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Origin of fluctuations in atmospheric pressure arc plasma devices
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~Received 27 March 2003; revised manuscript received 29 May 2003; published 26 February 2004!

Fluctuations in arc plasma devices are extremely important for any technological application in thermal
plasma. The origin of such fluctuations remains unexplained. This paper presents a theory for observed fluc-
tuations in atmospheric pressure arc plasma devices. A qualitative explanation for observed behavior on
atmospheric pressure arc plasma fluctuations, reported in the literature, can be obtained from the theory. The
potential of the theory is demonstrated through comparison of theoretical predictions with reported experimen-
tal observations.
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Thermal plasma technology has been established a
promising tool for state of the art industrial applications. T
arc plasma device is the heart of related processes for
eration of plasma. Depending on the regime of operation
inherent fluctuation in plasma parameters is always ass
ated with such devices. The growth of thermal plasma te
nologies is mainly hampered due to lack of control on th
fluctuations@1#. A complete understanding of this phenom
enon is long awaited and is believed to have a strong imp
on the growth of thermal plasma technology@1#. However,
no satisfactory theory is available that can predict the m
surable fluctuations observed in such devices. Fluctuat
observed experimentally in such devices are analyzed u
tools of dynamical analysis and found to follow a gradu
transition from the nonchaotic to chaotic regime@2–3# under
variation in control parameters. The present paper attem
to introduce a theory of observed arc fluctuations in atm
spheric pressure thermal plasma devices. The earlier con
that the observed fluctuations in arc plasma devices are
dom and beyond control needs drastic modification in li
of the experimental evidence and subsequent analyses@2,3#.
The present theoretical work together with earlier expe
mental works establishes arc plasma fluctuations as cha
Axiomatically, therefore, these fluctuations are controllab
Next, an attempt was made to validate the theoretical e
mates against a wide range of experiments available in
literature. Application of the theory to reported experime
by the authors and by Brilhacet al. has been presented i
order to demonstrate the potential of the present techniq

In any arc plasma device, an arc is established betw
anode and cathode through some flowing gas~plasmagen
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gas!. The arc heats the gas through ohmic heating and tra
forms it into weakly ionized plasma. This is then used f
associated processing work. Arc starts from the cathode,
ceeds through the current channel in the gas and finally jo
the anode at some position as shown in Fig. 1~a!. Associated
electromagnetic forces, guides the current to enter anode
mally at the arc root. On application of dc voltage and s
perimposition of a high frequency field, an arc is establish
between the cathode and the anode. The root or the poin
connection of the arc on the electrode is governed by m
mum energy consideration commensurate to the condition
the surface. In an arc plasma torch, the roles of cathode
anode are completely different. In the conventional tor
cathode is a water-cooled thoriated tungsten rod or a bu
with a tapered tip. The tip is thoriated to bring down th
work function for efficient emission of electrons. Eithe
through thirmionic or field emission or both, electrons a
emitted from this tip and passed though the gas constitu
a current channel called an arc. The typical heat fluxes to
cathode remains at 1–2%, whereas the anode receives
than 10% of the total power. Moreover, the incoming co
plasma gas, introduced in a swirl near the cathode, coo
more effectively. It is true that the arc moves on the surfa
of the cathode due to the emission process, cathode jets
electromagnetic forces. However, the cathode surface
much smaller in size and the effect on the voltage, optic
and acoustic emission is dominantly from the anode arc r
dynamics. The present paper looks at the anode arc root.
intense external cooling provided creates a cold bound
next to the anode. As arc is established, the entire cur
passes through a small cylindrical zone (area;mm2) which
FIG. 1. ~a! Formation of arc in an arc plasma torch.~b! Schematic of the model of near arc root region.
©2004 The American Physical Society08-1
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electrically connects the main arc to the electrode. Since
current densities are extremely high (;kA/cm2), this region
is heated with temperature of the order of thousands o
through intense ohmic heating. Considering the phys
situation and the extremely low density of the hot plasm
assumption of cylindrical symmetry in near arc root regi
as shown in Fig. 1~b! is justifiable. The vertical dimension in
the arc root region is defined by the typical radial dimensio
of the arc column in a plasma torch~5–10 mm! and the
extent of the thermal and electrical boundary layer at
electrode (;1 mm). The radial dimension is establishe
form the experimental data through optical measuremen
the arc attachment zone@4# which again are of the order o
1–2 mm. Gradient in temperature is determined by sublim
tion point ~;2000 K! temperature of material of the elec
trode at the arc root and joule heating of the core of
plasma. The typical gradient would be;106 K/m. At tem-
perature;104 K and pressure of near atmospheric, the n
arc root plasma column remains at local thermal equilibri
~LTE! defined by a single temperature. The energy inpu
the anode spot is roughly balanced by evaporation an
nearly constant temperature is maintained on the surface@5#.
The anode spot temperature is above boiling point for m
materials and therefore, a high vapor pressure exists for
material evaporated@5#. The evaporated material strong
diffuses into the zone near arc root. Because of the tiny a
of the spot, extremely high current density appears in
region. This in association with self-magnetic field produc
a compressive force on the current carrying plasma colu
just above the anode spot. The compressive force resul
increased current density that in turn generates more hea
tries to counteract the compressive force. All these toge
make the near arc root region a highly nonlinear system w
complicated time dependence. The degree of complica
depends on the arc current and existing temperature of
near arc root zone.

Analysis of dynamic behavior is carried out through mo
eling this region near the arc root. Underlying instability
the arc root region disturbs the balance of the forces un
which the arc root stays at a particular position. Con
quently, resulting force imbalance leads the arc root to s
from one equilibrium position to another. The arc root, wh
ever it shifts, assumes the cylindrical shape for the near e
trode region with nearly equal size. Presented results are
tained for assumed radial dimension of 2 mm and vert
dimension of 1 mm of the near arc root instability zone.

To model the phenomenon we assume that the tiny cy
drical arc column near arc root having vertical dimensiond
and radiusR possess uniform temperature in the radial dir
tion and a vertical temperature gradient ofDT. Over the
steady field components, instability induces fluctuating te
perature componentT and metal concentration componentS.
We also assume that metal vapor enters the plasma wit
most zero velocity so that the separate momentum conse
tion equation is not required. Under the Bousinesq appro
mation one assumes density constant in analyses excep
thermal expansion cases. Such approximations are rea
ably valid for near arc root region considered. For the t
arc root region@Fig. 1~b!#, conservation of mass, momentum
02640
e

K
al
,

s

e

of

-

e

r

o
a

st
he

ea
e
s
n
in
nd
er
h
n

he

-

er
-
ft
-
c-
b-
l

-

-

-

al-
a-
i-
for
on-
y

heat, metal vapor concentration together with Maxwe
equations gives the following differential equations for ev
lution of the fluctuating quantities under such approximatio

~i! Conservation of heat

]T

]t
2w

DT

d
1vW •¹W T5k¹2T, ~1!

wherek5k/rs is diffusivity of heat andvW 5ur̂1v û1wẑ is
velocity. k, r, and s are thermal conductivity, density, an
specific heat, respectively.

~ii ! Conservation of metal

]S

]t
2w

DS

d
1vW •¹W S5kS¹2S. ~2!

Here S is metal concentration andKs is the diffusivity of
material.

~iii ! Conservation of momentum. Considering norm
stress force due to pressure (p), tangential stress force due t
viscosity (n), gravitational force due to expansion of flui
and addition of material, and Lorenz force due to interact
of current density (J) with magnetic field (B), the momen-
tum conservation equation can be written as

]vW
]t

1vW •¹W vW 52
1

r0
¹W p1v¹2vW 1gW aT2gW bS1

1

r0
JW 3BW .

~3!

Here we have used the equation of state for the fluctuatio
density~r! in which a and b are defined asDr5r0(2aT
1bS).

~iv! Conservation of mass. Using Bousinesq approxim
tion

¹W •vW 50. ~4!

~v! Maxwell’s equation

JW5
1

m0
~¹W 3BW !, JW5sC~EW 1vW 3BW !,

¹W 3EW 52
]BW

]t
,¹W •BW 50. ~5!

sC and m0 are the electrical conductivity and permittivity
respectively. Considering cylindrical symmetry ofB pro-
duced due toJ, Eq. ~5! gives

]BW

]t
1vW •¹W BW 5hB¹2BW 1~BW •¹W !vW

where

hB51/m0sC . ~6!

ApproximatingBW 5Bu(r ) û and JW5J0ẑ for the tiny column
near the arc root
8-2
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ORIGIN OF FLUCTUATIONS IN ATMOSPHERIC . . . PHYSICAL REVIEW E69, 026408 ~2004!
]B

]t
5f~B,v !2m0J0u1hB¹2B

where

f~B,v !5~BW •¹W !v1u
B

r
. ~7!

Introducing stream functionc such that u5 dr/dt

5 ]c/]z , w5dz/dt 52 ]c/]r , G(c,f)52VW •¹W f, h
5 ]u/]z2 ]w/]r 5¹2c, removing the pressure term, ta
ing the curl, and after nondimensionalization the set of g
erning equations reduces to

]h

]t
5G~c,h!1s¹2h2Rls] rT1Rsst] rS2

2

R
sjQ]zB,

~8!

]T

]t
5G~c,T!2] rc1¹2T, ~9!

]S

]t
5G~c,S!2] rc1t¹2S, ~10!

]B

]t
5f~v,B!22dR21]zc1j¹2B, ~11!

where all the parameters are dimensionless andRl , Rs , s, j,
t, and Q are Rayleigh number, solute Rayleigh numb
Prandtl number, magnetic Prandtl number, ratio of solute
thermal diffusivities, and Chandrasekhar number, resp
tively, defined as

Rl5
gaDTd3

kv
, Rs5

gaDSd3

kv
, s5

n

k
,

j5
hB

k
, t5kS /k, Q5

B0
2d2

mr0hBv
.

-
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Equations~8!–~11! are now expressible in the form

] tLY5MlY1N~Y!, ~12!

where Y is plasma field vector,L is a nonsingular linear
operator,M is a linear operator, andN is a strictly nonlinear
operator:

Y5F c
T
S
B
G , L5F ¹2 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

G ,

M5F s¹4 2Rls] r Rsst] r 22R21sjQ]zB
] r ¹2 0 0
] r 0 t¹2 0

22dR21]z 0 0 j¹2
G .

~13!

We now employ the technique devised by Arneodo, Coul
and Spiegel@6# ~ACS! for derivation of amplitude equation
Under suitable boundary conditions@6#, the linear version of
Eq. ~12! admits a solution of the form

Y5Ymn* Lmne
st, ~14!

whereYmn is a constant four-component vector and

Lmn5F sin~mar!sin~npz!

cos~mar!sin~npz!

cos~mar!sin~npz!

sin~mar!cos~npz!

G .

Herem andn are integers specifying the mode of instabilit
The operationE* F leads to a new vectorG such that the
components ofG are products of respective compenents oE
andF. Upon substitution, Eq.~12! gives
Mmn~l!5F sqmn
4 masRl 2mastRS 2npjsQR21

2ma 2qmn
2 0 0

2ma 0 2tqmn
2 0

22npdR21 0 0 2jqmn
2

G , Lmn~a!5F 2qmn
2 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

G

with qmn

2 5m2a21n2p2. A characteristic equation corre
sponding to the linear part of the eigenvalue Eq.~12! gives
the value ofs in the solutionY. For lowest order instability
(m51,n51) we have

s41P3s31P2s21P1s1P050,

P05q2~q62a2Rl1a2RS24dp2R22Q!stj,
P152a2s~t1j!Rl1a2st~11j!RS

24dp2R22sj~11t!Q1~st1sj1tj1stj!q6,

P252a2sq22Rl1a2stq22RS24dp2R22sjq22Q

1~s1t1j1st1sj1tj!q4,

P35q2~11t1s1j!. ~15!
8-3
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S. GHORUI AND A. K. DAS PHYSICAL REVIEW E69, 026408 ~2004!
For just the onset of instabilitys5 iv andv→0. The condi-
tion where all the three roots of Eq.~18! vanishes needs to
satisfy the condition:P05P15P250 @6# and the values of
the controlling parameters in such situation~critical condi-
tion! come to be

Rlo5
q6~s1t1j!

a2s~t21!~j21!
, Rso5

q6t2~11s1j!

as~t21!~j2t!
,

Q05
q6~11s1t!j2

cms~j21!~j2t!
. ~16!

wherecm54dp2R22. For these values of parameters,Mmn
vanishes andY spans in null space with basis vecto
~f,c,x!. Near the onset of instabilityY can be split into two
parts one in stable spaceJ(x,y,z) and the other in null
space spanned by basis vectors~f,c,x! andY can be written
as @6#

Y5@A~ t !f1B~ t !c1C~ t !x#* L11~x,z!1J~x,z,t !.
~17!

Substituting Eq.~17! into Eq.~12! the amplitude equation fo
the linearized system comes to be

Â1C2Ä1C1Ȧ1C0A50, ~18!

where

C05
P0

P3
, C15

P1

P3
2

P0

P3
2 and C25

P2

P3
2

P1

P3
2 1

P0

P3
3 .

A nonlinear extension of Eq.~18! can be written as

Â1C2Ä1C1Ȧ1C0A5z~A!, ~19!

wherez is the nonlinear contribution. Noting that Eqs.~8!–
~11! remain invariant under operationc to 2c, T to 2T, S
to 2S, B to 2B, Eq. ~19! is required to satisfyz(2A)5
2z(A). This shows the system to be free from second or
nonlinearity and the lowest order nonlinearity will b
O(A3). Over a wide range of studies such as stratified sh
flow with unsteady critical layer@7#, instability of geophys-
ical flows @8#, stability of compressible flows@9#, it has been
observed that cubic nonlinearity dominates the evolution
instability wave amplitude. Therefore, we expect Eq.~19!,
containing third order nonlinearity, will be good enough
predict the system behavior. Correctness of the assumptio
this particular case will be justified if outcome of theo
matches well with experimental observation. Therefore,
approximate form of the nonlinear amplitude equation
the system can be written as

Â1C2Ä1C1Ȧ1C0A5C4A3. ~20!

In Eq. ~20!, C4 has no effect other than scaling the amplitu
@6#. Therefore, for study of system behavior, only two valu
of C4 are sufficient:11 and21. Using the new time scale
s5C2 t and scale factor for amplitude asA5C2

3/2F, Eq. ~20!
reduces to
02640
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F̂1V2F̈1V1Ḟ1V0F56F3, ~21!

where

V05C0 /C2
2 , V15C1 /C2

3 , V251, ~22!

and all derivatives are with respect to the new time scale.
a given plasma operating condition, coefficients in the n
linear amplitude equation ultimately depend on arc curr
and various thermophysical properties of the plasma suc
density, electrical conductivity, thermal conductivity, visco
ity, specific heat, diffusivity, etc. An explicit form of suc
dependence comes out from expressions of the coeffici
given in Eqs.~15! and ~18!. Once the temperature of th
instability zone and gas forming the plasma are identified,
mentioned thermophysical properties of the genera
plasma are known from the property table of respect
plasma gases available in literature@10# and coefficients can
be computed. As all the coefficients (C0 ,C1 ,C2) are known
for a given plasma operating condition, Eq.~21! can be
solved to get time dependence of amplitude of plasma fi
vector Y. The underlying instability will be reflected in al
measurable signals emitted from the plasma subjected to
sociated other conditions. Details on measurement sche
device details, accuracy, and specifications of measurem
devices are available in Refs.@1# and @2#. The electronic
component of the weakly ionized plasma will instant
neously respond to the generated fluctuation in electric fi
and transfer a part of their energy to the neutrals throu
elastic collisions. The energy transfer, modulated accord
to fluctuation, induces pressure perturbation and generate
acoustic wave of speedc in the plasma@10#. Depending on
dimension (l ) of the plasma, this acoustic signal can be d
tected mostly undistorted but enveloped by a response fu
tion f (v)5v21 sin(vl/2c) @11#. The amplitude of the acous
tic signal is proportional to the derivative of total pow
input to the plasma@2,3,10#. In our experiment~comprised of
more that 250 runs under various conditions! it has been
found that generated acoustic signal is directly proportio
to A(t). Once unenveloped acoustic signal@A(t)# is ob-
tained, the fluctuating behavior of power@Q(t)# inside the
plasma is obtained just by integratingA(t). Under constant
current operation,Q(t) will be proportional to the arc volt-
age@V(t)#. However, the response of the device toV(t) will
be distorted due to the fact that the device responds to po
fluctuation by shifting position of arc root so that minimu
energy configuration is maintained. Shifting of the arc ro
depends on the surface morphology of electrodes and
ance of number of forces@12#. Ideally the total optical output
from the plasma should follow the fluctuation in power. T
sound wave generated inside the plasma creates region
contraction and rarefaction. The resulting density pertur
tion creates perturbation in index of refraction, which al
fluctuates according to the underlying dynamics. As a res
the optical signal transmitted through the medium will
modulated by the sound wave and scattering and refrac
will occur. Among all the signals, the theoretical fluctuatio
will be best reflected in acoustic signal due to extreme s
sitivity. A detectable acoustic wave can be excited with
8-4



n
e
or

g
o
tr
in
t

e
ch
tiv
o
ll

fu
e
ra
ai
u
e

ca
A

tic
x
rs
e

o
t
a
ur
i-
h

ot
ve
le

tu
e
om
ta

ar
i
o
t
u
,
,

th
s
te
d
w
id
on
b

ea
ch

der
are
re-
al
est
gion

ac

de-
they
s-

ng
m is
ne
time
er-
sed.
me
ner-
en-
ime

n-
een
s.

tra
nd
ved
in

one.
ion
g

sed.
d in

the
on

ly
os-
te
as

em,
ef-

in

n

ORIGIN OF FLUCTUATIONS IN ATMOSPHERIC . . . PHYSICAL REVIEW E69, 026408 ~2004!
little as 1 mW power fluctuation@13#. The highest distortion
will be observed for total optical output. However, upo
analysis all of them will reflect the signature of same und
lying phenomenon. Experiment on actual system supp
each of these facts@2,3#.

The present system transits from steady behavior to re
lar oscillatory and finally to chaotic state as the value
control parameter changes. Upon gradual variation of con
parameter values, system is found to follow period doubl
route to chaos. It is observed that in the prechaotic state
system indeed remains very sensitive to the chosen valu
control parameter. However, once the system enters into
otic regime, system behavior becomes relatively insensi
to the chosen value of control parameters. Under typical
erating conditions, the regime of coefficients automatica
lead atmospheric pressure arc plasma system to run in
chaotic region. This is the best region to compare outcom
the theory with experiment. At this stage, shape of the att
tor, its dimension, value of Lyapunov exponent and m
characteristic frequencies in the continuous power spectr
estimated in the paper, are very close to those obtained
perimentally. This gives a range in the value of theoreti
inputs corresponding to realized experimental conditions.
values near about the realized one result in nearly iden
outcome. This fact is confirmed both theoretically and e
perimentally. For very large values of control paramete
systems exhibit catastrophic behavior in terms of sudden
tinction of the arc as observed in experiments.

Most of the arc plasma devices are operated using c
stant current power supply units. Therefore, arc curren
measured externally through a potential divider unit with
accuracy;98%. It has been observed that all nearby c
rents~up to62 – 3%),result in similar behavior both exper
mentally and theoretically, once the system operates in c
otic mode. Current influences the behavior through b
ohmic heating as well as electromagnetic forces. Howe
the system is fairly insensitive to the practically realizab
temperature gradient of the region. In the theory, tempera
gradient appears in all gravity related terms. Insensitiven
to gravity related terms indicate that the discussed phen
enon of fluctuation will be observed irrespective of orien
tion of the device. This is an experimentally true fact.

The theory can predict exact oscillatory behavior once
current and temperature of the instability originating zone
specified. However, for validation accurate assignment
values are essential. In practice, the arc root forms inside
hollow anode, it is hidden behind the electrode and s
rounded by highly luminous plasma. Over and above this
changes its position very fast. Due to such complications
is extremely difficult to measure correct temperature of
near arc root instability zone experimentally. In view of the
difficulties, an indirect innovative approach has been adop
in the paper. We compute the fluctuations, analyze their
namics properties at various temperatures, and compare
experimentally observed data for the best match. The val
tion is more focused on justification of the physical situati
and trend of behavior at varying physical conditions. As o
served in Fig. 2, the near criticality region is achieved n
5900 K for I 5400 A, for argon plasma. The observed mat
02640
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between experiment and theory for this temperature un
the realized coefficient values is displayed in Fig. 3. They
in fairly good agreement with corresponding experiments
ported in Refs.@2#, @3#. Extensive steady state numeric
simulations and experiments available in literature sugg
that existence of such temperature at the near arc root re
is indeed appropriate forI 5400 A. Similar is true for the
presented comparison in Fig. 4 with experiment by Brilh
et al. also.

Regarding observed typical fluctuations in arc plasma
vices, the primary question to researchers arises whether
are random or follow some specific rule. Whether it is po
sible to generate similar fluctuations from the underlyi
governing equations of the system or not. Since the syste
dynamic, it is not possible to obtain an exact one to o
correspondence between experimental and theoretical
series. Moreover, while coming out from the system, gen
ated signals are distorted by many other factors as discus
However, they must carry similar features. For example, ti
dependent governing equations of the system should ge
ate fluctuations having at least similar characteristic frequ
cies and the time series should show a similar trend in t
behavior.

Figure 3~a! presents comparison of time series. As me
tioned, a one to one correspondence is not observed betw
them. However, their time evolutions exhibit identical trend
This is more explicit in a comparison of their power spec
@Fig. 3~e!#. Both the spectra show continuous nature a
presence of identical characteristic frequencies. It is obser
that in the high frequency domain, frequencies observed
the theoretical spectra are absent in the experimental
This could be the result of presence of the envelop funct
in frequency domain which has the effect of diminishin
high frequency components in power spectra as discus
Similar agreements are observed in the results presente
Fig. 4.

The behavior of the system is determined through
value of the coefficients. Since the fluctuation phenomen
is assumed to be arising out of marginal stabilityC1 andC2
vary slowly with temperature, whereasC0 varies signifi-
cantly ~Fig. 2!. Thermophysical property data, particular
the transport properties such as thermal conductivity, visc
ity, and diffusivities are prone to error due to lack of accura
data on collision properties that may have inaccuracy
large as 15%. In the present case, for a particular syst
inaccuracy in thermophysical property data has the only
fect of shifting position of occurrence of marginal stability

FIG. 2. Variation of coefficients with temperature for argo
plasma.~a! An overall view.~b! Near criticality.
8-5
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FIG. 3. Results from theory.
~a! Time series. ~b! Attractor.
~c! Dimension computation.~d!
Largest Lyapunov exponent com
putation. ~e! Power spectra@V0

52143,I 5400 A#.
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temperature space. Therefore, occurrence of a partic
trend of behavior is brought out more clearly than ex
point of occurrence in temperature space.

The results presented in this paper are computed for m
common plasma forming gas argon. However, nitrogen,
and mixture of gases such as a small volume of hydroge
argon are also used in some cases as plasma gas. Coeffi
have been calculated for such gases and it has been obs
that similar near criticality behavior are obtainable for the
also. However, for nitrogen such behavior is obtained at r
tively higher temperatures compared to that in argon.
practice, such an increase in temperature is always obse
experimentally when one changes gas from argon to nitro
in a plasma device. For argon plasma, variation of the co
ficients (Ci) with temperature are shown in Fig. 2 for a
current 400 A. Similar coefficient regions appear at relativ
higher plasma temperature for lower arc currents. Variat
of Ci with T becomes sharper for higher currents. It is se
that the possible values of coefficients near criticality (Ci
50) areC02ve, C11ve, andC21ve. Under such a con-
dition, Eq. ~21! gives fluctuating time series only for2V0
.V1/2 and steady solution for2V0,V1/2. There is a
range of possible parameter values for which a variety
oscillatory behaviors are possible. For a given operating c

FIG. 4. Comparison with experiments by Brilhacet al. ~a!
Acoustic fluctuation. ~b! Power spectra of acoustic signal@ I
5105 A, V5379 V, Flow5253 slpm#.
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dition, the tiny plasma column near arc root will stay at
particular average temperature. It is expected that for hig
arc currents, accepted coefficient values by the system
shift towards possible values at relatively higher tempe
tures. We findC0'2450,C1'100,C2'1.5 is a set of pos-
sible coefficient values near which the system can oper
This givesV0'2130,V1'50, V2'1. At all currents near
this region,C1 andC2 remain nearly constant but2C0 in-
creases significantly for small increment in temperatu
Therefore, the effect of increase in current can be studied
by increasing2V0 keepingV1 and V2 fixed. For the ex-
perimental system@2–3#, fluctuations observed at curren
100, 200, 300, and 400 A, are obtained forV0 values
2139.295, 2140, 2142.5, and2143, respectively, with
V1550, andV251. Figures 3~a!–3~e! show, respectively,
comparison of time series, attractor, computation of dim
sion, comparison of evolution of largest Lyapunov expon
and comparison of power spectra for the time series obta
from theory forV052143 ~current5400 A!. A good match
is observed with experiments reported in Refs.@2# and @3#.
Dimension is computed using an algorithm, verified rigo
ously through application in standard attractors hav
known dimension. The algorithm undoubtedly computes
mension correctly up to first decimal point. Lyapunov exp
nent is computed using a widely used algorithm develop
by Alan Wolf @14#. In the algorithm as time increases, mo
and more numbers of sampled data points join the comp
tion and computed exponent value tries to reach the ac
one.

The theory has been applied to a number of import
investigations, reported in contemporary literature@15–19#.
Brilhac et al. have studied dynamic and static behavior of
vortex plasma torches, having button type cathodes@15#.
Fluctuation in arc voltage, arc current, electrical power, o
tical radiation, and acoustic signal generated from such
8-6
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vices are investigated in terms of time series, various dim
sionless numbers, and frequency spectra of respec
signals. They have performed similar study for dc vort
plasma torches having well type cathodes also@16#. Fluctua-
tions in arc voltages under various arc currents are repo
by Verdelleet al. for spray plasma torches@17#. Fluctuating
behavior of the Sulzer Metco F4 dc plasma gun has b
investigated by Dorieret al. @18#. Temporal, spectral, and
statistical analyses are carried out on fluctuating arc volt
and optical output from the torch. Various features of arc r
fluctuation such as voltage jump and spot lifetime are stud
in detail for upstream and down stream striking of dc sp
plasma torch by Codertet al. @19# and specific trends ar
observed. The theory has been applied to all of them an
has been observed that the theory successfully generate
reported features of underlying instability studied in the
experiments. Typical agreement between experiment
theory in such study looks as presented in Fig. 4.

At present it is clearly established that the fluctuations
atmospheric pressure arc plasma devices severely affect
performance related to plasma processing applications@1#. It
reduces the electrode life by more than 100 h and redu
process efficiency by more than 10%. As the arc bur
jumps, and zigzags over the electrodes without any con
the electrode life, repeatability, and process efficiency
severely affected. A methodology is therefore sought for
line monitoring and control of such device/processes. Ear
@2,3#, the authors had established experimentally the e
tence of chaotic behavior in arc plasma devices. The m
important impact of the current work is in providing a sy
tematic theoretical basis for these experimental observat
from the basic governing principles.

Unlike random systems, chaotic systems are controlla
Chaotic systems consist of infinite number of unstable p
odic orbits. Any one or some of these unstable periodic or
can be stabilized and the choice can be made to achieve
system performance of the device. A large variety of dyna
ics is obtainable from the system. One can think of vario
d N

d N

ro
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modes of perturbation to tailor the same device for vario
purposes. In this context, stabilization of high period or
will be particularly advantageous for arc plasma systems
such a case most regions of the attractor is visited and
system actually passes through different states but rem
controlled and not in chaotic mode.

An Ott-Grebogi-Yorke method for controlling chaos
dynamical system, which has been applied to large num
of systems, has the potential to be implemented in
present case. Although, the exact technical protocol is not
finalized, a possible technique could be providing a press
or a voltage perturbation to the system to change phase s
dynamics and stabilize specific orbits. Presently, work is
ing undertaken in our laboratory to implement such te
niques. Once an arc plasma device achieves control o
these fluctuations, it will be an extremely useful and relia
economic device for quality plasma processing work w
high degree of reproducibility. One can think of excelle
applications in the fascinating field of nanotubes and na
particles using plasma technology, where such fluctuati
may vastly vary the growth of various nanoprocesses. Si
lar links in terms of technological implications can be esta
lished to electrode losses due to erosion, puncturing of
vice, sudden extinction of arc, change of surface conditi
of the electrodes, change in operating characteristics of to
etc. The present work is an attempt to provide a methodol
to control all these nonlinear interactions occurring in a
plasma devices employing knowledge of nonlinear dyna
ics.

In conclusion we have reported a theory for observ
fluctuations in atmospheric pressure arc plasma devices
plained the origin and behavior of emanated signals fr
such systems, and demonstrated the potential of the th
through computation of invariants of dynamics such as
tractor, fractal dimension, largest Lyapunov exponent a
power spectra.

The author would like to thank Dr. N. Venkatramani an
Dr. A.K. Ray for their kind permission to carry out this work
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