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ABSTRACT

This paper presents the results of experimental and theoretical investigations of a plasma jet formed
by YAG: Nd*" laser radiation on an anode in a high-voltage gas gap. Conditions corresponding to
the minimal instability of 0.3 ns and delay were experimentally found. The physical mechanisms
determining the delay of the gas gap overlap by the plasma jet and the obtained instability level are
discussed. A model of processes occurring on the ionization wavefront determined by the absorption/
excitation of gas atoms and by the effects of a high-field domain was proposed.
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AHHOTALIMA

B paborte npencTaBieHbl pe3ylbTaThl 3KCIIEPUMEHTANIBHBIX U TEOPETUYECKUX UCCIIEI0OBAHUH M1a3MBbl,
dbopmupyemoii m3nyueHruem YAG: Nd** nasepa Ha aHOJIC B BBICOKOBOJIETHOM I'a30BOM Pa3psiIHHKE.
DKCIIEPUMEHTAIBHO HAWJICHBI YCIOBUS, COOTBETCTBYIOIINE MUHUMAIILHOW HecTabmibHOCTH 0,3 HC
u 3agepxke. OOcyknaroTcss (U3NYECKHE MEXaHU3MBbI, OMPEACISAIONIne 3aJePKKy IMEePEKPBITUS
ra3oBOT0 pa3psiHUKa IJIa3MOM M MOJIy4aeMblil ypoBeHb HeycToiunBocTH. IIpennoxkena mozenb
MPOIIECCOB, MPOUCXOIAIINX Ha (POHTE BOJHBI MOHU3AIMH, OOYCIOBICHHBIX MOIJIOUICHUEM /WA
BO30Y>K/IEHHEM aTOMOB Ta3a M BO3JEHCTBUEM OOJIACTH YCUIICHUS MOJIS.
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JInHamMuKa MmIa3sMeHHOU CTPYH; BBICOKOBOJIBTHBIN Ta30BbIN Pa3psIHUK.

Introduction

Laser-induced gas breakdown [1] is widely
used in high-pressure gas gaps with optical
control [2, 3]. The stability of the delay of
the switch transition to the conducting state is
important both for decreasing commutation
losses to decrease and when it is necessary to
simultaneously fire up several devices operating
on a conjoint load. This transition is governed
by physical processes occurring in the discharge
gap that overlap by the plasma jet. Despite
decades of development, this issue determines
the trends for developing such devices even now.
Therefore, studies aimed at their development
are curried out, for example, new optically
controlled switches have been patented quite
recently [4]. From a fundamental point of view,
a study of plasma jet behaviour in the electric
field is also an opportunity to better understand
streamer physics, especially its dynamics [5],
from its initiation to gas gap overlap. The
point is that some experimental data [6] cannot
be explained in the frameworks of existing
theoretical models [7]. Moreover, one can easily
estimate the mean velocity of the ionization
wave traveling across the gas gap. It had an
order of magnitude of 10° m/s. The estimates
obtained cannot be described by the well-known
laser-supported detonation wave (LSD) model
[8] because the velocity of the LSD does not
exceed 10* m/s under similar conditions [9]. At
the same time, in one of the latest reviews [5],
there is practically no information about models
of plasma jet behaviour in an electric field in a
gaseous medium at pressures higher than 1 MPa.
The case corresponding to the change in plasma
density from the metal density to 10’ cm™ was
also not considered. However, it has been shown
that the presence and expansion of quasi-neutral
dense plasma provided an electric field gain in
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front of the ionization wave [10]. Therefore, the
main objective of this paper is to create a simple
physical and mathematical model of high-
voltage discharge initiated by laser radiation in
a high-density gaseous medium.

1. Apparatus and experimental results

The main problem with the standard ignition
of the RADAN accelerator using a thyratron is
the presence of microsecond jitter. Fig. 1 shows
the dependence of switch-on delay the primary
switch 7 of such accelerator on pressure P when
gas gap operates in self-breakdown mode.
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Fig. 1. Dependence of switch-on delay of gas gap
operating in self-breakdown mode on pressure

Puc. 1. 3aBUCHMOCTB OT TaBIEHUS 3aAEPKKN
BKJIFOUCHHUSI Pa3psiIHUKA B PEIKHUME CaMOITpo0ost

Fig. 2 shows the dependence of calculated
At of the accelerator switch-on jitter (1) on
pressure P operating in self-breakdown mode.
Also similar relation is used to calculate jitter
for gas gap operating in laser controlled mode.
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Fig. 2. Dependence of the jitter switch-on delay
operating in self-breakdown mode on pressure
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1pu pabote B pexknMe caMonpooost

e, (1)

here ¢ is mean switch-on delay, N is number
of shots. We used 30 shots set for each pressure
we investigated. It is clear that direct use for the
study of nanosecond processes in this case seems
to be impossible. This problem can be overcome
by using laser radiation to ignite the plasma in
the spark gap [2, 3]. For this purpose we used
Q-switched YAG: Nd*" LS 2134 laser pulses
having energy of 200+0.5 mJ, FWHM=14 ns,
and wavelength A =1064 nm to form plasma
on anode electrode. The focused laser radiation
spot had a radius about Rf=104 m, (Fig. 3) and
the focal point of the lens was adjusted behind
the anode surface to avoid uncontrolled optical
breakdown of the gas in the gap of d=3, mm.
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Fig. 3. Laser focusing spot on anode electrode

Puc. 3. [TatHO OKyCHPOBKH j1a3epa
Ha aHOJHOM DJIEKTPOJIC

The choice of anode for plasma ignition was
stipulated by the main objective of the paper
present, i.e., to reduce switch trigger delay and
to mountain the stability of plasma formation in
the discharge gap [11]. We calculated the elec-
tric field for the real geometry of the gas gap
in the presence and absence of plasma to find
its maximal value. For example, for an anode
voltage U =190 kV and grounded cathode, the
calculated electric field undistorted by plasma
this maximum had a value of E__ =7.1x10" V/m.
The gas gap can be filled with dry nitrogen at
pressure range from 3 to 5 MPa. In the paper we
present results of laser ignition for pressure of
4 MPa, which is typical for RADAN devices.
The aim was to sustain gas gap overlap condi-
tions similar to those presented in the primary
switches of electron beam accelerators [12] or
similar devices. One of the distinguishing fea-
tures of the experimental setup we used was the
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application of voltage to the gas gap, which in-
creased in the time range of a few microseconds.
That is two or three orders of magnitude slower
than the typical delay value obtained. There-
fore, it was possible to change the voltage of the
plasma ignition by a simple shifting of the laser
pulse relatively at the beginning of the gas gap
voltage rise. This allows one to change the rela-
tive gap voltage 6=(U~U,)/U in a broad range.
Here U, is a laser-controlled switch-on voltage,
U, — gap self-breakdown voltage. The laser con-
trolled breakdown delay ¢, relative to the laser
pulse beginning was observed experimentally.
Fig. 4 presents it in dependence on the voltage o
applied to the gap.
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Fig. 4. The dependency of switch-on delay #, vs relative
switch-on voltage ¢

Puc. 4. 3aBucHMOCTB 33I€PKKH BKITIOUCHHS t
OT OTHOCHUTEIILHOTO HAIPSKEHHS O

Fig. 5 presents the estimation of the mean
velocity of the ionization wave traveling across

a gas gap.
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Fig. 5. The dependency of the mean velocity of the
ionization wave vs relative switch-on voltage ¢

Puc. 5. 3aBucumMocTh cpeiHeil CKOPOCTH BOJHEI
HMOHM3AIUU OT OTHOCUTCIIbHOTO HAIIPAKCHUA O

2. Discussion

We can perform the following simple
preliminary estimations. The irradiated volume
can be assumed as a cylinder with a base equal
to the focal spot and a height #=0.5-A=532 nm
[14], where A is the wavelength of the laser
radiation we used. Therefore, one can estimate
the volume V=7tRj2~h=1.7'10*14 m?, which
contains about N =1.4-10" atoms. For this
case, an atom velocity can be estimated:
CaZ(Wpa/(y—l)'Ma)“2=4.6~104 m/s, where M
is the mass of atoms and y=5/3 is an adiabatic
index in the assumption of the neglecting of atom
interaction. This velocity determines the overlap
time of the gap distance d by the plasma 7,=64.5
ns. This estimation provided results that are
in good agreement with the experimental data
[15]. Such estimations give upper bound value.



One can obtain the lower bound estimation
assuming an irradiated volume as a sphere
with a focus spot radius. Thus, this volume
V=4nR>/3 = 4.2:10” m’ contains N =3.5-10"
atoms. In this case, each atom can get from
the laser pulse only W =3.3 eV/atom, i.e.
W /A=0.78, here A, is ionization energy of
iron, which we used as model material of anode.
Obviously, it is not enough for ionization, and
the anode material expansion will occur mainly
in the form of neutral atoms. The latter cannot
lead to the electric field distortion, i.c. formation
of a high-field domain (HFD), and as result a
significant delay decrease in discharge takes
place, as compared with the self-breakdown of
discharge gap in the absence of laser triggering
(compare Fig. 1 and Fig. 4). It should be noted
that this estimation is in poor agreement with
our experiment data obtained. The discharge
development time, i.e. delay of the breakdown
of the gas gap, appears non-linear in dependence
on the electric field.

Also, to characterize the delay instability,
the confidence interval of the random error for
confidence level p=0.95 was calculated. It has a
minimal value of 0.3 ns in the range 6=0.1+0.15.
And at last the discharge development velocity
C =(2.5+3.8)'10° m/s for #,=(8+12) ns was
estimated for this o, Fig. 5. For smaller values
of o, the instability begins to grow, and its
dependence on ¢ seems to be changing.

The estimates above show the necessity to
consider the following:

1) the anode material in the initial state has
almost free electronic component, which obeys
the Fermi-Dirac statistics;

2) electrons get laser radiation energy only
in the process of electron-phonon (electron-
ion) interaction and then transfer it to the heavy
atom/ion component;

3) the potential of the external electric field
is maximum on the anode side ¢ =U(?), and as
we used a grounded cathode typical for RADAN
accelerators, ¢ =0; therefore, it slows down the
electrons and accelerates the ions to the cathode;

4) the velocity of a HFD boundary (front)
is in fact the phase velocity weakly related to
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the transfer of matter. Under the assumption of
strong discontinuity, integral conservation laws
similar to the integral relations of the detonation
wave front (we can say even, the combustion
wave front) must be satisfied on the HFD
boundary.

For further consideration the approach
proposed in [16] is used. Considering the laser
pulse FWHM ~10% s and the settling time of
local thermodynamic equilibrium (LTE) (in
a metal density plasma, the equilibrium is
established for each subsystems at the time
~10" s, and temperatures of electrons and
phonons are equalized in ~10"+107"" s
[17]), one can limit the process model for the
first approximation on the single-fluid, one-
temperature approach.

Then, the model equations will be the
following:

op, Opv
Fa y TFa’a o)
ot ox 2)
1S mass conservation law.

ov ov oP
a4 “a | _ a
pa( o ox j ox ®)

is motion equation.

19/} e’z n )
— = —E-v,J, (4)
ot m

is generalized Ohm’s law.

Here p =(M +z m)n is the density,
n, — concentration, for iron. And z n =n_,
z =z (p,T) are quasi-neutrality condition and
ion mean charge, w (p,T) is the energy density
of the anode plasma, 7 - temperature, v, —
velocity of atom, P (p ,T) pressure, j — current
density. And at last, one must add an energy

conservation law:

ow, ow,\ mv,j’
P ot Va Ox =z ne
ma'‘a (5)
ov

83: +1, (t)exp(—ax),

-k
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where o=4nnk/A [15] is the absorption
coefficient for a specific wavelength A in
vacuum and 7 is the refractive index. Constants
K, n are related to the following relationships:

nz(l—lcz)zg, =2, (6)
14

here €, o, v — media permittivity, the specific

electrical conductivity, and frequency radiation,
respectively.

Processes in a space of gas in front of

an anode plasma can be described in frames

of known drift-diffusive  approximation

models accounting ionization of ground states
[18, 19]

on, ,y on. —3(n6y6E+De aa”e j =nyv,, (7)
X

or ' ox  ox e

here p =e/(mv, )is electron mobility, D =(u kT)/e
is diffusion  coefficient, V,=v,(x,) -
front velocity of anode plasma, v(x) —
hydrodynamic velocity of the anode plasma at
its boundary.

on, , v on, +—a(niﬂiE)

=n '_) 8
ot ! ox ox i ()

here u=e/(mv, ) is ion mobility, e =|e].

Taking into account that the gas in the
discharge gap is dry nitrogen and its ions are
molecular, one can ignore the influence of the
electric field on their dynamics. In this case the
equation (8) should be written in the following
form:

%+V %—nv 9
o Toax 7 ©)
on on

“+V,—L=—nyv,

or ' ox Vi (10)

In expressions (7, 9, 11), as well as below,
subscript e denotes electron, i denotes the ion,
and n denotes the neutral atom. Also, v, means
the change rate of corresponding particle con-
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centration due to ionization processes. The en-
ergy balance of electrons in the gas gap is deter-
mined by the following relation:

V2
zvgng+m r% —Z—mvenk];—
3 2 m

n

(11)
—vl.(kTe +§Iij:0,

here v =4n 6 ((kT)/(2nm))"* is elastic impact
frequency and v=v (21/(kT))exp(—1/(kT)) is
ionization one, £=e’E*/(2mv_°) is an electron
energy gain in the electric field £

OE _ e(n,—n)

a g, > (12)

where ¢, is vacuum permittivity [20]. The
collision frequencies are determined in Born
approximation [19].

The following boundary conditions should
be added to equations above: ¢_ =o(z 0)=0.
The bound “anode plasma — gas™ is a contact
discontinuity of media with different properties.
This bound coincides with the anode surface
at initial laser switch on. Let us denote its
coordinates as x/(t). Then the following
conditions must be satisfied at this
boundary:(p(x_/(t), n=U(,); P(t, X, 0)= U(,);
P(z, xf+0).

The following condition:

on

e

Ox

on

e

Oox

(13)

Xr-0 X140

serves to ensure the transparency for electrons at
the boundary for electrons moving to the anode.
And at last the following condition does not
allow ions to pass through the boundary:

on,

=~ =0 (14)

Y40

The condition on bound “anode plasma —
gas” could be written in the following form:



e[”i (1.2, 07, (8, 0) -

—ne(t,xf(t))Ve(t,xf(t))]+ (15)

+L8E(”xf(’)) _U,—RI(z)
g, ot S '

Here R — ballast resistance of measuring
circuit, /() — electrical current, S — surface
cross-section equal to =0.05 — 0.1 of electron
avalanche radius at the moment of its transition
to plasma condition [16]. Also, the following
initial conditions should be added. Before the
laser pulse begins, both macroscopic velocities
of the gas particles and the anode are equal to
zero: T =300 K, E(t=0, xf=d)=O — the electric
field is defined by the solution of the Laplace
equation.

Let us set a sharp boundary of the ionization
wave front by the condition that the Coulomb
value behind the ionization wave front is equal
to zero. This is equivalent to neglecting electron
diffusion in equation (7). Then, condition (15)
remains valid for this boundary. The boundary
between the streamer molecular plasma and the
anode plasma turns into a contact discontinuity.
However, due to the plasma quasi-neutrality, the
current density is continuous on both sides of
this discontinuity. In this study, the breakdown
is characterized by complete filling in the
discharge gap by quasi-neutral plasma. At a
moment close to 7 the relation (15) may be
rewritten in the following form:

en, (15,0) . E (% 0) +
(16)

£, ot S

1 OE(t,x,()) _U,-RI(t)

Note that, if one neglect the volume discharge
relaxation after breakdown, then #,—¢. Due to
analysis of the experimental results presented
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on Fig. 4, 5, the electrical breakdown at the final
stage can be considered as a non-equilibrium
phase transition between two phases. The first
phase is cold nitrogen in which the current is
limited by the space discharge. The second one is
a low-temperature quasi-neutral plasma with no
such limitations. Both second-order equilibrium
phase transitions [21] and non-equilibrium
phase transitions [22] are characterized by a
power-law behavior of their parameters near
singular (critical) points. Then, the ionization
wave coordinate x, as it approaches the cathode
can be described as follows:

xxa(t.—1)" (0<p<D,  (7)

where a, P parameters can be defined by
numerical modeling or experimentally.

Then, the velocity of the ionization wave
will be as follows:

C, =%z—aﬁ(t* -0 g

If we suppose that the scalar electric
potential for a moment near ¢, is the following:
o(x)=U,(x/x,), then

E:
a(t,—t)’

dx X,

Taking into account the relations (17)—(19),
the equation (16) can be written as follows:

U
ene(xi):ue—bﬂ_
a(t* —t) (20)
:BUb _ Ub —RI

ga(t.—t)"" S

The first term on the left side of condition
(20) is determined by the electron transfer, and
the second one is determined by the surface
charge change (electric field) on the ionization
wave front. After the discharge gap is completely
filled with quasi-neutral plasma, the charge
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transfer in this discharge gap can be described
in terms of the magnetohydrodynamics [19]. As
it follows from the balance equation (10), the
electron concentration implicitly depends on the
electric field by the dependence of the ionization
frequency on temperature (energy). This reason
provides the finite values of the voltage drop in
equation (20) observed in the experiment.

As regards the index B in Landau theory
[22], it was found to be 1/2 for equilibrium
second-order phase transitions. It has been
shown [23] that the index P=1/2 gives the
constancy of the power released at the front of
the slit growing into the conductor. The model
of the stratification of a conductor exploded by
an electric current was built in the paper above.
Since the streamer (conducting phase) grows
into the non-conducting phase (molecular gas)
in the gas gap, one can expect =1/2 for this case.

Conclusion

The preliminary and simple estimation of
the boundary velocity of the anode plasma
initiated by laser radiation does not correspond
to the experimental data observed. The
suggested simple model explicitly considers the
dependence of the triggering on the electric field
strength and generation in the front boundary of
the anode quasi-neutral plasma of the gaseous
density of the cathode-directed streamer. In
further work we suppose to develop the model
toward considering the multidimensionality and
non-linearity of physical processes occurring
in the evolution of laser-initiated plasma in an
electric field.
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