the literature, a ∼20% reduction is
indicated for 150-KeV-X-ray pre-ionization of a graphite-steel

Fig. 5. Experimental and theoretical results: (a) measured breakdown voltage
Eb, (b) number of breakdown spikes per second and its linear fitting, and
(c) mean time interval between events and its theoretical Poisson standard
deviation.

spark gap [17] and a ∼50% reduction for the laser induced
pre-ionization microwave methane/air mixture breakdown [18].
Two factors may contribute to the deviation of these values: 1)
statistical process and 2) the inaccuracy in the readout of the
power supply voltage during its relatively fast sweep (250 V/s).
The random sequence of spikes is due to the random property of
the nuclear radiation-induced free electrons, which follows the
Poisson distribution. In terms of time interval between adjacent
spikes τ , the probability distribution function is given by

P (τ, λ) = λ exp(−λτ) (3)

where λ is the average spikes per second, which is the inverse
of the average arrival time, i.e., λ = 1/τ ; the standard devia-

tion is
√

(τ − τ)2 = τ . The average arrival time is inversely
proportional to the ionized electrons per second or the nuclear
radiation dose �, i.e., τ ∝ 1/�, which yields the average spikes
per second of λ ∝ �. In Fig. 5(b), we linearly fitted the spikes
per second to obtain the interaction volume of the spark gap,
which gives the value of ∼ 0.06 mm3, or an effective length
of ∼0.2 mm, about 1/3 of the spark gap length of 0.635 mm.
From Fig. 5(c), we can see that the values of the measured mean
time interval and standard deviation closely follow the Poisson
process.

The dependence of the diffusion coefficient on nuclear ra-
diation at the breakdown electric field strength Eb, i.e., D(�)
can be obtained by expressing the ionization rate in terms of Eb

[19], [20]

D(�) ∼ Λ2
eff (3.9 × 10−19E5.33

b − 6.4 × 104) (cm2/s). (4)

The free electron diffusion constant without exposure to any
nuclear radiation is given by D(� = 0) ∼ 943 cm2/second [3],
[21], [22], from which we obtain the effective diffusion length

Λeff ∼ 0.37 mm ∼ d

2
(5)

and the diffusion constant D(�) from (4) in the presence of
high nuclear radiation reduces to

D(�) ∼ 5.3 × 10−22E5.33
b − 88.5 (cm2/s). (6)
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Fig. 6. Diffusion constant D(�) for various nuclear radiation dose levels
derived from experimental data according to (6).

Fig. 6 shows the diffusion constant D(�) as a function of
radiation dose, which shows a marked decrease in diffusion
constant at high dose levels; for example, the diffusion constant
is ∼ 500 cm2/s at 4000 mR/h, which is about 50% of the value
(∼ 1000 cm2/s) at 5 mR/h.

V. CONCLUSION

We investigated the nuclear radiation-induced spark gap
breakdown experimentally for various dose levels from
4000 mR/h to 5 mR/h. A mmW standoff system was used to
monitor the breakdown in air. A log-log plot of the mmW pulse
counts versus the radiation dose shows a linear change with
a minimum detectable dose of 5 mR/h. It was observed that
the breakdown electric field strength decreases with increasing
dose level. We attribute it to the transition from the free electron
diffusion when the dose is low to space charge-controlled
diffusion when dose is high. The dependence of the diffusion
constant on dose level was obtained from the experimental data,
which shows that diffusion constant at high dose can be as
small as 50% of the free electron diffusion constant. It was
further observed that the mmW signal and the gap voltage
traces exhibit a random spike sequence that follows the Poisson
statistics, which is ascribed to the Poisson process of the nuclear
radiation-induced air ionization. These findings shed new light
on the problem of remote sensing of nuclear radiation.
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