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Abstract

An analysis is made of the basic physical conditions under which a small local microwave induced
breakdown region in a gas may develop to extended ”global” breakdown. The analysis describes
the different nonlinear stages of the microwave breakdown process. In the first stage, the increasing
breakdown plasma density suppresses the electric field in the breakdown region to reach a quasi-
stationary state with constant electron density. The subsequent heating of the gas due to absorption
of microwave power in the breakdown plasma is then analyzed and the corresponding steady state
for the thermal evolution is found including the temperature dependence of the breakdown electric
field. The stability properties of the stationary state are examined and it is found that there exists
a critical (unstable) radius of the initial breakdown plasma region such that initial regions smaller
than this critical dimension will shrink to ultimately vanish whereas plasma regions larger than
the critical dimension will grow indefinitely and transform the local breakdown region into full
scale "global” breakdown. The practical implication of this model is to give an order of magnitude
estimate for the critical size of hot spots, regions of enhanced field and intensified heating in rf

systems.



I. INTRODUCTION

Microwave breakdown of gases has for a long time been recognized as an important
failure mechanism in microwave systems. The general physical mechanisms underlying the
phenomenon are well understood!? - free electrons are heated by the microwave electric field
and a fraction of these electrons (in the tail of the electron energy distribution) will acquire
sufficient energy to make ionizing impacts with neutral gas particles. If the electric field is
strong enough, the number of free electrons increases exponentially, i.e. breakdown occurs.
The actual value of the electric field at which breakdown is initiated is determined by the
condition that the ionization frequency balances the two dominant loss mechanisms of free
electrons, attachment to neutral molecules and diffusion out of the breakdown region. Both
these latter mechanisms can be considered as independent of the electric field in comparison
with the ionization frequency, which depends strongly on the field strength. When the
number of free electrons in a gas increases, the gas eventually becomes conducting, which
changes the general properties of the microwave system and may even cause serious damage.

Although many studies have been made of the conditions under which microwave break-
down occurs in particular geometries and of the specific breakdown thresholds related to
these systems e.g.'3, much less attention has been given to studies of the post-breakdown
(nonlinear) evolution of the breakdown plasma. This problem is especially important in
microwave devices involving strongly inhomogeneous fields, since edges and similar features
in conducting parts of a device will lead to strong local field enhancements?®. It is well known
that a breakdown plasma may form in these high field regions even for low ambient fields,
but the subsequent effects of such small regions of plasma formation are not well under-
stood. Experimentally it is often observed that plasma regions tend to absorb microwave
power, thus heating the gas as well as neighboring parts of the device walls, even to the
point of melting sharp details like screws and soldering points. It is also well known that
heating of the gas tends to lower the breakdown threshold®®. Consequently, a region of
high temperature is potentially dangerous as a starting point for breakdown development
into full scale breakdown. A natural and fundamental question for this type of situation
is whether a small plasma region, created e.g. by a local enhancement of the electric field,
will produce enough heat to instigate breakdown in the main parts of the system, i.e. a

"global” breakdown? It can be intuitively understood that if the field enhancement is high



and the region is small, the heat produced by the plasma will not be sufficient to make the
breakdown region expand. On the other hand, if the difference in field strength between
the local high field region and the ambient ”global” electric field is small and the high field
region is large enough, there should be a transition from local to global breakdown.

Even though it might be possible to take into account all relevant physical processes in
a computer simulation, the concomitantly gained physical understanding would be limited.
In the present work we will use an alternative approach by starting with a simple model
that takes into account only the most important physical effects. Clearly, this implies that
the direct practical applicability of the model will be restricted, but it will make it possible
to analyze and understand the interplay between the different physical processes involved in
the problem and to indicate proper directions for further investigations.

The present analysis will consider as initial condition a homogeneous microwave electric
field in Air at room temperature and also containing a spherical region of high temperature
- a "hot spot”. The gas pressure is assumed to be high enough so that electron losses are
dominated by attachment and the dimension of the hot spot region is assumed to be smaller
than the wavelength, so that the quasi-static approximation can be used for describing the
self-consistent electric field in the hot spot region. The electric field strength is below the
breakdown threshold of the low temperature gas, but above the threshold of the hot spot
region. The initial development of the breakdown process is obvious: the electron density
in the hot spot will rapidly increase until the density is large enough to suppress the electric
field down to the breakdown value corresponding to the high temperature. The subsequent
evolution constitutes a problem of thermal stability, the breakdown plasma will be heated
by absorption of the electric field and if the plasma sphere is larger than a certain radius,
the heat generated in the plasma region will be larger than the heat transported out of
the plasma by thermal conduction. Under such circumstances, the plasma ball will expand
indefinitely. On the other hand, if the radius is smaller than the critical value, the plasma
will absorb less heat than what is lost and will shrink monotonously until it disappears
completely. The solution of this model problem provides important practical information
by determining the order of magnitude of the spatial scale when a localized hot spot region

becomes prone to global breakdown in a mainly homogeneous field.



II. BASIC BREAKDOWN PHYSICS

The problem under consideration involves several different physical processes: the heating
of the free electrons, the increasing free electron density due to the ionizing action of the
electric field, the local suppression of the electric field by the increasing electron density,
the heating of the neutral particles by collisions with electrons, the conduction of heat out
of the critical region and finally the expansion or contraction of the plasma region. An
important property of the dynamics of this problem is the fact that the time scales for
these different processes are very different, a feature which makes possible an analytically
tractable solution.

When a microwave electric field is applied to a gas with a low density of free electrons,
these electrons are rapidly heated in a time of the order of (J.uv.)~" s, where 0.y is the
relative fraction of energy lost in the collision of an electron with a neutral and v, is the
corresponding collision frequency. Since typically in Air 6.y ~ 1072 and v, ~ 5-10% 1/s
(p measured in Torr), this time scale is very short, e.g. of the order of 1071° s for pressures
p ~ 200 Torr®>. The heated electrons will then ionize the neutrals and make the electron
density increase exponentially on a time-scale that can be estimated as being of the order
of the attachment time scale i.e. (v,)"' ~ 1078 s, where v, ~ 6.4 - 10% 1/s (p in Torr)
is the frequency for electron losses by attachment on neutrals®?. The subsequent heating
of the neutral Air particles is a very slow process until the electron density becomes high,
since it depends on the ratio of electron to neutral densities. The presence of such clearly
separated time scales makes it possible to consider the electron energy and consequently also
the ionization and attachment frequencies as determined by the average local temperature
of the neutral gas.

The problem also involves well separated spatial length scales. The inherent length
scale of the microwave field is the wavelength, A, which is typically a few centimeters at
GHz frequencies. The dimension of the considered hot spot region, L,, is assumed to be
significantly smaller than A. On the other hand, a third length scale is determined by the
extension of the transition region between the plasma in the hot spot and the surrounding
gas. The dimension of this transition region can be estimated as the attachment length
given by L, = \/Da/Va, where D, ~ 1.4-10*/p cm? /s (p in Torr) is the ambipolar diffusion

coefficient, which implies that L, ~ 1072 cm at atmospheric pressures®. This length provides



a lower bound for the size of the plasma region. Thus, the subsequent analysis is valid
provided the following relation between the length scales is satisfied: L, < L, < .

When the breakdown plasma has formed under the ionizing action of the electric field,
the further development of the breakdown process becomes non-linear since the electric field
strength inside the plasma is suppressed, which affects the ionization and constitutes a feed
back mechanism that self-consistently determines the extension of the plasma configuration.
Since the dimension of the hot spot is much smaller than the wavelength, the quasi-static
approximation can be used to describe the electric field. This means that the plasma can be
regarded as a dielectric which affects the applied electric field and alters its strength. The

dielectric function in a weakly ionized gas is given by
Ne? V. Ne?
e=1-——4§———— (1)
eom(w? +12) wem(w? + 1v2)
where N is the electron density and w is the microwave frequency. Defining n =

Ne?/(egm(w? + 12)), and § = v, /w, the above expression can be written as
e=1—n—ind (2)

Under the above assumptions and using the fact that V - (eE) = 0, the electric field
strength inside a spherical region of plasma in a homogeneous field is suppressed down to

the value®
3B, | 35, -
e+2|  /B-n)Z+on?

which is equal to the breakdown electric field corresponding to the high temperature region.

After the rapid establishing of the breakdown plasma and the associated quasi-stationary
state, the plasma starts to absorb energy from the microwave field by Joule heating at a

rate given by W = j-E = —Nev - E where the electron velocity, v, is determined by

d
md—: = —eE —mu.v (4)
which for a sinusoidally varying electric field, E = Eq cos(wt), becomes
—eE
v = ﬁ(% cos(wt) + wsin(wt)) (5)

This means that the averaged absorption rate is

w F 1
= = — dt = —F?

where from now on the subscript rms will be dropped and E will be used to denote the

Nev,

_ 2
W = eown5Erms (6)

root-mean-square electric field strength.



III. BREAKDOWN AND PLASMA HEATING

In an analysis of the development of the breakdown process, the first step involves the
fast ionization process where the electron density increases. This evolution is governed by

the continuity equation for the electron density

88—‘];[ = V23(DyN) + (v; — vy)N — aN? (7)

where the last term accounts for recombination losses. As discussed above, diffusion losses
are small under the present assumption of high gas pressure, and can be neglected. Fur-
thermore, the recombination frequency aN becomes important only when N =~ v,/a =~
6.4-10%p/1077 ~ 10 cm™3. However, as will be demonstrated below, the plasma density
rapidly saturates at a level n ~ §~!, implying N ~ 10?2 cm™3 for microwave frequencies
in the GHz range. Thus, the recombination losses can also be neglected and the remaining

continuity equation becomes simply
ON
E = N(VZ — I/a) (8)

The basic physical mechanism in the first stage of the nonlinear evolution is that the electron
density increases until the local electric field is suppressed by the dielectric property of the
plasma to become equal to the breakdown field in the heated region, i.e. E = E, < v;(E) =
V.. Thus, a steady state is reached where the equality v; =~ v, is satisfied or correspondingly
for the electric field

E,—E— >k (9)

V(3 —n)? +02n2

For the case relevant here, i.e. § > 1, the modified field varies from F = Ey at n = 0 to

rapidly reach the asymptotic monotonous decrease given by E =~ 3E,/(én). The general
features of the variation of F, with n in the case when § > 1 are shown in Fig.1. The

electron density necessary to suppress the field to the level E, is given by

3
e

S P W@)? D41 (10)

E,

The remaining problem is a purely thermal one since the electric field can be considered
as adiabatically following the temperature so that the corresponding breakdown level is

preserved. The heating rate becomes

3eqwE?

1+ \/((%)2 S (1)
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FIG. 1: The local field as a function of electron density for § = 1000.

In order to rewrite the heating rate as a function of temperature we note that in a large
range of (high) pressures £, « p. However, the crucial parameter determining the breakdown
strength is not the gas pressure, but rather the gas density, and an increase in temperature
under constant pressure leads to a decreasing neutral gas density®. This implies that the de-
pendence of the suppressed field on temperature can be written as E, ~ E,Ty/T. Similarly
we note that 6 = v./w where v, « p, which implies that 6 ~ §oTo/T.

Using these temperature dependencies, the heating term can be expressed as

. BEOWE(%O T(]
T T

L (G~ (e +1 (12)

For T'<Ty =1 %00 the microwave field is below the breakdown threshold, implying that

no breakdown plasma exists and consequently no heating occurs i.e. g, = 0. When T' = T3,
the heating term is very small, but when 7' increases the heating will rapidly rise to high
values, and we can neglect the two terms of order unity in the parenthesis. The approximate
expression for the plasma heating term becomes

I

T
T

¢ (T > Ty) = 3ewE} =

1— ()2 (13)

Introducing the parameter ¢z = 3egw EZ, which only depends on the electric parameters of

the system, the heating term can be written in a simple form that emphasizes the temper-



ature dependence viz
T T
— a1 — (2L)2 14
G = 4By () (14)
The heating term vanishes for T' < 77, rapidly increases when 71" exceeds 17 to reach the
maximum value ¢,, = qg/2 at the temperature T/T} = v/2 and then decays monotonously.

The features of this dependence is illustrated in Fig.2,
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FIG. 2: The normalized heating term as a function of 7'/T7.

IV. THERMAL EQUILIBRIUM

In the previous section an expression was derived for the gas heating due to microwave
absorption in the breakdown plasma. The remaining task is a purely thermal one - to deter-
mine the evolution of the Air temperature in the hot spot plasma, other relevant physical
quantities being determined by the temperature. Under the assumptions of relatively low
temperatures (c.f. below) and small space scales, the corresponding heat equation can be
written

pCU%—f =V (kVT) +q (15)
where p denotes the density, ¢, is the heat capacity and « is the thermal conductivity. Of

primary interest is the equilibrium situation described by the two coupled equations
V(kVT)4+q(T)=0, r<R
V(kVT) =0, r>R (16)



These equations allow the trivial (and harmless) solution 7" = constant < T3, which actually
represents the standard situation in electrical systems. In order to determine other possible
solutions involving regions T > T}, it is necessary to know the dependence of the thermal
conductivity, x, on T'. The specific form of x depends on the type of gas and on the appro-
priate temperature interval under consideration, but can often be approximated as a power
law dependence, k ~ ro(T/Tp)?, e.g. a good approximation of the thermal conductivity
of Air for temperatures less than 2000 K is obtained for 3 = 3/4, c.£.5°. Because of the

spherical symmetry, the heat equation in the region outside the hot spot is

190, ,, T 50T
— = — V) = 1
72 87’(T HO(TO) 87"> 0 (17)
Using the boundary conditions T'(R) = T} and T'(r — oo) = T} this equation is easily solved
as
R
T (r > R) = —(T/* = 1)) + Ty (18)
T
and consequently
8_T| _ _E (T1ﬁ+1 — §+1> (19)
o't T 2 (B4 )T
In particular, the derivative at r = R is
To\s _
or To(3)” —Th (20)

ar =F = B+ 1R
The corresponding equation in the hot spot is more difficult to solve, but a good approximate

solution can be obtained by integrating Eq.(16) over the spherical volume r < R to obtain

10 ZOT | 2,
47r/ﬁ§(fi(T)r a—)r d7’+47r/qp(T)r dr =10 (21)

i

The volume integral of g, can approximately be evaluated as 47 R3q,,/3, where g, is the

maximum value of the heating term, i.e. ¢, = ¢g/2. On the boundary at r = R this implies

oT ¢ R?
R*k(T)—|,= T =0 22
W(T) S o+ 22 (22)
Together with the previous result for the temperature gradient at » = R, this gives
H(T1> T(] qu2
T — To(=)P) = 23
T - Tu()) = (23)

Formally we have two solutions R = + Ry, but only the positive one represents a physical
situation. We will later see that the result obtained in Eq.(23) is a good approximation and

for easier comparison it can be rewritten in the more explicit form

E)BH — M =

6 -7 Ty (24



V. NUMERICAL SOLUTION OF THE HEAT EQUATION

To complement and assess the previous approximate solution, a numerical solution is

found for the heat equation in spherical geometry i.e.

10 [, T,0T T T,

S| <T1> |t 1- =0 1o )
10 [, T,0T

ﬁ& |:T (Tl) 07":| 0, T < Tl (26)

Where k1 = k(T1) = Ko (;1) . It is convenient to write the equation in normalized variables

by introducing ¥ = (£ )°*! and r = Ra:

T
%ag( 2\1’) + ATV - w-2/6+) =0, U > 1 (27)
x? 0x x
1 0, ,0¥
Pa_x(xQE) =0, U<l (28)
where A = Bt}# plays the role of an eigenvalue. Using the facts that ¥(z — c0) — ¥y =

(%)6“ and V(1) = 1, the derivative at x = 1 is obtained directly as 0V(1)/0x = ¥y —1. It
then remains only to solve the equation for x < 1 with the appropriate boundary conditions

i.e. the system of equations reduces to

12 a@ (x (‘(99 )4+ AUVE L g2/ 61D =0, z<1
xXr xr Xz
(1) =1
U
a_‘x_1_\110—1 (29)

The solution of this nonlinear eigenvalue problem determines A as a function of ¥y < 1 for
given value of 3. The numerical solution of Eq.(29) is performed using the Euler method,
and the result is shown in Fig.3 for some representative values of 3. Plotted is also the
approximate expression for the eigenvalue given by Eq.(24). The comparison shows that
this simple expression is a reasonable approximation for values of § smaller than unity,
which implies that it provides a good approximation for Air (where 5 &~ 3/4).

The numerical solution also makes it possible to check the simplifying approximation of
constant temperature in the hot spot region made in the analytical analysis. Fig.4 shows the
actual variation of the temperature in the breakdown region for some values of ¥,. Clearly,
for reasonably small values of ¥, the temperature variation in the breakdown region is not
very large and the approximation as given by Eq.(24) should provide a good estimate of the

critical radius.
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FIG. 3: The eigenvalue A as a function of ¥y for # = [2,3/4,0.1] (from top to bottom). The

dashed line represents the approximate solution given by Eq.(24).
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FIG. 4: The temperature profile for ¥y = [0,0.5,0.95] from top to bottom.

VI. STABILITY

In the previous section two physically relevant stationary solutions to the system of heat
equations were found - the homogeneous non-breakdown solution, and the inhomogeneous
solution corresponding to the self consistent balance between heating of the gas by absorption
of microwave power and losses due to thermal conduction. A subsequent important problem
is the stability properties of the latter solution.

The total heat equation reads

9
ot

Integration of this equation over the volume of the hot spot gives a relation that can be

(perT) = V(kVT) + q(T) (30)

11



written as

aVVtotal
ot

where W, represents the total heat content in the breakdown volume. @Q;.ss denotes the

= CQloss + QJoule (31)

total heat flux over the boundary of this region and can be written as

To(£)° =T
0ss — 4 1—R 32
Qi T (32)

Finally, @ joue is the total microwave power absorbed in the breakdown region, a quantity
which can be approximated as (c.f. the discussion in section IV.)

QJoule - 47Tq?mR3 (33)

The stationary situation discussed in the previous section corresponds to the case when the
heat loss balances the heat generation. The total heat content of the breakdown region then
remains constant and the temperature at the edge of the breakdown region is maintained.
The stability of this configuration can be directly inferred by considering the dependence of

the heating and loss terms on the radius R of the breakdown region as shown in Fig.5.

R

FIG. 5: The heat loss (straight line) and absorbed power (curved line) as functions of R.

It is clear from Fig.5 that there are two points of equilibrium; R = 0 and R = R*. The
solution R = 0 is clearly stable whereas the R* solution is unstable since a decrease in
radius will lead to a situation where the heat loss is larger than the heat generation, which

means that the temperature on the plasma edge cannot be maintained and the plasma will

12



shrink until it eventually reaches the other stationary solution R = 0, i.e. the breakdown
region disappears. On the other hand, if there is an increase in radius from R*, the opposite
situation occurs i.e. the breakdown region will absorb more heat power than it can transport
out over its boundary and the size of the breakdown plasma will consequently increase

monotonously.

VII. CRITICAL RADIUS FOR AIR

The previous analysis has established that there is a critical radius for a hot spot region
with concomitant plasma formation in a homogeneous electric field in a gas where attachment
is the dominating electron loss mechanism. The critical radius can be obtained by putting

the left hand side of Eq.(31) equal to zero, which gives

Q60T B+1 — 1)n2
_ Kolo (77 . )77 (34)
60(/6 + 1) WEaO
Where n = F,9/Ey. The heat conductivity of Air can be approximated as®?
T W
~ . —4 - 3/4 -
K(T) ~ 6.15- 10 (1000K) (ch) (35)

which is a reasonable approximation for temperatures less than 2000 K. When the tem-
perature increases beyond 2000 K, substantial production of NO molecules occurs. These
molecules have a lower threshold for ionization than O, and will eventually dominate the ion-
ization process'®. Thus, T' = 2000 K is the upper limit for allowable temperatures in order for
the model to be applicable in Air. The maximum temperature for different Wy = (75 /77)°+*
was shown in Fig.4 and indicates that the maximum temperature is approximately 1.37.
Thus, the model will not be valid if 77 is larger than approximately 1550 K. Breakdown is
achieved at T' = T1 = ToE,0/Eo = Tyn and assuming room temperature, i.e. Ty ~ 300K,
the maximum allowed value of 7 is about 5. Using the well known approximation for Air,
E./p~30 (V/cm Torr), one can calculate the critical radius, or rather the product R*\/w,
as a function of 7. The result is shown in Fig.6 below, in the range n € [1,5] and for
atmospheric pressure.

As an example we consider the case when 1 &~ 4.5, which gives R*y/w = 7. Assuming the

operating frequency to be 1 GHz, the corresponding radius is R* &~ 0.01 ¢m. This is about

13
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FIG. 6: Figure showing R*\/w (m/4/s) as a function of n for Air at atmospheric pressure.

10 times larger than the attachment length, and the model should be valid. This means
that if the plasma ball radius is less than 0.01 c¢m, it will decay, whereas if it is larger, it
will expand. At a frequency of 100 GHz, the critical radius becomes 10 times smaller, i.e.
on the same scale as the attachment length, meaning that the model is unable to predict a
safe radius, under which the plasma will disappear. It does however predict that any plasma
ball with a radius much larger than this radius, and the attachment length, will expand
indefinitely. If we lower the frequency to 100 kHz, the critical radius becomes a 100 times
larger, i.e. 0.1 cm. This clearly shows the physical relation between the frequency and the
critical radius. When the frequency is lowered, the energy of the electric field goes down,
and the heating of the plasma decreases, leading to a larger critical radius. Regarding the
curve in Fig.6, it should be emphasized that the left part, close to 7 = 0, which corresponds
to very small values of R*, is not reliable, since for any frequency, the critical radius will
be smaller than the attachment length, and the model can not make reliable predictions in
that range.

It is also of interest to examine the pressure and frequency dependance for the critical

radius. Given that the ratio n = Fyo/Ey is kept constant, and using F,o x p, we get

R*v& = 2 Ry /o (36)
b

Thus, the critical radius decreases with increasing pressure, and increases with decreasing

pressure. This can be intuitively understood, since the capacity of Air to absorb energy

14



from the electrons should increase with increasing density, and the resulting increase in
collision frequency. The above formula is very useful for rescaling the system parameters. For
example, if the frequency is 1 GHz, and the pressure is lowered from 760 Torr (atmospheric
pressure) to 76 Torr, the critical radius will grow to 10 times the original value, i.e. roughly
0.1 cm. When using the rescaling formula above one should always be careful to stay within
the limits of validity of the assumptions for the model. The attachment length, L,, scales as
p~!, and if we lower the pressure to 76 Torr, the attachment length increases from ~ 107*
cm to ~ 0.01 cm. Thus, if the original critical radius is within the limits of the model, and
only the pressure is rescaled, the new radius is also within the limits. however, if pressure
and frequency are rescaled simultaneously, one must take into consideration the rescaling
of the attachment length, and also keep in mind that the quasistatic approximation is only
valid when R* < \.

Currently there are no experiments which can be immediately compared with the model
and calculations above, but several similar situations have been studied. For example, an
analysis has been made of the "role of absorbing inclusions in the optical breakdown in

711 where also a critical radius of the absorbing region was found, above

transparent media
which the breakdown region became unstable and changed character from local to global.
However, this analysis did not involve the intricate nonlinear interplay between plasma
formation, screening of microwave transmission and subsequent gas heating that is crucial
in the present study. Also there are several experiments where the behavior of the breakdown
dynamics was found to depend critically on the dimensions of the hot spot as well as on
its temperature. Already in 1961, some relevant experimental observations were reported!?.
It was noted that the breakdown threshold depended on the absorption properties of the
hot spot. In particular it was observed that global breakdown was only initiated when the
absorption was strong enough to cause heating to orange or white temperatures. Regions
heated to dull red temperatures could remain in the waveguide without developing to full
scale breakdown and without causing harmful effects. The importance of gas heating in
initiating a discharge has also been emphasized in the experimental works reported in'34.
In a recent paper particularly relevant for the present work!®, is presented a description of
an experiment where the microwave field intensity was below the breakdown threshold, but

nevertheless a discharge was initiated when the gas (Air) was heated locally by a laser spark.

We emphasize that the size of the initially heated region in the experiment was very small

15



with the diameter of the laser spark being only around a few micrometers.

VIII. CONCLUSION

An investigation has been made of the thermal stability properties of a breakdown plasma
situated in a homogeneous electric rf field in a gas where attachment dominates the electron
losses. The considered model is based on a spherical plasma in Air, but the results should
apply to more arbitrary shapes and other attachment dominated gases. The thermal con-
duction equation for Air has been solved using an approximate expression for the heating
power of the plasma due to absorption of the self consistent (i.e. suppressed by the dielectric
properties of the plasma to obtain vanishing net ionization frequency) rf field in the plasma.
This problem allows two equilibrium solutions, one stable, corresponding to the situation
of no plasma, i.e. vanishing radius, and one unstable with a specific radius, R*. For hot
spots with an original radius larger than this radius, the subsequent breakdown plasma will
monotonously expand, ultimately leading to global breakdown. Below this radius the plasma
will shrink to ultimately disappear. The main aim of the present study is to highlight and
understand the main physical effects involved in the interplay between the formation of a
breakdown plasma and the further nonlinear dynamics where the electric field is suppressed
by the dielectric shielding due to the plasma, the subsequent heating of the gas and the
thermal dynamics of the gas. The result gives a valuable indication of the upper limit on
the size of critically heated regions and regions of field enhancements above the local break-
down threshold for any particular system and shows that small scale hot spots may occur
without neither developing to full scale breakdown nor affecting the over all performance of

the device.
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