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«  Gas discharge lamps

« Plasmas in gas discharge lamps

« Usage of gas discharge lamps

«  Fundamental and/or applied research for lighting
« Instability in xenon lamps

«  Theory of current spots on cathodes of high-pressure arcs
- The idea

- Connection to self-organization in bi-stable nonlinear dissipative systems
and a complete theory

- Applications: MH lamps for street illumination, UHP lamps, arc welding,
high power circuit breakers
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Gas dischare Iams

Example: a high-pressure gas discharge lamp

Standard lamp COST-529 supplied by Philips
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___ Gasdischargelamps

Standard lamp COST-529 supplied by Philips
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Gas dischare Iams

Burner of the standard lamp COST-529 supplied by Philips
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Gas discharge Iam|:_)s

* An incandescent lamp: a
solid conductor carries
electric current, is heated by
the current and emits light.

i

« Agas discharge lamp: a gaseous conductor carries electric
current, is heated by the current and emits light.
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Plasmas In gas discharge IamEs

Can a gas conduct electricity?
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Plasmas In gas discharge lamps

* The molecules in gases perform a chaotic
movement. S

 Under normal conditions, each molecule
undergoes around 1019 collisions per second.

 If the kinetic energy of the relative motion of the particles is
higher than the ionization energy, it may happen that a particle
becomes ionized after collision:

A+A—-AT+e+ A

« The probability of ionization is higher in collisions between a
neutral particle and an electron:

A+e—>A"+e+e

« |f the amount of ions and electrons in a gas is not too small, the
gas Is able to conduct electricity: a plasma.
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Plasmas in gas discharge lamps

One way to create a plasma is to heat a gas by means of an electric field
applied to the gas. Heat is produced due to the Joule effect:

P=]E j=Ji+t]Je = P =JiE+]JcE
me<<m|:>Je>>J|:>P%JeE

Power is supplied by the electric field mainly to the electrons, which transfer
a part of this energy to the heavy particles, i.e., atoms and ions. The transfer
occurs through collisions.

 [f the pressure is high, collisions between electrons and heavy particles
are frequent. The energy transfer is effective => T, = T\,...y particles- 1hE
plasma is called thermal.

* Ifthe pressure is low, T,> Ty .y particies: The plasma is called non-
equilibrium.
lonization can also be produced by an external radiation (cosmic rays, high-

Intensity X-rays, radiation from a nuclear reactor). Such plasmas are also
non-equilibrium.
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Plasmas In gas discharge IamEs

Example: ionization degree of Ar thermal plasma at 1 atm

T 500 5000 10000 20000 30000
o 0.78x107° 0.39x10°% 0.87 x 10-% 0.89 1
X+ 1 1 1 0.99 0.21
Xt 0 0.43x 10 0.92x10° 0.86 x 102 0.77
X4+ 0 0.11x10™ 0.21x10% 0.37 x107% 1.8x 1072
n, _ Ny _ Ny
Xy = i’ Xt = n; ° Xt = n
— _ N
0 = ni-|-lna
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Plasmas in gas discharge lamps

General classification of plasmas

Plasmas
/ N\
Plasmas in nature Artificial plasmas
/N /N
Space Plasmas of Low-temperature Fusion
plasmas lightning plasmas plasmas
/N
Thermal plasmas Non-equilibirtum plasmas

Of course, the term "low-temperature plasma" should not be understood literally. For
example, a thermal plasma produced by an arc torch has a temperature of about 20,000
K, but belongs to the class of low-temperature plasmas. This temperature is low only
in comparison to the temperature of nuclear fusion plasmas.

i __———— Univ.
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Plasmas In gas discharge lamps

)
Y

High-pressure lamps
Thermal plasma
Arc discharge

p =5...200 bar
T =5,000-7,000 K

M. S. Benilov
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Fluorescent lamps
Non-equilibrium plasma
Glow discharge

p = 0.3% bar

T,=1eV, T, =300-700 K
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Usage of gas discharge lamps

World lamp market

Annual lamp sales in EU (2004): 1.8 billion.
Number of lamps operating in EU (2004): 3.3 billion.
Number of lamps operating in the world: > 7.5 billion.

Fraction of the electrical power used for public lighting

* 9-12% in developed countries except the US for which about 21%
(Las Vegas!)

* [t is much higher in developing countries (for example, 31% in
Tunisia and still more in Tanzania)

« 20% is the global average.
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Usage of gas discharge lamps

High-pressure lamps (high-intensity discharge, or HID, lamps; high-
intensity lamps; arc lamps; ...)

« Contain a combination of gases: a buffer gas, usually Hg (plus a trace
of an inert gas) or Xe, plus elements chosen to generate a good color-
quality light.

Example: Metal halide lamps use a mixture of molecular and atomic
species composed of Hg and (some of) the following elements: Hg, Na, TlI,
Dy, Sc, Cs, |, and Ar. The most important neutral species are typically Hg,
Na, Tl, Cs, Dy, Sc, I, Nal, Tll, Csl, Dyl, Dyl,, Dyls, Scl, Scl,, Scls;.

» Are used for:
- public places illumination, including streets;
- projection applications;
- car headlights;

Fluorescent lamps
» Are mainly used for indoor lighting.
« Cannot operate at high powers (these lamps operate with the glow
discharge which transits into the arc discharge at high currents).
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Usage of gas discharge lamps

Lamp types
and their
typical
characteristics

Source: Annex 45,
Int. Energy Agency,
2010.

GLS = general
lighting service =
standard
incandescent light-
bulb.

The limit value of
the lamp efficiency
Is 390 Im/W =>
still a long way to

go ...

M. S. Benilov

Characteristics
Luminous | Lamp | Dimming | Re- CRI Cost of Cost of Applications
Lamp type efficacy life control strike installation | operation
(Im/W) h time
GLS 5-15 1000 prompt | very | low very high | general
excellent good lighting
Tungsten 12-35 2000- prompt | very | low high general
halogen 4000 excellent good lighting
Mercury 40-60 12000 | not 2-5min | poor | moderate | moderate | outdoor
vapour possible to lighting
good
CFL 40-65 6000- with prompt | good | low low general
12000 | special lighting
lamps
Fluorescent | 50-100 10000- | good prompt | good | low low general
lamp 16000 lighting
Induction 60-80 60000- | not prompt | good | high low places where
lamp 100000 | possible access for
maintenance
is difficult
Metal halide | 50-100 6000- possible | 5-10 good | high low shopping
12000 | but not min malls,
practical commercial
buildings
High 80-100 12000- | possible | 2-5 min | fair high low Outdoor,
pressure 16000 | but not streets
sodium practical lighting,
(standard) warehouse
High 40-60 6000- possible | 2-6 min | good | high low outdoor,
pressure 10000 | but not commercial
sodium practical interior
(colour lighting
improved)
LEDs 20-120 20000- | excellent | prompt | good | high low all in near
100000 future
Univ. '
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 Several
companies have
managed to
exceed the limit
of 200 Im/W
(Philips
Lumileds,
Osram, Cree ...)

But the unit
power is low,
the price is
high, and the
brightness is
low (yet?) =>
the use is not
universal ...

M. S. Benilov

Competition: LEDs

TL tube
100-110 Im/W

(most efficient
existing technology)

&

Energy-saving bulb

(fluorescent)
$

58 Im/W
Traditional .
light bulb \

15 Im/W )

165 e

Usage of gas discharge lamps

Philips TLED _
prototype 200 Im/W

twice as much as today's
most efficient

existing technology

Univ. it
Madeira A




Btw: why do some people complain that LEDs give less light?

nﬂl’llllll[-ll“

= Candelabra

Epison CoLLECTION

otlite-USA LED
ndelabra

atts, 400 Lumens
Replaces 40 Watts
Dimmable, E12 Base

$12.15

More Info & Buy»

M. S. Benilov

7Z1CP

=3

65 Watt
Replacement

3 _
\-Au, =

Dewnlight

TCP LED Downlight
12 Watts, Max. 670
Lumens

Replaces 65 Watts
Dimmable, E26 Base

$18.75

More Info & Buy»

-17 -
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A reasonable-quality
40 W incandescent
lamp provides

A0W X 12 Lm/W =
480 Lm > 400 Lm!

A reasonable-quality
65 W incandescent
lamp provides
65Wx 12 Lm/W =
780 Lm > 670 Lm!

Univ.
Madeira
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Btw: how relevant is the number of lumens?

 Lumens: a
quantity of
(visible) light =
radiation flux
Integrated over
the spectrum of
present
wavelengths
weighted with the
standard
luminosity
function

Black: photopic luminosity function including CIE
i 1931 (solid), Judd-Vos modified (dashed), and
(photopic!) Sharpe, Stockman, Jagla & Jagle 2005 (dotted).
Green: scotopic luminosity function, CIE 1951.
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Usaqge of gas discharge lamps

UHP (Ultra High Performance/Pressure) Lamps

 Pure mercury vapor, 200 bar, the arc gap typically 0.7 to 1.3 mm.

« Compactness, outstanding arc luminance (brighter than the sun!), a well
suited spectrum, long life, ...

« The UHP lamp is the ideal light source for projection applications.
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Usage of gas discharge IamEs

Car Headlights

electrodes
xenon gas (~1 MPa cold / 10 bar)

salt (molten during operation)
XenEco automotive lamps of Philips (35W).

M. S. Benilov -20 - o, T ¢ ®©m__ FCT
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Usage of gas discharge lamps

15 kKW xenon short-arc lamp used in IMAX projectors.

M. S. Benilov -21- /7 Univ. ( ) ipfn FCT
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Fundamental and/or applied research for industrial needs

e The word “plasma”
was introduced for
designation of an
lonized gas in the
famous 1928 paper
of Irving Langmuir.

 From 1909 to 1957,
Langmuir
conducted
fundamental
research while
working at GE.

Paper by Irving Langmuir

in Proc. Nat. Acad. Sci.

M. S. Benilov

Vor. 14, 1928 PHYSICS: I. LANGMUIR _ 627

cisely the plane grating formula. It will be noted that, with the exception
of two, all of the points fall to the right of the regions of ‘“anomalous dis-

persion,” and that none of them falls in this region. It is due to this cir-

cumstance presumably that the displacements of the electron diffraction
beams from their x-ray analogues display no marked abnormalities. It
will be noted also that although the values of u calculated from the diffrac-
tion beams are rather scattered they are not inconsistent with the dispersion
curve constructed from the more precise data of the reflection beams. :

1 Davisson and Germer, Proc. Nai. Acad. Sei., 14, 317 (1928).

* Davisson and Germer, Nature, 119, 558 (1927); Phys. Rev., 30, 705 (1927).
* Eckart, Proc. Nat. Acad. Sci., 13, 460 (1927).

¢ Bethe, Naturwiss., 15, 787 (1927).

§ Bethe, Ibid., 16, 333 (1028). ,

¢ Andrewes, Davies and Horton, Proc. Roy. Soc., 117, 660 (1928).

OSCILLATIGNS IN IONIZED GASES

By IrvING LANGMUIR

REsEARCH LABORATORY, GENERAL ELECIRIC CO.; SCHENECTADY, N. Y.
-

Communicated June 21, 1928

In strongly ionized gases at low pressures, for example in the mercury
arc, the free electrons have a Maxwellian velocity distribution correspond-

-22- _——— Univ. C
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Fundamental and/or applied research for industrial needs

 Itis amazing how little sometimes need engineers to know about
underlying physics in order to develop an excellent product!

Ultra High Performance/Pressure
Lamps

- What is the dominating mechanism
of production of light?

- Motivation of the inventor: dimers
Hg, will be formed at very high
pressures, and these dimers will
effectively radiate.

- It was found later that for mercury
pressures of 200 bar or above
more light is emitted in the
continuum radiation than in
spectral lines!

M. S. Benilov -23- /7 N @)}& ipfn EMCT
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Fundamental and/or applied research for industrial needs

« In principle, given all our diagnostic possibilities, we thought that we

could pin down the essential parameters just by varying all kinds of
parameters and observing if that removed the problem or not. However,
the lamp is so complicated that it has too many status variables — the

approach did not work out, so far.
From a letter from an

iIndustrial physicist

» Physicists from academia can help the industry by:

- identifying underlying physical mechanisms;

- developing detailed computational models capable of describing
complex phenomena on the basis of first principles without invoking

empirical and/or fit parameters
=> application-oriented fundamental research.

: _ _ //?Univ. i infn
M. S. Benilov 24 s Univ. C,:fl ipfn . FCT@



Instability in high-pressure xenon arcs

Xe-based metal halide
automotive lamp (35W, Philips).

«  High-pressure xenon arcs can develop voltage oscillations accompanied
by electromagnetic interference (EMI).

«  The initial conclusion was that the perturbations develop in the plasma
column and are due to instability of the energy balance of the electron
gas in the plasma column, which originates in the variations of heating of
the electron gas by the electric field occurring faster than the variations of
cooling by collisions with heavy particles.

«  Subsequent investigations have pinned down the instability to the
near-anode region rather than to the plasma column.

M. S. Benilov -25- i Univ. ( cipin FCT
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Current spots on cathodes of high-pressure arcs

plasma

~

cathode

The current is distributed over the front The current is localized in a region
surface of the cathode in a more or less occupying a small fraction of the
uniform way; the diffuse mode. surface (cathode spot); the spot mode.

Cathode of Bochum model lamp. Arc discharge
inargon. W, R=0.75mm, p=4.5bar, | =25 A.

M. S. Benilov - 26 - /:11..?—”"“" C,, ipfn  FCT
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Current spots on cathodes of high-pressure arcs

» The existence of multiple modes of current transfer to
cathodes of high pressure discharges is very interesting from
the point of view of fundamental science and important for
technology.

« Several hundred of papers have been published on this
subject since 1951.

« Aself-consistent and universally accepted theory began to
appear only in the late 1990s.

» This theory treats multiple modes of current transfer to arc
cathodes as a self-organizing phenomenon.

« The theory is based on a very simple idea which is perfectly
accessible to 15t-year physics students.

: _ _ //?Univ. i infn
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Thermal balance of soil on a hot day

What is the temperature of
the soil (sand, asphalt) when
the sun is at its zenith?

Hint: assume that the only
soil cooling mechanism is
radiation.

Resnick and Halliday,
Physics I

| ]| ] ] somene
w ] 111 ] redaetencrs

Soll

M. S. Benilov

1500 —

Energy flux
(W/m2)

Heating

1000

Cooling (cT4)

T (K)

0

-28 -

100

A111I|..

I
200

300 ., 400 500

Univ.
Madeira

Equilibrium
T~ 364 K~ 91°C
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Is thermal balance of soil stable?

T <364 K: 1500 - Energy flux
2
Heating > Cooling =>T1 | (Wim?) Cooling
Heat
1000 eating . |
T > 364 K:
Heating < Cooling =>T
l 500 — |
T
. 0 ' I ' I . ' |
Conclusion: thermal 300 395 350 | 375 400
balance of soil is stable. Equilibrium
T ~ 364K

M. S. Benilov -29 - /Aﬂh?'”““" Cﬂ" ipfn ECT |
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Energy flux from the plasma to the cathode

« Main mechanisms: heating
of the cathode surface by
Incident ions and cooling
due to thermionic
emission.

 The dependenceofqonT
IS non-monotonic.

* |In the conventional heat
exchange, q(T) is falling!

M. S. Benilov

Plasma approaches
full ionization and the
20— ion heating gets
q (108 W/m?) saturated

157 U=14V

1.0 lon heating

increases faster
than thermionic
0.5 — cooling

0.0 | |

0 1 2 3 4 5
T (103 K)

W, Ar, 1 bar. From M. S. Benilov and M. D. Cunha 2002.

-30 - /’?’ Univ. ( ipfn FCT
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Thermal balance of a cathode

0.8 —
g (108 Wim?)
0.6 — Heating
Flux of
l l l l l energy from 7
Plasma the plasma P
0.4 —
Cathode -
Heat Cooling S
l l l l l condution 7 : ;
0.2 —
| 1
- L
ol Tk
0.0 — : i : |
0 2 4 6
Ar plasma, p = 1atm, W cathode, Diffuse mode +  + Spot mode
h=10mm, U =12 V. T~ 3740 K T ~ 4330 K
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Is thermal balance of cathode stable?

0.8 1
Spot mode 0 (0% Wim?)

T <4330 K:
Heating > Cooling =>T 1 0.6
T > 4330 K:

Heating < Cooling =>T |

Heating

0.4 —

. Cooling
Diffuse mode

T <3740 K: 027 5
Heating < Cooling =T | :
T > 3740 K: 0.0 ; | e
1 3 1
Heating > Cooling =>T 1 3.5 | 4 TAOCK 45
Diffuse mode: Spot mode:
T~3740 K T ~4330 K

Conclusion: the diffuse mode is
unstable, the spot mode is stable.

M. S. Benilov “32- i v o @) P FCT
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The theory

«  Spotless modes and modes with spots have been observed on cathodes
of other discharges.

«  Therefore, there is not much sense in developing a separate theory for
high-pressure arcs — one should aim at a general theory of spots on
cathodes of DC gas discharges.

M. S. Benilov -33- /7 Univ. ( ) ipfn FCT
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M. S. Benilov

Different modes on cathodes of vacuum arcs

t=0

0.407 ms

0.592 ms

0.796 ms

0.999 ms

1.203 ms

1.406 ms

1.591 ms

'
‘o
5

Cathode spots on Cu contact of vacuum
arc in the initial expansion stage. Current
peak 7 kKA. From Song et al 2013.

-34 -

Vacuum arc discharge with spotless
cathodic attachment. | = 20 A. Pb (Cr,
Gd) cathode. From Amirov et al 2015.

___———— Univ. ) ipfn FCT
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Spots on cathodes of DC glow discharges

(spotless) glow

discharge. Xe, 75

did|d|a
0.375 mm, h=0.25

mm. From K. H.

1.0 mA 1.6 mA 2.2 mA 2.8 mA 3.4 mA
Schoenbach et al
2004.

Air

Helium

Nitrogen

Abnormal

Argon

Mode with one spot (the normal discharge). Different
gases, p =1 bar, h = 0.4 mm. From D. Staack et al 2008.

M. S. Benilov -35- /Aﬂn?univ' (, ipfn ~ FCT
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Spots on cathodes of DC glow discharges

Pressure
TOTI’
08 0.6 0.330 mA 0.351 mA 0.399 mA

1.75 0.64

0.627 mA 0.572 mA 0.937 mA
Curr Cflt (m A) 299V 258V 298V
Xe, R=0.375 mm, h =0.25 mm. From Kr, R=0.375 mm, h =0.25 mm. From
K. H. Schoenbach, M. Moselhy, and W. W. Zhu, P. Niraula, P. G. C. Almeida, M.
Shi 2004. S. Benilov, and D. F. N. Santos 2014.

Modes with multiple spots on cathodes of DC glow discharges.
M. S. Benilov - 36 - /7 Madei (, 'pfn FCT .
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Different mechanisms or multiple solutions?

« An adequate theoretical model of current transfer to a DC cathode must
not necessarily involve essentially different physical mechanisms (such
as Schottky-amplified thermionic emission from arc cathodes vs. thermo-
field emission).

« Rather, being a self-organization problem, it must admit multiple
steady-state solutions for the same discharge current.

« A boundary-value problem describing

Y anod , current transfer to the cathode is invariant
/ ////// with respect to x and y => 1D solution,
f=f(z): the spotless mode [the abnormal
discharge 2 mode on the glow cathode; the diffuse
tube mode on an arc cathode].
« Multidimensional solutions,
s R} f=f(x,y,z): modes with spots.
y « What these multidimensional solutions are

X like and where to look for them?
The simplest discharge geometry.

=> The theory of self-organization in bi-stable nonlinear dissipative systems.

M. S. Benilov 37— i oy o @) P FCT
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The Elan

»  Modes of current transfer to DC cathodes as predicted by general
trends of self-organization in bi-stable nonlinear dissipative systems

e  Current transfer to arc cathodes

«  Current transfer to glow cathodes

M. S. Benilov - 38 - /.dﬂ/l?-;:gewa ( /l Ipfn wowss Eucmemn .



General predictions of the self-organization theory

U Transition

region

1D
I3 Hot
phase
Uo
1D
Cold 1 <T>
hase :
ol P ! Plasma/
i1 I I j Cathode
A prototypical CDVC of the spotless (1D) o ] ]
mode of current transfer. Multidimensional solutions: states

with co-existence of phases, exist at
a certain value of U, (Maxwell's
construction) provided that

cathode transversal dimensions >> L.

U=U,: Three 1D solutions
j=j,: stable (a cold phase),
j=js: stable (a hot phase),
J=],: unstable.

M. S. Benilov -39 - /:11..?—”"“" C,} ipfn  FCT
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The source of positive feedback: the near-cathode sheath

Nere-cathode

space-charge sheath | Quasi-neutral
plasma
Emitted -
electrons lons Space charge build-up
by incoming ions
4_
4_
- —
Ne lonization of Acceleration
N neutral atoms of ions by
! by high-energy sheath electric
X lelectrons J Lfield )
Acceleration Emission of
Glow discharge (cold cathode) Ofeftn'ﬂedb - ﬁ}'ectraﬂsdby
— electrons by e cathode
Ion. qubardment =2 S(_econdary elegtron sheath electric due to ion
€Mmiss1on (y-prOCESS) Jem/Ji =1...10% field ) | bombardment

Arc discharge (hot cathode)
lon bombardment => T, = 2,000...4,000 K => A loop = positive feedback!
thermionic/thermofield emission  j./j;=2...5

M. S. Benilov 40- i v o @) P FCT
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General predictions of the self-organization theory

Appearance of spots on DC
cathodes is in most cases a
monotonic process and therefore
occurs through a neutrally stable
steady state.

Neutral stability means a
bifurcation of steady-state
solutions.

Multidimensional solutions
branch off from the 1D mode.

Presumably, this happens on the
falling section of the CDVC of the
1D mode.

Bifurcation points may be found
by means of linear stability
analysis.

M. S. Benilov -41 -

* Spot
' mode
1D mode \
(no spots)
Bifurcation’
point
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The computation procedure

1. To formulate a model of plasma-cathode interaction for the particular
discharge. While being multidimensional in nature, this model must
admit 1D solutions;

2. To find the 1D solution and the bifurcation points;
3. To find spot modes by means of numerical modelling with the use of
results of the bifurcation analysis. To take into account the fact that the

spotless mode is not precisely 1D;

4. To investigate stability of different modes.

M. S. Benilov -42 - /7 Univ. C ) ipfn FCT
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Arc cathodes, step 1: the model

LAYER OF THERMAL NON-EQUILIBRIUM

) A Very s!gnlf!cant POWET power input :NEAR-CATHODE LAYER
Is deposited into the P vve —
near-cathode space- 1Tt
Charge sheath. ions, plasma electrons

« => The plasma-cathode
Interaction is governed by
a thin layer comprising
the sheath and the ionization layer.

« A complete solution can be found in two steps:

- Solution on the plasma side: the 1D problem describing the near-cathode layer
Is solved and all parameters of the layer are determined as functions of T, and U.
In particular, functions q = q(T,, ,U) and j = j(T,, ,U) are found.

- Solution inside the cathode: the heat conduction and current continuity

equations are solved with the boundary conditions Kg—:l =q(T,,,V), cg—(g =j(T, V).

CATHODE BODY

Historical comments Functions q(T,,U) for ambient-gas and vacuum arcs

Univ.

- _43 - —— ) ipfn
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Arc cathodes, step 1: the model

Energy flux from the plasma to the cathode  Plasma approaches
full ionization and the

_ _ _ ion heating gets
« Main mechanisms: heating 2.0 7 saturated

q (10% W/m?)

of the cathode surface by 1
Incident ions and cooling
due to thermionic emission. 1.5+ U=14 V
« The dependenceofqon T,

iS non-monotonic. 1.0 lon heating 12
increases faster

than thermionic

e |nthe conventional heat

exchange, q(T,,) is falling! 0.5 cooling
_ 10
« The rising section of the
dependence q(T,) is a 0.0 | | | |
source of thermal 0 1 2 3 4 . 9
instability. Tw (107K)

W, Ar, 1 bar. From M. S. Benilov and M. D. Cunha 2002.
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Arc cathodes, step 1: the model

54 g (108 W/m?) 8 1 g (1010 W/m?2)

4 — 6 — /\

3 4 —

2 2 —

1 0 — —__-“~\\\\\J

0 | | | | | -2 — T T T T T T "
0 1 2 3 4 5 0 1 2 3 4 5

Ty (10° K) T,, (103 K)
Ambient-gas arc. Ar, 1 bar, W cathode, U = 20V. Vacuum arc. Cu cathode, U = 20V.

Computed by the tool http://www.arc _cathode.uma.pt From N. A. Almeida et al 2013.

« The energy flux from the vacuum arc plasma is higher by two orders of
magnitude and is localized in a more narrow range of T,
« =>The computed parameters of spots are very different!
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Arc cathodes, step 2: the 1D solution

Cylindrical cathode with an insulated lateral surface

Plasma
heating A 100 —
0 : U (V) -
< : _
SN B 80
Thermal ' Branch
and . : correspond-
electrical v ! ing to no 60 —
insulation ! discharge
: ignited
Cooling «_ | 40 —
fluid, v
T:TC @
20
« 1D solution, T = T(2): diffuse mode.
: i 2
The CDVC On the WhOIe IS N_Shaped O LINL IIIIIII LINL IIIIIII LINL IIIIIII LINL IIIIIIIJ (IA/IrT]III)I
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d
(rathe_r than U-shape_d) => No 106 107 108 10° 10w
additional mechanisms are

] : CDVC of the diffuse mode on a cylindrical
required to describe spot modes. Y

cathode with an insulated lateral surface. W,

2D and 3D solutions: spot modes. h =10 mm, Ar, 1 bar. From M. S. Benilov 1998.
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Arc cathodes, step 2: the 1D solution

300 1 4x10' 7 solia: straightforward
. _ simulations.
um] D Solid:  straightforward g Dotted: the sheath-ionization
N\ simulations. (W m'2) . |ayer model.
Dotted: the sheath-ionization
layer model.
100 3x10"
30 A
2x10"
10 —
T T T T T T T T T TTT] 1 1X1O7 T T T T TTT] T T T T 1
10° 108 1(Am?) 107 10° 100 i(Am?) 1o

Integral characteristics of the diffuse mode on a cylindrical cathode with an insulated lateral
surface. W cathode, Ar plasma, 1 bar. Solid: the code N. A. Almeida et al 2008. Dotted: the
tool http://www.arc_cathode.uma.pt. From M. S. Benilov et al 2016.

» Predicted integral characteristics of plasma-cathode interaction are not
strongly affected by details of the model if the basic physics is right.
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http://www.arc_cathode.uma.pt/

Arc cathodes, step 3: pattern of modes on a rod cathode

central spot and
two edge spots

~-..two edge spots

\,
| (A)
' I

140 260 380 500

diffuse mode one edge spot

Current-voltage characteristics of different modes. W, R =2 mm, h = 10 mm, Ar, 1 bar.
®, ®: bifurcation points. From M. S. Benilov, M. Carpaij, and M. D. Cunha 2006.
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Arc cathodes, step 4: stability of different modes

- Modes with a spot at U (V)
the center or with 16 —
multiple spots are
always unstable. -

1St spot mode,
stable section

1
1
1
1
1
1
1
)
1
1
)
|
|
\

- The only modes that 14 5 : ﬁf}gf;tiégggt?c’m
that can be stable are \‘
the diffuse mode and | ' diffuse mode,
the high-voltage branch * stable section

12 — A

diffuse mode's . .
o 1 unstable section ~~. _ ,
« The transition between RO

of the 15t 3D spot mode.

these two modes is non- 10 , | . | | “I
stationary without

oscillations in time and 0 200 400 1 (A) 600
accompanied by Stability of different modes on a rod cathode. W,

R=2mm, h=10 mm, Ar, 1 bar. From M. S. Benilov

hysteresis. 2007 and M. S. Benilov and M. J. Faria 2007.
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Comparison with the experiment

« Detailed experimental data on plasma-cathode interaction in high-
pressure arc discharges have been obtained during the last 15 years,
In particular, by Mentel’s group in Bochum.

« The theory has been convincingly validated by the experiment.

Example: transient spots

¥ I R. Botticher, W. Graser, and A. Kloss 2004
R. Botticher and M. Kettlitz 2006
t P. G. C. Almeida, M. S. Benilov, and M. D. Cunha 2008

~
T

« [|nitial and final steady states are diffuse.

« |f the variation of current is below a certain threshold, the diffuse mode
IS preserved during the transition.

« Otherwise, a transient spot appears.

Univ. |pfn

. _ _ /? C
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ComEarison with the eerriment: transient spots

Time=0 Max: 4000
Boundary. Temperature (K] 000
0
9 3000
55/ u
0
1500
2

1000
Min: 1000

COST-529 standard lamp (Philips), current jumps from 0.3 Ato 1.3A. W, R=0.35mm, h =
11 mm, rounding 25 pm, Hg, 4 bar. P. G. C. Almeida, M. S. Benilov, and M. D. Cunha 2008.

| A
Real-time quenching ‘ L
of formation of spots: >
From P. G. C. Almeida et al 2013, "Details
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Comparison with the experiment: arc voltage

20

The arc voltage
computed with account
of the sheath and

deviations between T, 16
and T,, in the arc column
differs from the
experiment by no more
than 2V in the current 12 =
range 20-175A.

8 —

Voltage over a 1 cm long free-burning
arc in 1 bar Ar. Cathode with a
hemispherical tip, R = 1mm, h = 12 mm.
Experiment: N. K. Mitrofanov and S. M.
Shkolnik 2007. From M. S. Beniloyv, L. G.
Benilova, H.-P. Li, and G.-Q. Wu 2012.

Arc voltage (V)

computed: sheath + 2T

computed: LTE

0

1 I 1 I 1 I 1 I 1 I
40 80 120 I(A) 200

Further examples of comparison with the experiment

M. S. Benilov

- 56 -
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A free on-line modelling tool

« A 2D simulation technique has
reached a point at which it can be
automated.

« A free on-line tool for simulation of
diffuse and 2D spot modes on rod
cathodes:
http://www.arc cathode.uma.pt

e There is no need to study
theoretical papers in order to be
able to use the tool!

M. S. Benilov -61-

,f MBenilov - Windows Internet Explorer

e http: //www.arc_cathode.uma.ptftool/phpfindex.php
Step 2
STEP 1: Specifying Input Parameters o

Plasma-producing gas: |MH

Plasma pressure: 1 bar

Cathode: material radius (m)  height (m)
w [0.001 [0.010

Cooling temperature: |2937 K

Radiation: @.tof.

Variability of the work
function:

(W cathode, NH and CH ctef

plasmas)

Content of sodium: W (NH, MH, and XH plasmas)
Content of thallium: IF (MH and XH plasmas)
Content of dysprosium: W (MH and XH plasmas)
Content of scandium: W (MH and XH plasmas)
Content of cesium: W (CH, MH, and XH plasmas)

Content of zinc: W (XH plasma)
Content of indium: W (XH plasma)
Content of thorium: W (XH plasma)
Content of iodine: W (XH plasma)

Submit Reset |

e T
wstart| (3 @ © | BRI | L. Lam.| &

__———— Univ. C, ipfn FC I
A111|I-- Madeira /i) NSTIUTODEPLASMAS  pungian ar a Cencseate
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http://www.arc_cathode.uma.pt/

_There is a lot more to say about arc cathodes ...

« Modelling of cathodes of a complex shape made of different materials
and of multispecies plasmas with complex chemical kinetics (air,
different metal halides plasmas);

« Variation of the work function due to deposition of a monoatomic layer
of an alkali metal;

« Theory of solitary spots (spots on large cathodes): the spot radius is self-
consistently determined by means of appropriate Maxwell’s construction;

« Self-organization vs. geometrical current concentrations ' View ;
« Diffuse mode on cathodes of vacuum arcs;
« Stability of cathode spots and evolution of unstable spots " View ;

« Theory and modelling of cathode spots of vacuum arcs with application
to contacts of high-power circuit breakers View ;

M. S. Benilov - 62 - /;ﬂ,,?—u"iv' C,, ipfn FCT
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Glow cathodes, step 1: the model

Differential equations
The simplest self-consistent mathematical model of a DC glow discharge
comprises equations of conservation of a single ion species and electrons,
transport equations for the ions and the electrons written in the so-called drift-

diffusion approximation, and the Poisson equation, with the transport and
Kinetic coefficients of electrons being functions of the local E/n:

Vedi=Nea e E-fnen, Ji=-D;Vni—n; Vo,
Vide=Neapu E=fneny, Je=-De Ve +n, 1 Vo,

g Vip=—e(n —n,)
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Glow cathodes, step 1. the model

Geometry and boundary conditions: discharge between parallel electrodes

n =0, o0 =0, p=U
\ 01
ani:anezo Q anode >
or or
jr =0 \ Z
reflecting <X
wall
o f=1(2): a solution ) @ D
given in textbooks /
(von Engel and on
Steenbeck) = =0 (), ==7(3),, 9=0
e f= f(Z,F,@)? Historical comments

M. S. Benilov - 74 - /A/fﬂ?un"’ ( ) ! 'pf" .. FCT
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Glow cathodes, step 2: 1D solution

The falling section: the
lonization coefficient rapidly
Increases => the positive
feedback is strong.

The growing section: the
ionization coefficient
approaches saturation.

The CVC of the near-cathode
layer on the whole is N-
shaped => No additional
mechanisms are required to
describe spot modes.

M. S. Benilov -76 -

Townsend
discharge

Branch Abnormal
corresponding discharge
to no

discharge

ignited

J
CDVC described by the 1D solution.

Univ.
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Glow cathodes, step 3: solutions describing pattens

Max: 630
600

500 0.24 mA 0.3 mA 0.35mA

N - - -
300

0.383 mA 0.44mA 0.45mA

200 1.5 mm
100
_— : a— Wl 046 mA 0.48 mA 0.5 mA
2 10 0 ama | 382Am? 339 Am2 Min: 0 Glow discharge in Xe.
From K. H. Schoenbach, M.
‘ ‘ Max: 340 e 290 Moselhy, and W. Shi 2004.
’ 4 20 Xe,p=30Torr, R =0.5mm, h =
48 Amr o1 Amr 250 o, 0.5mm, diffusion losses
S, L neglected. a): Solid: the 1D mode.
’ - ‘ Ly s Dashed, dashed-dotted, dotted:
et -y the 1st, 8th, and 12th 3D modes.

L
“¥» 'A 100 100 b): 1st 3D mode. c): 8th 3D mode.
.‘ ‘. AT S - b d): 12th 3D mode. From P. G. C.
A 4 A A QAS * Almeida, M. S. Benilov, and M. J.

< 4
220 Am-2 c) 252Amr Min: 15.0 147 Am2 d) 188 Am= Min: 35.0 Faria 2010, 2011.

M. S. Benilov T i oy o @) P FCT
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Comparison with the experiment

» There are quite a few
observations of patterns
In glow microdicharges,
mostly by Schoenbach
and coworkers.

« The agreement between the
modelling and the experiment is
good, although the comparison has
been merely qualitative up to now.

Bifurcations of steady states of glow discharge. Experiment: W. Zhu and P. Niraula
2014. Modelling: P. G. C. Almeida, M. S. Benilov, and D. F. N. Santos 2013, 2014,

M. S. Benilov T8 i o . @ P FCT
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There is more to say about glow cathodes ...

« Modelling has guided the experiment to observing spot patterns in gases
other than Xe (Kr, Xe with 0.5% air impurity);

« The normal current density exceeds the value corresponding to the
minimum of the CDVC by a factor of about two;

« Simulation of patterns in Xe and Ar with a detailed account of kinetics
(singly charged atomic ions, molecular ions, electrons, excited atoms, and
excimers) and non-locality through electron energy equation;

 Bifurcations of different types, including pitchfork bifurcations caused
by different kinds of breaking of symmetries, merging of bifurcation
points, common for glow and arc cathodes;

« Patterns in discharges of complex configurations;
* Results on stability of axially symmetric states mygn”;
« Simple situations, complex behavior;

M. S. Benilov - 79 - /:11..?—”"“" C,, ipfn  FCT
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Simple situations, complex behaviour

« How can diffusion of the charged particles

180 —
Townsend
U (V)| discharge
N 1D (von
\ Engel and
170 — \ Steenbeck)
- \ subnormal
\discharge abnormal
\ discharge
160 — ) .
| \ normal
ZD\\ discharge
150 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII
10° 10 10™ 10 1 (A) 1072

Xe,p=30Torr, R=1.5mm, h=0.5 mm,
From P. G. C. Almeida, M. S. Benilov, M.
D. Cunha, and M. J. Faria 20009.

M. S. Benilov

-82-

180 —
U (V)
175
170 -
165 —

160 —

155

150 LILILLI

to the wall, which is a weak effect (10-3),
originate such a large difference?

Perturbed transcritical
bifurcation of first
order contact

L] LBLLILLI L] ) Illllll \I-ylllll
10° 10" 102 10°

« Bifurcations may occur in apparently
simple situations where multiple
solutions are not of primary concern!

Univ.
Madeira
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Simple situations, complex

20 -
U (V)]

18 - Spot mode

16 —

14.04 V4.
13.46 V_>_ .......................

Diffuse mode

12 +

10 L
50 100 150 200 1 (A) 250

Ar, p=1bar, R =2 mm, h =10 mm. Simulation by
means of the free on-line modelling tool
http://www.arc cathode.uma.pt with the use of the
built-in initial approximation. From P. G. C. Almeida,
M. S. Benilov, M. D. Cunha, and M. J. Faria 2009.

Further examples

M. S. Benilov -83- arlin

behaviour

Simulations start from the
diffuse mode on a cathode
with the insulating lateral
surface.

d+£fus.ec mgd,a mhi?éath ode
\Auntlauamya—lateral surface?

Plasma pressure:

T reasoﬁﬂ a&&mm@—
pertorbedranscritical

taftrecatton of first order
SGIEACE“and the value
L= 1?,.46% Bichife

tioubles sEFtis precisely
tiaen bl“ﬁui‘C&HO_n g@rm{m plasms)

Content of zine plasrma)

Agaif.a t%@é’h@'m 16

rin &h agiarently
%Ie sﬂcraflon!
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http://www.arc_cathode.uma.pt/

Why have not these phenomena been calculated earlier?

« Itis important to employ a steady-state solver rather than non-stationary
one, in order to decouple questions of numerical and physical stability.

We used
- A finite-difference 2D Fortran code for arc cathodes:

v" Based on the Newton linearization with a direct (non-
iterative) solution of the linearized equations,

v" Freely available on Internet at
http://www.arc_cathode.uma.pt

-  COMSOL Multiphysics software:

v' Powerful steady-state solvers,

v" An eigenvalue solver,

v" The possibility of easy and seamless switching
between discharge current and discharge voltage as
a control parameter.

* Inorder to calculate multiple solutions, one needs to know what they are
like and where to look for them. The bifurcation theory is a suitable tool.

Univ.
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http://www.arc_cathode.uma.pt/

Summary of results

« A new and important class of solutions exists even in the most basic
models of DC gas discharges.

Basic processes in the near-cathode space-charge sheath are sufficient
to produce self-organization.

In spite of physical mechanisms of discharges on cold (glow) and hot (arc)
cathodes being very different, the multiple modes on cold and hot
cathodes fit into the same pattern: self-organization in bi-stable
nonlinear dissipative systems.

A theory of diffuse and spot modes of current transfer to arc cathodes
has gone through a detailed experimental validation and proved relevant
for industrial applications.

Multiple solutions computed in the theory of glow discharges agree
with the experiment as well. The comparison has been merely qualitative
up to now but the agreement is convincing.

« Discharges may exhibit complex behavior in apparently simple

situations where multigle solutions are not of Qrimarx concern.
M. S. Benilov - 87 - /Aﬂn?—univ' C,, ipfn__ FCT
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Fundamental and applied results

« This is a fundamental research in physics of gas
discharges => papers in physics journals, MSc and PhD
theses, public-funding fundamental-research projects.

« The theory has high-tech applications => applied
projects funded by industry and the EU:

- Metal halide lamps for street illumination (NumeLiTe project of
EV);

- UHP lamps (General Electric Co, USA);

- Arc welding (ABB, Sweden and Switzerland);

- Automotive lamps (Philips, Germany);

- Plasma-chemical reactors (PMFP project of EU, Daimler, Airbus);

- High power circuit breakers (ABB, Sweden and Switzerland;
Siemens, Germany).
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MH IamEs for street illumination
Metal halide lamps (NumeLiTe project of EU)

Objective of the project: to reduce electricity consumption and improve the quality of
light. The lamps are filled by Hg with added Nal, TLI, Csl, DYI. A particular task
was to develop the theory in order to know how to prevent the cathode spots.

CMH lamp 150W TT 4000K E40 developed within the NumeLiTe project of EU (GE Lighting).

M. S. Benilov -89 - /j..? oo @),)))1 ipfn  FCT
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MH Iam|:_)s for street illumination

Rue de la Berchere Avenue Joffre

Demonstrator of metal halide lamps installed in the city of Albi (France) in the
framework of NumeLiTe project of EU.

M. S. Benilov 0 i oy o @) P FCT
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MH lamps for street illumination

Operation on the 100% Operation on the 50%
power (150W). power (70W).

Demonstrator of metal halide lamps installed in the city of Albi (France) in the
framework of NumeLiTe project of EU. Avenue Gambetta.
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MH lamps for street illumination

* NumeLiTe proposal target for energy gain was in the order
of 30%.

« The achieved energy gains combining all system
characteristics is higher than 50%!

» The achieved performance of the system is due to high
degree of fundamental understanding of each system
component and also of the interactions between
components.
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MH lamps for street illumination

Metal halide lamps installed in the city of Funchal (Madeira, Portugal)
as a follow-up of NumeLiTe project of EU. Rua de Queimada de Baixo.
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MH Iam|:_)s for street illumination

Metal halide lamps installed in the city of Funchal (Madeira, Portugal)
as a follow-up of NumeLiTe project of EU. Praca de Autonomia.
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Current transfer to cathodes of UHP lamps and welding arcs

UHP lamps

Objective of research: to develop a theory in
order to increase the operating time of the
electrodes.

Arc welding machines

Objective of research: to develop a theory in order to optimize the process by varying
the control parameters (wire supply speed, the robot arm motion, inclination of the

wire ...)
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Current transfer to cathodes of high-power circuit breakers

» Research objective: to develop
a theory in order of increasing
lifetime of contacts.

*  High-pressure _
circuit breakers l
(ABB).

e \acuum circuit
breakers
(Siemens).
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