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Abstract— We have investigated the effect of pre-ionizatioby a
radioactive **'Cs y-ray source on the atmospheric air breakdown
conditions in a high-voltage spark gap. A standoffmillimeter

wave system was used to monitor the breakdown propes. A

decrease in breakdown threshold was observed withhaincrease
of radiation dose. We attribute this to a space @rge controlled

electron diffusion process in a cloud of radiationinduced ion

species of both polarities. The space charge depemd diffusion

coefficient was determined from the measurement dat In

addition, we found that the breakdown process showsandom

spikes with Poisson-like statistical feature. Thes findings
portend the feasibility of remote detection of nudar radiation

using high power millimeter waves.

Index Terms— Air breakdown; Spark gap; millimeter wave;
breakdown voltage; nuclear radiation

I.  INTRODUCTION

Atmospheric air breakdown has been of great inteires
plasma physics [1], and its potential applicationrémote
detection of nuclear radiation induced ionized leis been
explored recently [2]. Although the spark gap boEsin has
been known [3] for plasma generation, the physids
breakdown parameters is not well understood inpttesence
of nuclear radiation, particularly at atmospheriegsure. In
this paper, we present an analysis of the nucladiation
induced air breakdown process in a DC spark gap itsnd
detection with a standoff millimetre wave (mmW) teya. The
purpose of our investigation is twofold: 1) demoats
feasibility of high-power mmWw remote detection afctear
radiation induced ionized air from its equivalenC Dair
breakdown investigation and 2) shed light on thedamental
physics governing the nuclear radiation inducedesakdown
process.

Il. THEORETICAL BACKGROUND

A. DC spark gap and high-power microwave breakdown
DC spark gap breakdown can be categorised intaypes
[4]: the Townsend process at low pressure (p) Tkspap

avalanche process that involves both primary i@hi&ectrons
in the air and the secondary electrons emittecha@tcathode
due to impact of the positive ions [5]. The breakdoroltage
can be obtained by solving the generalized Townsep@tion
[6]. A streamer is a filament-like structure due dtrong
electric field around the rapidly advancing and hhg
concentrated avalanche front [7], [8].

The high-power microwave air breakdown can be éxpth
in terms of the effective electric field strengthe.,

Ee :Erms/ﬂl+(a)/vc)2, whereE, is the root-mean-

square electric field anda andv are the electromagnetic

circular frequency and electron collision frequertythe air,
respectively. High-power microwave experiments halso
been studied in various frequency bands and res@aatties

[9].
In both cases, breakdown electric field is obtainbén the
electric field dependent ionization rate; equals the

attachment loss rate, plus the diffusion loss ratg ,

Vi(Eb):Va(Eb)+Vd(Eb)~Va(Eb)_% (1)

2
eff
0

whereE, is the breakdown DC or effective electric field

strength andD and Ag; are the diffusion coefficient and

effective diffusion length, respectively. When<<v, , Eq.
(2) gives,

D ~ v, (E, )N )
B. Preionization and afterglow effect
Microwave breakdown under various background

ionization concentrations ranging from®M0° cm® has been
tested [10] with a microwave cavity using Neon gas
pressures up to 100 torr. It has been found teabteakdown
field strength could be reduced by more than 10%the
presence of pre-ionization. The authors related hsuc

separation (d) product, i.e., thpd value; and the streamer remarkable observation to the transition from tlee felectron
process at highpd value. The Townsend type is an electroiffusion to the ambipolar diffusion, which meahg diffusion
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coefficient is also a function of ion density D(ni), however,

its detailed form has not been obtained. Laserigmization
effect for an atmospheric spark gap based on Resena
Enhanced Multi-Photon lonization (REMPI) mechanibas
also been investigated recently [11], where a rgoucof
breakdown voltage up to 50% has been achieved. tHawe



Manuscript submitted to IEEE Transactions on PlaSgiance

the laser induced pre-ionization is along the ptthe laser
instead of the whole space in the spark gap.

that has a rectangular opening (horn) with a comgeaof 45.
Lead plates are pneumatically inserted into thertape to

attenuatey radiation from 0 to 99.96%T he distance from the
The afterglow in both DC spark gap and microwave aCs source to the spark gap is ~ 0.75 m.
breakdown has a similar transition from space aharg A standoff mmW transmitter/receiver system at 94zGhs
controlled diffusion to free electron diffusion fearious gas set up to monitor the signal change due to thérmiakdown.
species [12- 15]. It has been shown that the @ledliffusion The transmitter consists of a mechanically-tunesrGdiode
could be noticeably modified by the space charfgcef oscillator (Millitech model GDM-10 with ~15 dBm CW
power) attached to a standard gain horn antenméstbaupled
C. Nuclear radiation induced air breakdown to a focusing lens of 8.9cm diameter; the receomnsists of
In the case of nuclear radiation-induced atmosphaii  an identical horn antenna and lens pair attached Schottky
breakdown process, the background air contains mabyrrier diode (Millitech DET-10) and a low noise lifier.
molecular species including dust/aerosols, alonth vihe The transmitter and receiver are located on oppasites of
production of free electrons, positive- and negations. the y ray beam with a ~2 m separation between them, and
These variables affect the overall dependency efréldiation  aligned along the centerline of the spark gap. d#i@ were
dose 0 on the breakdown electric fiel&,, which is a key collected at 20 KS/s with a 24-bit DAQ board (Natb
parameter for assessing feasibility of remote detecof Instruments USB-4431) connected by a USB cablelaptap.
nuclear radiation by high power millimeter waves. The instrument control and data collection wergiedrout by
LabVIEW running on a laptop computer from outside t
I1l.  EXPERIMENTAL DESCRIPTION radiation controlled area.
As a first step toward establishing the feasibitifyremote
detection of nuclear radiation-induced air breakaevith high
power millimeter waves, we used an air gap betwsem
electrodes maintained at high voltage to simulae focal
plane of a high power beam. Charges in air dueuear
radiation are accelerated by the high voltage todpce
avalanche breakdown, which can be sensed reméigiyre 1
is a schematic diagram of experimental setup stpwirDC
spark gap which is irradiated by*¥Csy source; a standoff
mmW transmitter and detector system at 94 GHz &l us
measure the breakdown-induced transmittance changese
DC spark gap consists of two hemispherical eleespd
separated by a distancd,=0.635mm, giving apd value of

~48.26 torr-cm. One of its electrodes is grounded the
other is connected to a high-voltage DC power sufipértan
Series 225), which is controlled by a wave formegator to
produce a desired high-voltage sweeping functiorA
triangular sweep was used to generate 0 to 4 kkiwa 30-s The high voltage DC power supply was controlad a
period, as shown in Fig. 2. function generator that generated a triangular pyaehieving
A nominal 20-Ci**'Cs source is used as the initial electrom voltage range from 0 to 4 kV within a 30s periédypical
seed source to induce the air breakdown proceasan@ rays gap voltage and the corresponding mmW signal withzma
are emitted by radioactive’Cs source in the following two- Wwith full exposure of the spark gap to th€Cs source are
step reaction: shown in Fig. 2. It clearly shows that the air lid@avn occurs
(1) Beta decay of'Cs (T,,= 30.0y) only when (a) the air gap is exposed to gamma-aayation
187 _, 137mp Y B+ and (b) the applied voltage exceeds the air breskdwmltage,
55 58 which corresponds to an electric field of abouk$%cm.
. p
ggmGamm?_decay of metastabié'Ba (T, = 2.552min) Upon further examination (zoomed in), there exists
56861 - 1§g8a +v¥ random sequence of spikes in both mmW and gap gelta
The primary gamma photons with energy‘;%l_erV are traces. Eigure 3 shows three typ|Ca| SpikeS: thﬁNTSplke is
produced with frequency f=89.78%. Because of munhlier Synchronized to the onset of spark gap current; shark
half-life, **Ba daughter is in secular equilibrium with itscurrent also affects the high-voltage readout djgnhich is
parent*'Cs isotope. Thust*'Cs source with activity A = 90° phase delayed with respect to the current ef ttmwW
20Ci emits N= 6.64x13" photons per second. Using thesignal, hence the gap voltage trace reaches itsnum ~300
tabulated value of linear interaction coefficieor fohotons Ms after the mmW signal peak.
with E=600keV, the mean free path in airis= 103.2 m. The
radiation facility consists of*’Cs material (CIS-CS-210 type
capsule) of 20 Ci strength housed in a sealed hgusiThe
source is raised up with pneumatic control to & pesition

Fig. 1 Schematic diagram of nuclear radiation iredbair breakdown in a
spark gap between hemispherical electrodes.

IV. EXPERIMENTAL RESULTS ANDDISCUSSION
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reduction of ~10% compared to normal air breakdeoltage.
To compare it with respect to the reported valuesthe
literature, a ~20% reduction is indicated for 15@WKX-ray
pre-ionization of a graphite-steel spark gap [16d @& ~50%
reduction for the laser induced pre-ionization mncave
methane/air mixture breakdown [17]. Two factors may
contribute to the deviation of these values: i}istizal process

Fig. 2 A triangular sweep of DC power supply frontd04 kV over a 30s gnd ii) the inaccuracy in the readout of the powapply

period (green line) and the corresponding mmW didblae line) without
(unshaded) and with (shadedjay radiation.
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Fig. 3 Three typical spikes are shown in both mmgha and spark gap o )
voltage traces: the blue dotted line is the mmWalignd the green dotted deviation is
line is the spark gap voltage; the ~3@0time delay between the peak and th

trough is due to the 90° phase delay of the higtage circuit.

By counting the mmW spikes above a certain threklasl
pulses, we measured the pulse counts as a furaftiadiation
dose from fully open to 99.96% shielding of t&Cs source.
Figure 4 gives the mmW pulse counts as a functibn

voltage during its relatively fast sweep (250 V/Bhe random
sequence of spikes is due to the random propertyhef
nuclear radiation induced free electrons, whicHofeé the
Poisson distribution. In terms of time interval \beén
adjacent spikes, the Probability Distribution Function (PDF)
is given by,

P(r,A)=Aexp- A7) 3)

where/ is the average spikes per second, which is theseve
of the average arrival time, i.e./A =1/r; the standard

\/(r—?)z =7. The average arrival time is

Snversely proportional to the ionized electrons pecond or
the nuclear radiation dosg , i.e., r 01/0, which yields the
average spikes per second Af] 0 . In Fig. 5(b), we linearly
fitted the spikes per second to obtain the intéactolume of
the spark gap, which gives the value of ~0.06*man an
effective length of ~0.2 mm, about 1/3 of the spgab length

radiation dose measured at 0.75m from'tf€s source. The of 0.635 mm. From Fig. 5(c), we can see that theegof the

log-log plot shows that the number of pulse countseases
linearly with the dose level, indicating a sengfivevel of 5
mR/h.

mmW Pulse Count

-

0 10'

3

10" 10 10!

v Radiation Dose (mR/hr)
Fig. 4 mmW pulse counts as a functioryaadiation dose.

measured mean time interval and standard deviatiosely
follow the Poisson process.
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Fig. 5 Experimental and theoretical results: (apsueed breakdown voltage
Ep, (b) number of breakdown spikes per second ankhiar fitting, and (c)
mean time interval between events and its theadetRoisson standard
deviation.
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From the experimental data, we have calculatedethre

parameters for the nuclear radiation induced s air
breakdown: a) dependence of breakdown voltageadiation
dose, b) the spikes per second, and c) the meastandard
deviation of spike intervals. Figure 5 shows thécwdated

parameters: (a) the breakdown voltdgeversus dose on a

logarithmic scale; (b) the breakdown spikes pebsdand its
linear fitting to the Poisson statistics as givarEq. (3); and
(c) the measured mean time interval of breakdovikespand
its standard deviation. From Fig. 5(a), the redurctiof
breakdown voltage is up to 0.4 kV, which correspomal a

The dependence of the diffusion coefficient on eacl
radiation at the breakdown electric field strerigih i.e.,

D(O)can be obtained by expressing the ionization rate i
terms ofg, [18, 19],

D(O) ~ A% (3.9><10'19 E>33 - 6.4x104) (cnfls) (4)
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The free electron diffusion constant without expesto any
nuclear radiation is given by(O = 0) ~ 943cn¥/second [3,

20, 21, from which we obtain the effective diffusiength,

- ~d
Agr ~037mm~9/

(1]

(5) [2]

and the diffusion constar(0) from Eq. (4) in the presence [3]

of high nuclear radiation reduces to

D (d)~53x102*E>* - 885 (cnr/s) (6)
Figure 6 shows the diffusion constabf(1) as a function of

radiation dose, which shows a marked decreasefiusidin
constant at high dose levels; for example, the usiifin

(4]
5]
(6]
[7]
(8]

constant is ~500 cffs at 4000 mR/h, which is about 50% of

the value (~1000 cffs) at 5 mR/h.

1000,

Electron Diffusion Constant (cni/second)

1000 1500 3000 3500 4000 4500

2000 2500
Dose Rate (mRfhour)
Fig. 6
derived from experimental data according to Eg. (6)

V. CONCLUSIONS

We investigated the nuclear radiation induced sk
breakdown experimentally for various dose levelsmfr

Diffusion constantD([]) for various nuclear radiation dose levels

(9]

[10]

[11]

[12]

[13]

[14]

[15]

16]

4000 mR/h to 5 mR/h. A mmW standoff system wasluse

to monitor the breakdown in air. A log-log plot tie
mmW pulse counts versus the radiation dose shdinsar
change with a minimum detectable dose of 5 mRittwak

[17]

observed that the breakdown electric field strengtfig

decreases with increasing dose level. We attritiutethe
transition from the free electron diffusion whee those is
low to space charge controlled diffusion when dedggh.
The dependence of the diffusion constant on dos# \eas

[19]

obtained from the experimental data, which showat th[20]

diffusion constant at high dose can be as smah0ds of
the free electron diffusion constant. It was furtbbserved
that the mmW signal and the gap voltage tracesbéxdi
random spike sequence that follows the Poissorstitat

which is ascribed to the Poisson process of thdeauc

radiation induced air ionization. These findinged new
light on the problem of remote sensing of nucleatiation.
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