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Numerical modeling of the electrical breakdown and discharge properties
of laser-generated plasma channels
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An extensive nonequilibrium steady-state kinetics model incorporating collisional and radiative processes is
developed to study the electrical breakdown and discharge maintenance of laser-induced atmospheric plasma
channels formed in externally applied electric fields. The model is based upon a self-consistent numerical
solution of the Boltzmann equation for the electron energy distribution function coupled with the electron
energy balance equation and the population balance equations for electrons and air species. Using the electron
energy distribution function, the ionization and electron attachment rates as a function of the reduced applied
electric field at different degrees of ionization are calculated. We find that the ionization rate as a function of
applied electric field in a laser-induced plasma channel is orders of magnitude larger than that obtained for a
natural atmospheric air discharge. Therefore, the electrical breakdown of these plasma channels may occur at
significantly lower applied electric fields. The present model predicts a breakdown electric field of 10 kV/cm,
while the experimentally determined breakdown field strength is ~5.7 kV/cm [A. P. Baronavski ef al., NRL
Memorandum Report No. NRL/MR/6110-02-8642, 2002 (unpublished)], a reduction of about a factor of 5
from the natural Paschen electrical breakdown field of ~30 kV/cm.

DOLI: 10.1103/PhysRevE.76.066405

I. INTRODUCTION

When an intense femtosecond laser self-focuses in the
atmosphere, the air ionizes due to multiphoton or tunneling
ionization and one or more low conductivity filamented
plasma channels are formed. Specific features of laser beam
filamentation, such as long-distance propagation [1-11],
white light generation [9], and air breakdown [12—-17], have
led to many potential technological and scientific applica-
tions: high-voltage engineering, ultrabroadband optical gen-
erators [18], lightning protection [3,6,17], terahertz radiation
generation for spectroscopic and medical applications, pollu-
tion control [9,19,20], and remote sensing [21]. To pursue
these applications, it is necessary to have a comprehensive
quantitative understanding of the physical mechanisms that
govern the propagation of intense, ultrashort laser pulses in
air and the evolution of the associated plasma channels.

Experiments have shown that femtosecond laser pulses
with intensities of tens of Terawatts per square cm produce
filaments which can induce and guide electrical discharges
between the electrodes of high-voltage sources [6,8,13-16].
The electrons and ions in the plasma channel are created by
the laser pulse through the balancing of self-focusing with
optical field ionization of air leading to defocusing by the
electron density. The self-focusing occurs due to air’s inten-
sity dependent nonlinear index of refraction. The specific
ionization mechanism depends on the laser field intensity,
wavelength, and pulse duration. Guided discharges of several
meters in length have been produced by this technique. The
initial electron density in the plasma channel is typically
N,=10'-10" cm™ with a single filament conductivity of
~50S/m [13]. The plasma channel radius r is
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approximately 50 um. The channel dynamics depend on the
applied external electric field, electrode separation, and
plasma chemistry. Depending on the electrode separation,
there are two distinct electrical breakdown cases: (i) long air
gaps (>100 cm) where the breakdown and discharge devel-
opment proceed through a leader mechanism as in lightning
on time scales of microseconds [6,19,22]; (ii) short air gaps
(=30 cm) [8,13-15] where the breakdown proceeds without
a leader precursor and takes place on a time scale of
~100 ns. Depending on the applied electric field strength in
short air gaps, the plasma either decays (subcritical dis-
charge) or breaks down (spark discharge). In a subcritical

discharge, the external electric field strength |E | is lower then
the experimentally observed breakdown field of 5.7 kV/cm
[13,15] and the plasma decays via electron-ion recombina-
tion and attachment. In the discharge region, the passive cur-

rent flow obeys Ohm’s law J= oF. The current density J
carried by a single plasma channel of conductivity o is pro-

portional to the local applied electric field E and the total
current of multiple channels is additive. If the applied elec-
tric field =5.7 kV/cm, however, the process of electron mul-
tiplication exceeds the electron losses and a bright spark in-
dicative of a breakdown appears with 150—-250 ns delay time
[13].

The objective of the present investigation is to understand
the physics of the breakdown process in a short air gap laser-
initiated electrical discharge at atmospheric pressure. In or-
der to accomplish this, we develop a collisional-radiative
model based upon the numerical solution of the Boltzmann
equation for the electron distribution function F (r,0,1),
which describes the dependence of the electron number den-
sity N, in (7,0) phase space upon an applied electric field

E(r,t) and collisional processes,
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where m, and e are the mass and charge of the electron,
respectively. This equation is coupled with balance equations
for electrons, ions, and various nitrogen and oxygen species
in ground and excited states. We calculate the rates of colli-
sional processes involving electrons over a wide range of
discharge conditions, identify significant species and pro-
cesses associated with the plasma channel dynamics, and de-
termine the conditions for discharge maintenance, plasma de-
cay, or breakdown.

There are several advantages in using a Boltzmann kinetic
model to describe the electrical discharge. The laser-initiated
air discharges with neutral density N take place at high pres-
sure (p=1 atm) and a relatively high degree of ionization
(N,/N~10"*-1077). Unfortunately, published swarm param-
eters, ionization, and attachment rates are usually obtained at
very low degree of ionization (N,/N~ 107"3-107%) and con-
sequently cannot be automatically used to model laser-
initiated air plasma channel kinetics. In the Boltzmann
model, the rate coefficients of all plasma chemical reactions
involving electrons are defined as infinite integrals in the
velocity space of the product of the collisional cross sections
and the electron distribution function. Therefore, the rate co-
efficients depend on the electron distribution function and
consequently they also may change under the action of an
applied electric field and collisional events. At moderate de-
grees of ionization, due to electron-electron collisions, the
total ionization rate increases significantly. Moreover, the
stepwise participation of the N, and O, electronically excited
states also enhances the total ionization rate by several orders
of magnitude compared to the rate at a low degree of ioniza-
tion. Therefore, it is essential to accurately describe the elec-
tron distribution function and its moments. This approach is
applicable at any degree of ionization because it uses as in-
put parameters cross sections for all reactions involving elec-
trons instead of measured or assumed collisional rates.

du 30" (u) N
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Moreover, the fluid equations for electron number density are
directly derived from the Boltzmann equation, being zero-
and first-order moments of the electron distribution function.

This paper is organized as follow: Section II describes the
kinetic model. In Sec. III, mean electron energy, drift veloc-
ity, ionization, and attachment rates obtained from this model
are compared with published data at low degrees of ioniza-
tion. This provides a validation for the model. In addition,
the same discharge parameters are calculated as functions of
both the reduced electric field E/N and ionization degree
N,/N. The main results from the model, regarding plasma
maintenance and breakdown, are further discussed and sum-
marized in Sec. V.

II. KINETIC MODEL

The mathematical model is a reduced version of the com-
plete Boltzmann equation (1) and its moments. To solve this
equation an expansion for the distribution function in spheri-
cal harmonics is used [23]. The following assumptions are
made: (1) the electron distribution function is time-
independent due to fast collisional relaxation; (2) the applied
electric field in a short air gap is homogeneous; and (3) the
electron distribution function is spatially independent. Thus,
the electron distribution function depends explicitly upon the
electron kinetic energy u—%mv where v is the absolute
value of the electron velocity. Electron-electron collisions are
treated as Fokker-Planck terms. The collisional processes be-
tween electrons and the air species (both elastic and inelas-
tic) are included via collisional integrals. The ionization
events are treated as processes in which the new electron and
the incident electron equally share the remainder of electron
kinetic energy [24]. The air kinetics model includes a wide
variety of physical and chemical processes such as direct
excitation and deexcitation, quenching by electrons and
heavy particles, ionization, dissociation, attachment, detach-
ment, recombination, charge exchange, diffusion, and radia-
tion. Under these assumptions, an integrodifferential equa-
tion for the isotropic component of the electron energy
distribution function (EEDF) f(u) is obtained,
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Here I'¢= 24778 In(A¢¢), where In(A%) is the Coulomb loga-
2 32
(e,

rithm A¢e=127-3 ﬁo and g is the permittivity of free

space. M;, N and Q””’C"”(u) are the mass, number density,
and cross sections for the ith species with a superscript being
the corresponding process and the subscript denoting the ini-
tial state i and final state j; N; is the number density of the
excited molecules in energy level i, and U and U;;" are the
excitation (exc) and ionization (ion) threshold of the corre-
sponding process; Q' is the total transport air cross section
that accounts for the air composition, NQ””(u)—NN Qm (u)
+No QO (u). Tt is evident from Eq. (2) that the EEDF de—
pends on a set of parameters E/N, N,/N, and N /N, which
require a simultaneous solution of the Boltzmann equation
(2) and species balance equatlons

The EEDF is normalized [ \ufo(u)du 1 and it is used to
calculate various macroscopic plasma properties,

mean electron energy (u) = J O (u)du,
0

N*
+42, Qu+ U ( N) 0" 2u + U™ Qu + U™
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and

rate coefficients kp e = | — J Qp 70¢eSS () fO(u)du.

The electron energy balance equation is obtained by mul-
tiplication of Eq. (2) for EEDF by u\/iz and integrating over
u from zero to infinity giving
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are the elastic E¢ and inelastic E™ electron energy losses with energy threshold Uﬁ;’ Analogous equations can be obtained for
the species steady-state population balance equations. The electron population balance equation is similarly obtained by

multiplication of Eq. (2) by N,
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The rate coefficients depend on E/N and N,/N through the
electron energy distribution function f°(u).

The electron Boltzmann equation is solved for f%(u) using
a conventional numerical technique based upon second-order
finite-difference discretization [25,26]. This solution satisfies
both the electron population and electron-energy balance
equations via self-consistent coupling with the steady-state
balance equations for various nitrogen and oxygen species in
the ground and electronically excited molecular states. Vibra-
tionally excited states for oxygen and nitrogen are each
treated as one lumped level. Atomic and molecular ions are
also included (see Table I). The references for all electron
cross sections and heavy particle collisional rates are sum-
marized in Table II. In addition, there are more plasmo-
chemical collisional processes between air species that con-
tribute in the species balance equations via reaction rates
listed in Table III together with references. More than 300
reactions are included. The radiative processes, responsible
for excited states depletion, are treated via the effective ra-
diative lifetimes given in Table IV.

III. RESULTS AND DISCUSSIONS

The model was used to study the electrical discharge of a
laser-induced plasma channel by two different approaches.

(i) First approach: Study the discharge dependence on ap-
plied electric field at an a priori given degree of ionization
N,/N. This provides all plasma characteristics as a function
of the reduced applied electric field E/N, used as an input
parameter in the code.

(ii) Second approach: The electric field required to main-
tain the discharge at fixed degrees of ionization N,/N is de-
termined self-consistently from the electron particle balance
equation. This approach allows a seamless transition from
the natural breakdown to the plasma channel breakdown.

Common input parameters for these two approaches de-
scribed above are the ambient initial gas temperature T, the
plasma channel radius r, cross section data Q‘”m“”(u) for the

_J
detachment
E N, .
> k,“,,”(—,—e>NmNe +(r)N,.
m=0,0,,03 N N
L —/ diffusion
attachment (4)

collisional reactions with electrons, and rates for the air spe-
cies interactions.

The ionization and attachment rates are the most relevant
and important rates in the breakdown process. The total ion-
ization rate, accounting for both direct and step-wise ioniza-

TABLE I. Air plasma species: ionization potential for positive
ions, affinity for negative oxygen ions, and excitation threshold for
the electronically excited molecular states. The neutral air species
included in the model are N(*S), N, (X E;,v 0), 0 (P,
0, (X°%;,v=0), and O3 ('A,).

Air species Energy (eV)

N, (X 'S}v=1) 1.0

N, (A 32*) 6.169
N, (B o ) 7353
N, (W3A ) 7.362
N, (B 32M) 8.165
N, (@' '3)) 8.399
N, (a 'TI,) 8.549
N, (w N D 8.890
N, (C *HM) 11.032
N, (b 'TL+b" 'SE+c’ '3h) 12.763
N+ 14.5341
N, 15.5808
N, 103

0, (X°%;,v=1) 0.196
0, (a'A,) 0.977
0, (b 12+) 1.627
0, (¢ ‘2 +ASH 4.185
0, (B ‘Eu) 6.120
O, (Rydberg) 9.300
o* 13.6181
0," 12.072
0N ~1.461
0,” 0.44

05" 2.98
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TABLE II. Collisional processes involving electrons. X denotes either nitrogen or oxygen. The * symbol

denotes excited states listed in Table I.

Reaction

Nitrogen

Oxygen

Momentum transfer:

e+X,—e+X, Itikawa [34]

Hake and Phelps [36]

Pitchford and Phelps [35]

Vibrational excitation: n=45
e+X(v=0)— e+ X521 v)
Rotational excitation:
e+X,—e+X, (rot exc)
Molecular states excitation:

3
e+X,—e+X,

Capitelli et al. [37]
Capitelli et al. [37]

Itikawa [34], Capitelli ef al. [37]

n=4
Hake and Phelps [36]

Myers [38]

Capitelli et al. [37]

Shemanski and Broadfood [39]

Ionization:
e+X—ete+ Xt
e+X,—ete+X)
e+X, —e+etX: Drawin [41]
Attachment:

e+0,—07+0

e+0,(a'A)—~07+0

Detachment:

e+0™"—0

e+0;,—0,

Brook et al. [40]
Itikawa [34]; Capitelli et al. [37]

Brook et al. [40]
Capitelli et al. [37]
Drawin [41]

McDaniel [42]
Burrow [43]

Jinno et al. [44]

tion, is calculated as a sum over all ionization processes con-
sidered in the Boltzmann equation. The validity of the model
was verified at low degrees of ionization (N,/N
~10715-107'%) by comparing published swarm parameters
with the model predictions for a dry air discharge at atmo-
spheric pressure. The results are plotted in Fig. 1 as a func-
tion of the reduced applied electric field £/N in units of Td
(Townsend, 1 Td=10"'7 V cm?) and summarized as follows:

(a) Drift velocity W compared with Phelps’ model [27]
and Dutton’s experiments [28] [Fig. 1(a)].

(b) Mean electron energy (u) compared with Phelps
model [Fig. 1(b)].

(c) Townsend’s ionization coefficient a in (cm™") normal-

ized by the number density, L cm?) [Fig. 1(c)].

N=wN
(d) Attachment coefficient % in (cm™!') normalized by the
number density, ﬁ:zv{}z in (cm?) [Fig. 1(d)] compared with

Phelps model, Gupta’s analytical formulas [29], and Lowke’s
model [30].

In this representation, v,,(u) is the total collision fre-
quency of electrons with neutral and charged particles, v%on
=k'N, and 1i"=k"N; are the ionization and attachment
rates in (s™!), W is the drift velocity in (cm s™'), and N; or N;
are the species densities of the corresponding collisional
partner in (cm™). As shown in Fig. 1, the code accurately
reproduces the swarm parameters and rates available from
the literature at a low degree of ionization.

The discharge parameters mentioned above are applicable
for studying natural air breakdown initiated at low degrees of

N N, _ _ N
1onization (ﬁ~ 10715-10 10). However, as shown in Fig. 2,

at high degrees of ionization these parameters are, in general,
functions of both E/N and N,/N. The Maxwellization of the
EEDF with an elevated high-energy tail and step-wise ion-
ization results in much larger ionization rate coefficients than
the conventional Townsend rate coefficient obtained at lower
electron densities. For example, at a reduced electric field of
20 Td, where a one atmosphere air plasma channel break-

(23

down occurs, the total ionization ratio [Fig. 2(c)] calcu-

lated numerically by the Boltzmann code is 5~ 107'? cm* at

NP — . . . . Nﬂ
ﬁ=4>< 107, while at low degree of ionization, at W=4

X 1071, it is §~10727 cm® The total attachment ratio
varies from 107'8 to 1072° cm? and its characteristic mini-
mum, formed by the intersection of the three-body attach-
ment with the two-body attachment, shifts toward lower re-
duced electric fields as N,/N increases [Fig. 2(d)]. Also seen
in Fig. 2, the drift velocity (a) and the mean energy (b) are
both of functions E/N and N,/N, although the drift velocity
exhibits only a weak dependence. The stronger dependence
at elevated electron densities is a result of the importance of
electron-electron collisions on the EEDF.

The determination of the required electric field to sustain
the discharge at fixed degrees of ionization N,/N is deter-
mined by self-consistently solving the Boltzmann equation
and the electron particle balance equation. The discharge
maintenance concept is based on a balance between electron
production and electron loss. In our model, the electron gain
from ionization and detachment equals the electron loss
through attachment, recombination, and diffusion. The nu-
merical calculations for a preformed plasma channel have
been performed under the following discharge conditions:
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TABLE III. Rates of plasmochemical reactions involving air species.

Chemical reactions

References

N; in collision with N, N,, and N::

N; in collision with O, O,, and O; :

0, in collision with O, O,, O, and O5:

Three-body collisions:

Neutral dissociation:

Associative ionization:

Reactions involving positive ions (charge
exchange, recombination, and dissociation):

Dissociative recombination:
Attachment:

Collisional detachment:

Reactions involving negative ions (charge
exchange, recombination, and dissociation):

Mutual neutralization (ion-ion
recombination):

Three-body ion-ion recombination:

Capitelli et al. [37]; Guerra and Loureiro
[45];
Sé and Loureiro [46]; Piper [47-49];
De Sousa et al. [50]

Capitelli et al. [37]; Guerra and Loureiro [45];
Marinelli et al. [51,52]; lannuzzi et al. [53]
Ivanov et al. [54]; Gudmundsson et al. [55]

Capitelli et al. [37]; Gordietz et al. [56];
Guerra and Loureiro [45];
Feoktistov et al. [57]; Kossyi et al. [58]
Ivanov et al. [54]; Capitelli et al. [37];
Guerra and Loureiro [59];

Partridge et al. [60]

Capitelli et al. [37]; Guerra and Loureiro [59]

Guerra and Loureiro [45];
Gordietz et al. [61]

Capitelli et al. [37]; Kossyi et al. [58];
Guthrie et al. [62]; Zinn et al. [63];
McDaniel et al. [64]; Niels [65]
Kossyi et al. [58]

Hayashi and Kadota [66];
Feoktistov er al. [57]; Kossyi et al. [58];
Chanin et al. [67]; Chanin et al. [68]
Ivanov et al. [54]; Gudmundsson et al. [55];
Capitelli et al. [37]; Feoktistov et al. [57];
Upschulte et al. [69]; Steinfeld er al. [70]

Ivanov et al. [54]; Capitelli et al. [37];
Feoktistov et al. [57]; Kossyi et al. [58];

Ichikawa et al. [71]; Fehsenfeld et al. [72]
Capitelli et al. [37]; Feoktistov et al. [57];
Kossyi et al. [58]; Niels [65]
Ivanov et al. [54]; Capitelli et al. [37];
Kossyi et al. [58]

gas temperature 7,=300 K, gas pressure p=1 atm, and
plasma channel radius r=50 um (pr=3.8 Torrcm). The
EEDF f° is shown in Fig. 3 as a function of the electron
energy u and ionization degree N,/N. The resulting distribu-
tion arises from the interplay between energy gain from the
electric field and energy loss through various collisional pro-
cesses. Inelastic collisions of electrons with nitrogen mol-
ecules control the shape of the EEDF, while oxygen acts as
both a source and sink of electrons through ionization, at-
tachment, and detachment. At low degrees of ionization an
enhanced tail of the EEDF is possible at the expense of in-
creasing the electric field strength to E/N=120 Td (cf. Fig. 6
for details on maintaining electric field E,. as a function of
degree of ionization N,/N). At high degrees of ionization,
even at moderate field strength (E/N=25 Td), the tail of the
EEDF is enhanced because of the increasing importance of
the electron-electron collisions.

The rates participating in the electron balance equation vs
degree of ionization are plotted in Fig. 4. The electrons, cre-
ated due to ionization and detachment, are lost by attach-
ment, recombination, and radial diffusion. The total ioniza-
tion frequency includes direct ionization from O, N, O,, and
N,, stepwise ionization from all electronically excited nitro-
gen and oxygen molecular states under consideration, and
associative ionization. Details on the attachment-detachment
dependence are given in Fig. 4(a), while in Fig. 4(b), the net
attachment frequency is plotted as the difference between
attachment and detachment frequencies. It is seen from Fig.
4 that the ionization frequency reaches a minimum of Virg?n
=6Xx10° s7! for N,/N=2X 1078, that is, the field can be sus-
tained with minimal production of electrons. At higher de-
grees of ionization (>5 X 1075), the electron loss is primarily

due to dissociative recombination.
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TABLE IV. Radiative processes and lifetimes [37].

Wavelength for v

Transition n—m AT (s —v’
Nitrogen

N, (A°SH) =N, (X 'S} +fiv 0.5 293 nm, 0—7
N, (B°IL) =N, (A°S))+hv 1.34 % 10° 1045 nm, 0—0
Ny (W3A,) =N, (X 'S))+fiv 0.154 208 nm, 0—35
N, (B'’3;) =N, (B IL) +fiv 3.4x10* 1524 nm, 0—0
N, (C°I1,) =N, (B IL,) +fiv 2.45 %107 336.5 nm, 0—0
N, (@' 'S;) =N, (X 'SH)+hv 1.0X 102 177.1 nm, 0—5
N, (@ 'TL) =N, (X 'S})+hv 8.55%x10° 155.2 nm, 0—2
N, (@ ') =N, (@' 'S;)+hv 1.3x10? 8252 nm, 0—3
N, (w'A) =N, (a 'TI)+Av 1.51 % 103 3578 nm, 0—0
N, (b 'TL) =N, (X 'S})+hv 77X 108 111.6 nm, 0—5
N, (b 'TL) =N, (a 'TL) +#iv 1.59 % 108 313.3 nm, 0—0
Ny (b 'S5 =N, (X 'S} +fiv 4.8%108 135.4 nm, 0— 14
N, (b" 'S5 =N, (a ') +hiv 5.56 % 10° 353.1 nm, 0—4
Oxygen

0, (a'A)—0, (X’3,)+hv 2.6X 107 1.27 pm

0, (b'3))—0, (a'A)+hv 1.5%1073 1.9 um

0, (b '3)) =0, (X7%)) +fiv 1.5%x1073 762 nm

0, (¢ 'S, +A" A +A°S) 0, (a 'A ) +hv 11 243-306 nm
0, (B’Y;)—0, (X %) +hv 2% 109 200 nm

The power gain per electron from the electric field due to
Joule heating and the partial contribution to the power loss of
different elastic and inelastic processes (electron power bal-
ance) vs degree of ionization N,/N is presented in Fig. 5.
Plotted are the normalized net excitation and vibrational ex-
citation rates (excitation minus deexcitation), ionization, at-
tachment, rotational excitation, and ambipolar diffusion. The
energy loss is dominated by two competitive processes,
namely vibrational excitation and electronic excitation of O,
and N,. The energy transfer back to the electrons has been
taken into account via deexcitation and detachment pro-
cesses. For high degrees of ionization, part of the energy
utilized in vibrational excitation is returned back to the elec-
trons via deexcitation from vibrationally excited molecules.
The fraction of returned energy can be nearly 100% at high
degrees of ionization, when the vibrational temperature ap-
proaches the electron temperature, resulting in lower power
loss and consequently, lower maintaining field.

The self-consistent electric field E;. required to maintain a
steady-state electrical discharge vs degree of ionization is
plotted in Fig. 6. As mentioned above, we define the self-
consistent electric field strength as the field for which the
electron production via ionization and detachment is bal-
anced by the electron loss via recombination and attachment.
The left side of the self-consistent field curve, degree of ion-
ization 10715, corresponds to the natural breakdown field in
air, ~30 kV cm™'. Breakdown is initiated at any point above
30 kV cm™!; consequently, an electric field equal or larger
than E,,;,;=30 kV cm™! is required. During a natural break-
down the electron density (the ionization degree) increases
exponentially and reaches the maximum value determined by

the net system impedance, e.g., the electron density must
shift from the corresponding lower degree of ionization (A)
toward higher degrees of ionization (B) (Fig. 6).

The right side of the self-consistent electric field curve
(Fig. 6) corresponds to a plasma channel breakdown. In our
experiments the initial degree of ionization produced by the
laser is on the order of 1073 [8], corresponding to an initial
electron density ~10'® cm™ [7,8,12]. Experimentally, the
electrical discharge does not occur instantly even if the ap-
plied electric field is sufficient for an electron avalanche to
develop. The time lag in a dc electric field is found experi-
mentally to be 150—250 ns [13]. The ionization rate at the
minimum maintaining field is ~107 s~'. The model predicts
that the breakdown time is ~200 ns (a few times the inverse
ionization rate), close to what is observed experimentally.
This initial electron density decays to 10'°~10'? via recom-
bination and attachment before the breakdown initiates. In
Fig. 6 this corresponds to a shift of the maintaining electric
field from right to left (E-D-C). The self-consistent electric
field is about 10 kV/cm at degrees of ionization 10°—10"
and this may be considered as optimum breakdown electric
field, about one third of the natural breakdown field. It may
be noted that a similar maintaining field dependence was
predicted by Lowke, who plots the reduced electric field £/N
versus current density J [30]. Lowke’s reduced electric field
reaches minimum at much lower electron densities and the
minimum reduced electric field itself is lower than ours.
However, in his analysis, Lowke adjusts the value of the
ionization rate so that the curve E/N(J) goes through a mini-
mum at 20 Td, a value known a priori from other experi-
ments [31]. Presumably these assumptions are dictated by
the limited air chemistry used in his model.
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FIG. 1. (Color online) Discharge parameters in 1 atm air as a function of the reduced electric field £/N and vanishing degree of
ionization N,/ N (first approach): drift velocity W (a), mean electron energy (u) (b), Townsend’s ionization coefficient a in (cm™') normalized
by the number density: the ratio a/N (c), and total attachment versus number density: the ratio 7/N (d).
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FIG. 2. (Color online) Discharge parameters in 1 atm air as a function of both the reduced electric field E/N for various degrees of
ionization N,/N: drift velocity W (a), mean electron energy {u) (b), Townsend’s ionization coefficient a in (cm™!) normalized by the number
density: the ratio @/N (c), and total attachment versus number density: the ratio 5/N (d).
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FIG. 3. (Color online) Electron energy distribution function
7%(u) at various degrees of ionization N,/N (second approach). Dis-
charge conditions: gas pressure p=1 atm, gas temperature T,
=300 K, and plasma channel radius ry=50 um.

The experimentally observed breakdown electric field for
the laser-induced plasma channel measured is 5.7 kV/cm (a
reduced breakdown electric field of 23 Td) [13,15]. The
minimum maintaining field of 10 kV/cm calculated by the
model requires an additional mechanism to explain this dis-
crepancy. The gas heating mechanism has already been suc-
cessfully employed in various breakdown models [12,32,33].
Tzortzakis et al. [32] showed that the gas heats during break-
down. They measured a gas heating rate of approximately
1.2 K/ns in air at one atmosphere pressure. In a similar
study, Popov [22] estimates a heating rate of 3 K/ns for a
leader channel. Even for the more conservative heating rate
[32], in ~200 ns the gas temperature would reach
500-600 K, reducing the normalized breakdown electric
field E/N twice.

10° ¢
(a) —
108 EF.-..".'T°=T S ..\.\o\’;\
E -~ -
—_— L L]
- [ / L ° \
‘\9 107 ; / .o.....o \
[0} r / \
T o100/
o E o/ ————Detachment
r/ — — Attachment
10° ¢
;// esseses Net Attachment
104 (bl ool vl ot ool sl ol s sl ol ol o
10°
108 &
107 E )
— £ e
T 10° -
2105 -
[} £ -~
© 10*E e .
o 10° a v/ lonization
P eeeeeee Net Attachment
102 % —-—-— Recombination
10" E Diffusion
100 :umll avod vl vl ool vod o el el v vd wd 1

107 102 10°'' 10 107 10° 1073
Degree of lonization

FIG. 4. (Color online) Attachment, detachment, and net attach-
ment rates (a) and electron creation and loss rates (b) vs degree of
ionization N,/N. The discharge conditions are the same as in Fig. 3.
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FIG. 5. (Color online) Power loss per electron (a) and power
balance distribution (b) vs degree of ionization N,/N. The discharge
conditions are the same as in Fig. 3.

Our model was used to predict the gas temperature
~200 ns after the laser pulse. A simplified gas temperature
balance equation accounting for heating arising only due to
vibrational kinetics reads %(%NTg(t))=§kVibNe(t)NAE"ib,
where k*® and AEY® are the rate coefficient and effective
energy threshold for electron impact vibrational excitation,
respectively. The parameter ¢ is the fraction of the power
transferred to the gas. The temporal evolution of the electron
density was taken from experiment, where a suitable fit was
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FIG. 6. (Color online) Discharge maintaining electric field E,,
vs degree of ionization N,/N. The discharge conditions are the same
as in Fig. 3. A—natural air breakdown initiation; AB—air dis-
charge. (B may shift right. The shift is determined by the system
impedance.) C—Ilaser-induced plasma channel breakdown;
EDC—in this region, for laser-induced plasma channels, the initial
electron density drops. (E may shift. The shift depends on the laser
intensity and self-focusing properties.)
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made to N, through the equation N, ()=1.25
X 10'® exp(—6.84 X 10%)/(1+4.65 X 10%) [8]. An integra-
tion of the gas temperature equation yields T,(f)=T,
+&YPAEYP[IN,(¢')dt'. Assuming &=~ 0.05 [33], with the in-
tegral of the electron density being 1 X 108 cm™s, k'P~8
X107 cm™3, and AE¥®~1 eV (for N,), we find that after ¢
~200 ns the gas temperature is 7, ~ 600 K (a heating rate of
~1.5 K/ns [22]). Gas heating of this magnitude will increase
the minimum of the normalized applied field from E/N
~23Td at T,=300 K to E/N=~46 Td after ~200 ns. Ac-
cording to the model predictions (Fig. 6), at a normalized
electric field E/N=~46 Td breakdown is readily possible.
Thus, the model may be used to explain why the discharge
“waits” ~200 ns for the breakdown to occur.

From the dependence of E/N vs N,/N (Fig. 6) it is clear
that breakdown is possible for E/N>40 Td. For lower nor-
malized electric fields the possibility for breakdown is deter-
mined by two competitive processes: gas heating, leading to
an increase with time of the applied reduced electric field
E/N, and decay of the electron density, leading to plasma
extinction. Apparently, the definitive answer whether break-
down occurs or not for E/N<<40 Td is only possible if the
model is time-dependent and accounts for a gas heating.

IV. SUMMARY

In conclusion, a collisional-radiative air chemistry code
based upon the numerical solution of the steady-state elec-

PHYSICAL REVIEW E 76, 066405 (2007)

tron Boltzmann equation is developed to model laser-
induced plasma channel discharges at atmospheric pressure.
These air plasma channels operate at elevated degrees of

ionization (Nﬁ~ 10‘4—10‘7) and the EEFD is a function of
two parameters: £/N and N,/N. Consequently, all plasma
properties become functions of these two parameters. A high
total ionization rate, exceeding the net attachment plus re-
combination rates was obtained at substantially lower elec-
tric field strength (40 Td) due to the Maxwellization of the
EEDF as a result of electron-electron collisions. The total
ionization rate is increased orders of magnitude over that
obtained for a one-atmosphere natural air discharge.

The present model provides a bridge between the natural
and plasma channel breakdown. The combination of Boltz-
mann analysis and gas heating can explain why plasma chan-
nel breakdown occurs at an applied electric field five times
lower than the critical field for dielectric breakdown in air at
one atmosphere (28-30 kV/cm). The model suggests that
the observed time lag for the plasma channel breakdown is
due to two factors: electron avalanche development (an ion-
ization time of ~200 ns) and increase in the ratio E/N due to
gas heating. Future work will include detailed vibrational
kinetics, gas heating, and ultimately, time dependent Boltz-
mann analysis.
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