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Plasma, the 4th State of Aggregate

Plasma: Greek: the “formed” stuff

e'e e 0y o . Sir William Crookes described it
vee CS O O in 1879 as “radiant matter”, Irving
~]r/ L) ;J-,-‘;f-‘* ﬂnq“ﬁ Langmuir created the name

“plasma” in 1928 in some
Kalt Warm . .
Fest: Eis * Flussig: Wasser association with blood plasma

) * Free electrons and ions
» good electrical conduction
| « far reaching interaction
D Helss Heisser — « gometimes high thermal conductivity
Gas: Dampf Plasma i "
* influenced by magnetic fields
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Plasmas in Astrophysics, I.e. the Universe

Ca. 99% of visible matter, i.e. the "normal” state of aggregate

Interior of stars, stellar atmosphere, interstellar plasma

Star formation in the Eagle Nebula
Institut fiir Photonik
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Different Solar Plasmas

4,000 degrees K

(300 -400 km thick) Fraunhofer lines via little
absorption
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Coronal loops

Image of the Earth

(superimposed for scale) L:‘" 4

and the Earth

Magnetosphere
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Plasma in the
Vicinity of the
Sun

Corona
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Plasmas in Geophysics
lonosphere, polar light, flashes

Institut fiir Photonik Aurora

The
Almosphere
and the
Earth-Space
Interface

-

ionized F-layer
‘ i

reflected shuttle
short wave
radio signals

§
northern

lights

4

lonized E-layer

lonized D-Laver

meteorltesf :"’_,

il weather

5py plane balloon ~
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Plasma Technology

Switching technology, light generation technology (90% of
all artificial light), melting furnaces, surface technology,
plasma propulsion, future energy generation

Plasma arc lamp Plasma spraying

Institut fiir Photonik
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Laser-Generated Plasmas
for Materials Processing

Involves short (ns) and ultra-short laser pulses

Institut fiir Photonik
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Plasma for Energy Production.
Magnetically Enclosed Plasmas 1

Tokamak (1951 sacharov und Tamm)
TOPOWOANEHAA KalMepa B MarHWTHLIX KaTylUKax
(toroidalnaya kamera magnitnaya katishka )

Jtoroidale Kammer in Maanetspulen®

Innere poloidale , : :
twioidale Magnetfeldspulen Spulestron 23602 paliidale

HE‘MELE[SDUEH ! HEEﬂEﬁE IIdSﬁUJI en
[ f

@ C. Brandt, IPP
Institut fiir Photonik
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Plasma for Energy Production.
Magnetically Enclosed Plasmas 11

Stellarator (1951 spitzer)
Stefia = Der Stern

,.der Sternenbringer"

@ C. Brandt, IPP
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First , Prohibitive" Estimations 195/

il
]
: v}
Verschmelzungsflamme, it ﬁ1 B
etwa 120 m lang und 60 m ' HOE
Durchmesser g
Kernverschmelzungsofen
h
1000 m lang s
E% Queen 8 ‘ Empire State
295 m- Elizaheth Building
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Differentiation of Plasmas

Relativistic Plasma:

Very hot electrons <E_> >> m_ ¢? (511 keV)

Thermal Plasma:
T.=T., many collisions
(gen. high density, low temperature)

Magnetized Plasma:
00c/VcoII >> 1
many gyrations before collision

A
eld

Vi

Institut fiir Photonik Magnet
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Characteristic Plasma Parameters
7“ D ND

Fusion plasma
(10 keV, 102°m-3) 75 m 2108

Technical Micro-
plasma 50 m 6-104
(5 eV, 1017"m"3)

Astrophysical

plasma 75 km 5-10M
(1 eV, 10 m3)
Dense arc 3
plasma 0.01m = limit towards
(1.5 eV,1024m-3) non-ideal
plasma
Institut fiir Photonik 1eV=11600K bzw. 10 keV ~ 100 Mio®
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Broad Range of Applications of Laser
Plasma Initiation of Chemical Processes

Laser-initiated chemical
processes Lasers in Chemistry
New book:

Lackner, M. (ed.): Lasers in
Chemistry. Probing and
Influencing Matter (978-3-
527-31997-8), 2 volumes

Institut fiir Photonik
Technische Universitit Wien




Overview

o Introduction and fields of application

e Fundamentals and principle of laser
ignition

e Diagnostics and simulation

e Experiments and realized advantages

e Ignition systems and problems

e Laser sparkplug development

e Engine tests

e Conclusions

Institut fiir Photonik
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Introduction to Laser Ignition

e Historical

J.D. Dale, P.R. Smy, R.M. Clements: Laser ignited internal
combustion engine — an experimental study; SAE Congress,
paper 780329, Detroit (1978) by CO, laser!

e Our objectives until 2010

Reliable and efficient ignition with clean exhaust of

gas engines
(lean burn internal combustion engines)

automotive engines
(in direct gasoline injection mode or HCCI mode

homogeneous charge compression ignition)

Institut fiir Photonik
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Other Developers in the World
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Megawatt Gas Engine

= I ]
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Spark Voltage vs BMEP

spark voltage [kV]
30

250 mg NO,/Nm¢ |
25 —

S

15
I// 500 mg NO,/Nm?
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BMEP [bar]
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Increase of Spark Voltage
Comparison BMEP 2.2 / 1.7 MPa

spark voltage [kV]

40

BMEP 2.2 MPa
35 N —

AN

30 N
BMEP 1.7 MPa
25

20

15
0 1000 2000 3000
Institut fiir Photonik test duration [h]
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Focus Intensity for Plasma Formation

vs. Pressure
%%

2.0
1,5-
104
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relative pressure [bar] P > 99% T = 293 K. air
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threshold intensity [10"-W/cm?]
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Potential Future Engine Ignition Systems

e Plasma Ignition

e High Frequency Ignition
e Auto Ignition

e Laser Ignition

e Pressure Wave Ignition
e Diesel Pilot Ignition

e Lorona Ignition

Institut fiir Photonik
Technische Universitit Wien




1t Application.: Gas Engine

Production of electricity and heat
—> overall efficiency up to 90 %

 High ignition pressures

- limited lifetime of the spark
plug through electrode
erosion

* Lean mixtures

» High costs of the ignition
system

GE Jenbacher

Institut fiir Photonik
Technische Universitit Wien




29 Application.
Spray-guided Combustion

Direct Laser  pjano-convex Laser

injection injectory I /" e ombustion = V e
_ » Chamber ™~ L, Wind

aUtO_ L > [ X Window e Nl N e

m0t|ve \' \ \ ’ \ .r-l.-'.:.;'. :'I

engines: J f'*’"

reliable

ignition at all ) B 3 B

load

conditions Separated Optics Combined Optics

Institut fiir Photonik
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39 Application. Laser-initiated HCCI

05°CA BTDC

Chemiluminescence pictures @ A, = 308 nm
80 % isooctane and 20 % n-heptane, A = 2.8
iImage size: 14 x 14 cm; A = 2.8

ignition time: -25° CABTDC

To be realized by laser plasma ignition or resonant
laser ignition
In Germany: Dies-Otto Engine

Institut fiir Photonik
Technische Universitit Wien




41 Application:
Laser Ignition of

Rocket Engines
Especially for positioning
of space crafts
Advantages: avoiding of
poisonous self-igniting
fuels;

Light weight also in case of
redundant installation; long
lifetime, multiplexing option
1o be realized by plasma or

resonant ignition
Foto: Falcon | von SpaceX

Institut fiir Photonik
Technische Universitit Wien




5 Application:
Laser ignition of turbines in jet airplanes

The turbines can be re-ignited repetitively after
extinguishing;

potential advantage: free positioning of the spark, no
quenching of the ignition

7o be realized by laser plasma or resonant ignition

Institut fiir Photonik
Technische Universitit Wien




Principle of Laser Plasma Ignition

U

plasma Plasma threshold mainly
determined by pressure

I[>1
@“‘f (~100 GW/cm?)
flame kernel Pressure, temperature,
MPE > E,,, mixing ratio and turbulence
@ determine the minimum

required laser pulse energy

Institut fiir Photonik
Technische Universitit Wien




Principle of Resonant Laser

Ignition

L. focussed laser beam

Lens @

flame kernel
MPE > E,;,

a

Institut fiir Photonik

Focal geometry, absorption,
pressure, temperature,
mixing ratio and turbulence
determine the minimum
required laser pulse energy

No ns pulses required!

Technische Universitit Wien



Basic Research Involved (1)

Laser development

» “Experimental Development of a Monolithic Passively Q-
Switched Diode-pumped Nd:YAG Laser, H. Kofler, E.
Schwarz and E. Wintner, Eur. Phys. J. D §8, 209-218 (2010).

Fiber optics

« “Transportation of Megawatt Millijoule Laser Pulses via
Optical Fiber?®, J. Tauer, H. Kofler, E. Schwarz, and E.
Wintner, Centr. Eur. J. Phys. 8(2), 242-248 (2010).

Applied plasma physics
» “Laser-Induced Optical Breakdown Applied for Laser Spark
Ignition”, E. Schwarz, S. Gross, B. Fischer, |. Muri, J. Tauer,

H. Kofler, and E. Wintner, Laser & Particle Beams 28, 109-
119 (2010).

Plasma threshold simulation (wavelength dependance)

“Simulation of optical breakdown in gaseous N.,*, G. Tartar,
H. Ranner, F. Winter , and E. Wintner, Laser & Particle
Beams 26, 567-573 (2008).

Institut fiir Photonik ’
Technische Universitit Wien




Basic Research Involved (11)

* Diagnostics
“Investigation of the Early Stages in Laser-induced Ignition
by Schlieren Photography and Laser-induced Fluorescence
Spectroscopy”, M. Lackner, S. Charareh, F. Winter, K. F.
Iskra, D. Rudisser, T. Neger, H. Kopecek, E. Wintner; Optics
Express, 12, 4546-4557 (2004).

» “Optical Diagnostics of Laser-induced and Spark Plug-
assisted HCCI Combustion®, M. Weinrotter, E. Wintner, K.
Iskra, T. Neger, J. Olofsson, H. Seyfried, M. Lackner, F.
Winter, A. Vressner, A. Hultgvist ;

SAE Technical Paper Series, 1963,129-140 (2005).

Institut fiir Photonik
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Effects Leading to Non-resonant
Breakdown

e Electron cascade growth

: i

needs initial electrons

1 : 1

- multiphoton ionization  |aser energy absorption

e electron tunnelling by impurities in the gas
(relevant only at intensities

higher than 101* W/cm?)

Institut fiir Photonik
Technische Universitit Wien




Plasma Spark in Air

Institut fiir Photonik
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Simulation of Plasma Breakthrough

Institut fiir Photonik
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Spatial and Temporal Development
of Laser-induced Plasma

Comparing UV emission at 2 pulse energies:
left at plasma threshold and
right far above

K. Iskra et al.

I Q JENBACHER T

Institut fiir Photonik VI TUG
Technische Universitit Wien




Experimental Setup

Measurement of plasma light emission at 310 nm

laser beam

U

150 mm plano
convex lens

Camera
gate time = 3ns

Unseeded Nd:YAG-Laser: 1064 nm, 12 ns, flat top spatial profile

air, atmospheric pressure

Institut fiir Photonik
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0 ns after rising edge of laser pulse

pulse energy = 47 mJ pulse energy = 235 mJ

Institut fiir Photonik
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20 ns after rising edge of laser pulse

pulse energy = 47 mJ pulse energy = 235 mJ

Institut fiir Photonik
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40 ns after rising edge of laser pulse

pulse energy = 47 mJ pulse energy = 235 mJ

Institut fiir Photonik
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60 ns after rising edge of laser pulse

pulse energy = 47 mJ pulse energy = 235 mJ

Icm

Institut fiir Photonik
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80 ns after rising edge of laser pulse

pulse energy = 47 mJ pulse energy = 235 mJ

Icm

Institut fiir Photonik
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100 ns after rising edge of laser pulse

pulse energy = 47 mJ pulse energy = 235 mJ

Icm

Institut fiir Photonik
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120 ns after rising edge of laser pulse

pulse energy = 47 mJ pulse energy = 235 mJ

Icm

Institut fiir Photonik
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140 ns after rising edge of laser pulse

pulse energy = 47 mJ pulse energy = 235 mJ

Icm

Institut fiir Photonik
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160 ns after rising edge of laser pulse

pulse energy = 47 mJ pulse energy = 235 mJ

Icm

Institut fiir Photonik
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165 ns after rising edge of laser pulse

pulse energy = 47 mJ pulse energy = 235 mJ

Icm

Institut fiir Photonik
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170 ns after rising edge of laser pulse

pulse energy = 47 mJ pulse energy = 235 mJ

Icm

Institut fiir Photonik
Technische Universitit Wien




175 ns after rising edge of laser pulse

pulse energy = 47 mJ pulse energy = 235 mJ

Icm

Institut fiir Photonik
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180 ns after rising edge of laser pulse

pulse energy = 47 mJ pulse energy = 235 mJ

Icm

Institut fiir Photonik
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185 ns after rising edge of laser pulse

pulse energy = 47 mJ pulse energy = 235 mJ

Icm

lcm

Institut fiir Photonik
Technische Universitit Wien




190 ns after rising edge of laser pulse

pulse energy = 47 mJ pulse energy = 235 mJ

Icm

Institut fiir Photonik
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195 ns after rising edge of laser pulse

pulse energy = 47 mJ pulse energy = 235 mJ

Icm

Institut fiir Photonik
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200 ns after rising edge of laser pulse

pulse energy = 47 mJ pulse energy = 235 mJ

Icm

Institut fiir Photonik
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205 ns after rising edge of laser pulse

pulse energy = 47 mJ pulse energy = 235 mJ

Icm

Institut fiir Photonik
Technische Universitit Wien




210 ns after rising edge of laser pulse

pulse energy = 47 mJ pulse energy = 235 mJ

Icm

Institut fiir Photonik
Technische Universitit Wien




Jemporal Evolution of Ignition

12

120 & 10
3 100 £,
2 8 8o] 2 2
e ; 60+ & 055 100 150 200
2 S time [ms]
El n @ 40
< 20]
N 0 .
time [ns] " n%e Is] 4
laser pulse developing flame kernel pressure pattern
ignition delay pressure rise
- >4
shock wave
-
uv - pllna emission - IR flame kernel development
- - -
laser pulse
—0-------- »
7/
0 S s ms s
Institut fiir ﬂwtonik H
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Diagnostics 1 Schlieren photography

11.6 mMm X 9.15 mm

air
25 bar

H./air
25 bar
A=6.0

biogas/air
25 bar
L=1.8

Institut fiir Photonik

. . . e ﬁ INSTITUT FUR (22 ) —_—
Technische Universitdt W,E,, TUG ""‘"’"”"‘ denbacter

TU




Diagnostics I1:
Planar Laser-induced Fluorescence
PLIF

; 6- Q,55

w4 XS MWE MO W2 ;W4
Atﬂsef-em. 'l nm

Institut fiir Photonik
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Comparison OH- vs. Formaldehyde-PLIF

‘...... h
‘...... -4

6 -4 k. 0 2 4

[mm] Int.

o

[Re]

Institut fiir Photonik
Technische Universitit Wien




Laser-induced Fluorescence. 3D Calculated

Institut fiir Photonik Ty =
Technische Universitit |23 ... G &3 cesontocir

WIEN




Advantages of Laser Ignition

|ﬂ[> Higher ignition pressures possible = increase in efficiency

r—) Ignition of lean mixtures - lower flame temperatures
- reduction of thermal NO, formation

=) Location of ignition to be nearly arbitrarely chosen

Less wear due to absence of electrodes -

l .
reduced maintenance

IHE> More effective energy transfer from plasma to fuel-air
mixture (no quenching ejiects)

substantial reduction of NO, and increase in efficiency!

Institut fiir Photonik
Technische Universitit Wien




First Experiments on IMW Engine in 2000

Laser Pulse

140 -

126

2 10 = V1T

o
@
1

Druck [bar]
% = E
\

———

T T
P urbetwinkel [7] >

~ = ‘
-80 80 -40 40 60 80
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NO, Emission Potentials

350
300
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250
s .
S 200 o - @ -
= = E o
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Combustion Chamber

net volume = 1.2 dm?3

maximum permissible
pressure = 300 bar

stabilized at
70 °C, 200 °C and
400 °C

sapphire (lens) windows
of 13 mm clear aperture
for longitudinal and

. . . Diploma thesis M. Tesch -
Institut fiir Photonik transversal transmission

Technische Universitit Wien



Comparison of Ignition Capability

Laser ignition — electric spark ignition — Corona ignition

Ignition of methane-air
mixtures @ different A

Institut fiir Photonik

Technische Universitit Wien



Direct Comparison
Laser Ignition — Spark Plug Ignition

140 150 160 1,70 1,80 19 200 210 220 230

A{Frel ( )
ignition reliability of laser ignition

mmm (00
()25
0,50
0,75
mmm 100

NFrd ( )
ignition reliability of spark plug ignition

Combustion chamber of constant volume; methane-air, Tgas = 200°C;
A/F., =1.77 on the engine for reliable run, maximum BMEP = 19 bar, typical
spark duration = 400 — 500 us; laser M? < 1.2; laser pulse energy constant
25 mJ well above the plasma breakdown threshold for all conditions, overall

ignition attempts: 1201 for spark plug, 642 for laser;

Institut fiir Photonik

140 150 160 170 180 19 200 210 220 230

mmm (000
m— (25
0,50
0,75
mmm 1 00

Diploma thesis G. Ast
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50

45

40

35

30

25

filling pressure [bar]
filling pressure [bar]

20

15
10

1.5 16 1.7 1.8 1.9 20 21 22 23 24 25
air equivalence ratio 2.

Electric spark ignition

filling pressure [bar]

15 16 1.7 1.8 1.9 2.0 2.1 22 23 24 25
air equivalence ratio »

Laser ignition

Institut fiir Photonik

Comparison of Ignition Capability

45

) ) M —
1.5 16 1.7 1.8 1.9 2.0 21 22 2.3 24 25
air equivalence ratio i

Corona ignition

. . J

full ignition ' partial ignition

100 % 75% 50 % 25% 0% : 100 % 75% 50% 25% 0%

Corona ignition so far not applicable, as
regulation under engine-like conditions
extremely difficult to realize (no Corona or
spark only)  Diploma thesis M. Puhl:

(http://www.amazon.de/Prognostizierbarkeit-
Finanzzeitreihen-Stochastische-Marktanomalien-
Hedgefondsstrategie/dp/3836480727/ref=sr_1_17?ie
=UTF8&s=books&qid=1290528335&sr=8-1)

Technische Universitit Wien



Realized Goals by
Combustion Chamber Experiments

Determination of plasma threshold intensity and
minimum laser pulse energy for ignition (MPE)
of several fuel gas —air mixtures and mixtures
depending on

— methane-air

— hydrogen-air

— hydrogen-methane-air
— biogas

— Isooctane

Minimum ignition energy (MIE) not important for practical
considerations, however for comparison with theory

Institut fiir Photonik
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Realized Goals by
Combustion Chamber Experiments
Determination and optimization of

— laser wavelength (1064 nm, 532 nm, 355 nm)
— focusing optics
— MPE dependance on fill pressure (<40 bar)

— MPE dependance on gas-air equivalence ratio A
(especially lean side limit)

— MPE dependance on temperature

Institut fiir Photonik

Technische Universitit Wien



Plasma Formation by two Wavelengths

12 - Experimental data p = 2 bar:
A 1=1064 nm "A
g A= 532nm i
O #=1064 nm & 532 nm £
— 104 - Linear fit ». = 1064 nm a /-/
3 J Linear fit .= 532 nm h ¢
© —-—- Linear fit 2. = 1064 nm & 532 nm A
| ] 8 L ; i
= B
) 1 | *
C I /
9L 64 / ’
L= A
® LY Y
£ 4- i
w / /
L] '3 %
o £ /7
2 -1 D 7
/ /
/ /
0 o N

00 05 1,0 15 2,0 25 30 3.5 40 45 50 55 6,0
Pulse Energy [mJ]

Plasma brightness vs. pulse energy of IR, SH, and 2-color excitation: pulse energy for

which about 50% of the pulses yielded a visible spark. The SH (A = 532 nm)-threshold

energy is about 63% of the IR (A = 1064 nm) value. For all measured SH/ IR ratios, the

threshold for a SH-IR superposition is lower than the IR threshold, and for SH/IR ratios

around 0.3 it is actually lower than the pure SH threshold.
Institut fiir Photonik
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Plasma Formation by two Wavelengths

7
i A Experimental data:

6 - \ f= 50 mm
= \ A 3=1064 nm
g 5 A= 532 nm
- 5 - N O .=1064 nm & 532 nm
o O A ----Fit»=1064 nm
= N o Fit2= 532 nm
w 4 \\ \A\ ---~Fit » = 1064 nm & 532 nm
k) K A
-8 \“‘.\ 3 oy
g 37 e
= Ty
© 27 DH“DH A‘?’\
= i “'E-__D
w
o
o 1-

0 |//// T T T T T !

0,01 0,4 06 08 1 2 4
Pressure [bar]

Institut fiir Photonik

Plasma threshold energy
VS. air pressure:
measured for A = 1064
nm, 532 nm, and a mix-
ture (35% 532 nm and
75% 1064 nm) in air @

p =0.4-3 bar. For lower
pressures p, MPE of
green and the mixture
converge. At higher p,
MPE of green and IR are
approximately the same.
A clear advantage of the
mixture exists at a p-
range from 0.4-2.5 bar.

Technische Universitit Wien



High intensity —» seed electron generation

(@)

Impact multiplication for
plasma generation

(c)

(d)

Institut fiir Photonik

lllustration of the
intensity inside the
focal region:

(a) Seed electrons are
generated in the focal
region of the SH beam.
(b) Electron diffusion
out of the green focus
(e loss).

(c) Combination of IR
and SH radiation.

(d) The electrons out of
the green focus absorb
the IR radiation.

Technische Universitit Wien



Field enhancement

s0d — Phase shift = 0°
1’5 1 —-— Phase shift = 90° (1,57 rad)

1:5_- A= 532nm

Electric Field [E/E ]

0,0 | 0:2 | 0:4 | 0:6 | 0:8 | 1:0 | 1,'2 | 1,'4 | 1:6 | 1:8 | 2:0 | 2:2 |
- Time ‘t/_TI ] .
Superposition of IR and SH n of equal intensity 1,/2: a) Zero and /2
phase shift between the fields are shown. b) For non-monochromatic
field superposition, the field amplitude can be much higher than for
monochromatic field. For intensities > 1011 W/cm? the ionization cross

Institut fiir Photonik s_ectic_)n i§ increased |5]

Technische Universitit Wien




Influence of temperature on
plasma formation

2,5

—@— 50°C

v 100°C
—w— 150°C
—m@— 200°C
—— 250°C
—— 300°C

@— 350°C |

Plasma Durchbruchsenergie [mJ]

0,0

Zunddruck [bar]

. . Ignition pressure
Institut fiir Photonik
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Minimum Ignition Energy
U. Maas/B. Lewis

ignition energy [mJ]

2.7 current limit

in the
combustion
1 | Ppropane~_ / ,/ vessel |
Z——7methane
N A
"
0,1 II,/
/A\
_~ H
- 2
\ /
0501 I I I | I | |
0 0,5 1 1,5 2 2,5 3 3,5
Institut fiir Photonik A/F-ratio
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Mininimum Ignition Energy vs.
Excess Air Ratio A for 3 Temperatures

Allows to define the require-

ments for the ignition laser Methane-air mixture
< 5 ns pulse duration I .
« > 10 mJ pulse energy 18 T=fere  THUE
« stable against mechanical 16 T=150°C
& thermal stress Eﬁ 14
Q
o .
® 12
=ler IR
2 E 10
S w ]
25 &
1]
£ °
= 4
E 2_' minimal plasma
1o-Jm- 5 ‘—l— _____ - — — — — energy MPE [mJ]
0 BN A N DN RN SE G S S S R —

1,2 14 16 18 20 22 24 26 28 3,0

. ) air equivalence ratio A
Institut fiir Photonik 9
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Selected Commercial Laser Systems

Q-switched
Nd:YAG Laser
pulse duration = 6 ns
wavelengths:
1064 nm, 532 nm, 355 nm
beam quality parameter M2=1.8
and later M2=1.1

Generally unsatisfactory!

Institut fiir Photonik
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Basic Setup of an
“Ideal” Laser Ignition System

Power supply -\(
Pump source

Laser spark plug:

Fibers

Laser spark plug

Incoupling optics
Laser crystal and
Q-switch

Output coupler

Fuel injector

Expanding optics > _,7
Focusing element
Laser spark

Institut fiir Photonik
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Setup of Developed Laser

Aspheric lens  Laser crystal Output coupler
f=8 mm, NA=0.5 Nd:YAG R=20...90%
AR 808 coating HR 1064, AR 1064
i — ,
600 um fiber Beam splitter
Energy
w detector
SMA Fiber
\_/ L
ARapier Q-Switch
Cr:-YAG, T0=20..70%
AR 1064
Oscilloscope
Institut fiir Photonik PhD thesis H. Kofler
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Laser Sparkplug Development

Selection of suitable laser materials and laser setup

host material for monolithic laser

laser active media L :
active medium + absorber

robust, small, cheap,

Q-switchable ? sed%epri?]t:d codoping
o5 F—=
gas laser joinable by bonding 7 othor
dye laser only materials ?
. identical
solid state laser ST
high power pump diodes ? host available 8r49€;ssive Q-Switch
T
Er*
H03+ other
a3+ materials ?
Nd3+ so far only
Yb YAG
1.0 1 . :
0.9 \ ; ) distance
1 \ S DGDm -t _drstance lens — crystal
0.8 - ; : 5656m fiber - lens
A ~ 612cm’
=~ 071 | tosatem 7850m’ .
= 1 I K=10824icm . 2 \ I S
s 06y k=10227om L F | . r I
g 054 £ E - T 1 B
o 4 =) = = n
5 ] = ® . - —] fiber incoupling Nd:YAG CrYAG
2 ooasd kZegem 2 e lens ' :
a 1 _<‘ K =565/cm .
£ 0104 k=0 o = T outcpuphng
] — mirrar
0.05 o e . . . .
° Solid-state laser — longitudinally diode-pumped
0.00 S S — . . . vgy s
w0 200 a0 a0 so eto 0 fiDer-coupled — monolithic

b
Institutfiir PhOtOnngﬁperature K]
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-4

dt

Instantaneous

dg
E: O-Ni 613N — Oy (NgO
N dN
an., =o0,N gc——=——4%=
dt £ T, dt
dN. N,
——+=-—oN,gc+W ——
dt i ror
¢
o
é]énsity
Ng
N
613
SA
sthte
SA
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absorption

Simulation

Rate equations

N,
gc+—-
T

lnl+lr, ﬂ
R

N
=—0;N pc+ T"

e

intracavity photon density

population

SA ground population density
SA total population density

cross—section

saturable absorber

stimulated emission cross-section

inversion

SA absorption cross—section ground state

excited

Modell adapted

» for pulsed laser systems

* variable pump volume to achieve
laser pulse formation at the end
of pump pulse

R reflectivity of the output mirror
[, round trip losses

w, volumetric pump rate density
L, cavity length

¢ speed of light

7 lifetime upper laser level

7, SA lifetime excited state




Assumptions:

* Pump duration: 200 us

* Inversion lifetime: 240 s

* Pump power: 300 W

Pulse energy

0.9

0.8+ ///////
e

4

(=)
wn

o
NS
|

initial transmission

0.1 0.2 03 04 05 0.6 07 08 0.8

reflectivity

Simplified result

Institut fiir Photonik

T f 4

/
/|

Simulation

Results

pulse energy
[mJ]

initial transmission

0.3

0.2

0.1

0.6 1

0.5 1

04

* Length of cavity: 10 mm
* Reflectivity: 0.1-0.9 %
* |nitial transmission: 0.1-0.9 %

optical efficiency

0.9—'

0.8
1 o5

T

. 0.21

0.25
efficiency
[mJ]
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Adjustable Parameters

« Laser crystal: Nd:YAG Incoupling optics:

— Doping: 0.8 — 1.4 % — Pump geometry
— Dimensions: @ = 2-5 mm, — 1 or 2-lens system
| = 5-
15 mm

* Pump power:

— to 600 W
 Resonator length: HP o

— 1-10cm - Light waveguide:

- 1
« Q-switch: Cr¢*:YAG: 9300 - 1000 pm

— Initial transmission /,: o,y
* Repetition frequency:
10— 80 % by aaeney

« Outcoupling mirror:
— Reflectivity R: 20 — 90 %
— Curvature: no, konvex,
konkave

Institut fiir Photonik

 Pump duration:
— up to 500 ps
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Experimental Setup
Pump power: 7/0W - 300W - 600 W

< X

discrete setup monolithic

. ~ setup
f Nd:YAG

| .

‘I\ 1
| i
input output
mirror mirror b‘

/

fiber end lens laser crystal

Technische Universitit Wien



Experimental Results

3.0

/ ]
s’

2.5- ’

’

Pulse duration vs. resonator length

s
simulated slope
7
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R: T,— Pulse energy
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-
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o
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beam profile lens fiber

Experimental Results

Influence of pump light distribution

straight

2Wua @ 13.5% 915.7 um

2Wub @ 50.0 % / 397.6 um
..S ale — 600.0 umnfdiv [Peak - 61.0%, B - 0.9%

2Wua @ 13.5 % 948.6 um

2Wub @ 50.0 % 546.2 um
Sc: I = BOD.0 umfdiv [Peak = 425% B=08%

2Wua @13.5% 1001.1 um

2Wub @ 50.0 % 2970 um

..S 2Te = 6000 umjdiy

r=2cm

[Peak = Z79.2%, B =0.8%

Institut fiir Photonik
Technische Universitit Wien
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lens beam profile
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pulse energy [mJ]
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Experimental Results

Influence of temperature
- tested up to 275°C

- distruction limit of dielectric layers reduced
- operation at 150°C with no problems

20 10 0.12
i -m‘
18 4 9 e
‘\\
] e
16 8 - Ta 40.10
~
-
14 7 \‘\

\A —
= 127 5 64 \ Hoo7 =
£ £ ' z
> - a <
gm- g 5~ k3]
5 5 .
g s 9 4 4005 8
a 2 2

6+ 34

44 2 4 0.02

24 1

I 0 +——r——————1——1—— 0.00
O 20 40 60 80 100 120 140 160 0 50 100 150 200 250 300

pump energy [mJ] @ 300us
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temperature [°C]




Experimental Results

Pump duration determines optical Beam quality of laser
efficiency decisively - temperature dependant

- depending on pump energy (power)
T [
! 3 up till 17 mJ stable @ M2= 2.8
T~ 235 s
9 0.20 014
B 11 4
—'-/
8 - {018 1
\ el ] 104 4012
- L4 ‘e /,. —40.18 o efficiency .
\\ L, Y .
] N ,/’ 4014 & i - 6 010
6 - \(,\ B . 5 , s
= / do12 = 7- , o
E 5. / . 5 g f/ 4 K 1008 5
§ | / ~ _ efficiency Jo.10 '8 & 61 ’ 3 e °
g "\\ = @ 4 ’ =
o 4 ) - o 5 5 ! // loos o
% 1 . '\‘;\ - 0.08 g 8 ] 2 “ pulse energy 3
o / T~ & a ! 2 a
34 44 r , (o]
1 1008 11 . 4004
/pulse energy . 34 =
2 ¥ H o004 1!
[ 1. ’ ~40.02
1+ +0.02 i //‘ '
4 ' H
; 223ml 67 mJ 1M1.7mJ | 10
—t Tt ——+— 0.00 0 ———T——T——7————7—— 000 = & s
0 100 200 300 400 500 800 0 10 20 30 40 50 B0 70 T N e
Institutfﬁr‘mm~225w pump energy [mJ] @ 300us
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Experimental Results

Total efficiency

Laser only: Laser + cooling:
electrical energy - plasma energy electrical energy - plasma energy
n=1% n=0.5% resp. n=0.2%

S wﬂ

power supply 17 = 0.90
1)=0.50\ |diode driver 7} = 0.75
laser diode 1) = 0.50

chiller for diode
cooling

beam shaping for
fiber incoupling

10mJ compression cooling ) < 0.

fiber 1} =0.92
(thermoelectric cooli

laser resonator ) = 0.10— 225m)

combustion

chamber window /) =086

plasma formation ) ~0.75 33.8m)

16.9m)J

1.4m)

0.2m)J
plasma energy 1.0 mJ 03 mJ

Institut fiir Photonik
Technische Universitit Wien




Experimental Results
Setup of laser sparkplug

tightening
ring PTFE rings

= - [\
F_,:

lens protective,  microchip
f=4.5mm dichroic mirror  laser

World best values:
)’3 ' 23 mJd (higher order)

Institut fiir Photonik 1 -1,5 ns duration

Technische Universitit Wien



Propagation of Ignition Pulses
in Optical Fibers

(hollow coated capillaries or hollow core photonic crystal fibers)

|dea: Laser radiation produced off engine — no disturbing influences (e.g.
~160°C at GEJenbacher Gas Engine) or vibrations

Laser oscillator

Pump source

Multiplexer

Fibers \
- Conventionel step index fibers

- Hollow fibers
s Lens adapter - Photonic crystal fibers

Fuel injector _ _
. Optional: Multiplexer —

distributes ignition
pulses to several
cylindes

PhD thesis H. Tauer
Institut fiir Photonik
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Propagation of Ignition Pulses
in Photonic Fibers

Photonic Fibers: Light confinement via cellular structure

+ excellent beam quality at exit,
hence good focusability! W:
- available core diameters too small > _ - 4%“‘*-3‘% _'
prone to damage of the cellular structure @
- bending?

- very expensive (100-500 x more than SIF)

interhole spacing L
¥

-

A
4 3 um - v
-’ . __d :l
0 ‘ ‘
_ < ¥ LV ¢
¥ . o

Institut fiir Photoni
Technische Universitit Wien
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Propagation of Ignition Pulses
in Photonic Fibers

a o)) ~l

=) =) o

=) =) =3
] 1

I I I
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Best values of fiber coupling

Institut fiir Photonik

Technische Universitit Wien

Summary:.

Fiber not suited for laser ignition as
only ca. 1 mJ can be coupled in
without fiber damage.

Higher energies potentially
possible @ larger core diameters.




Depositions — Window Temperature

Temperatur der Fensteraullenseite vs.
Ablagerungen

3,0+

o]
[y |
|

2
-
1

—
n
|

Ablagerungsmasse [mg]
a

(o}
m
1

0,0 — T T T T " —
o100 125 2E9 0 80 2¥Ss 0 3000 326 3580 3T5 0 400

Temperatur [FC] \'
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Engine Tests on J412 GEJenbacher Engine

Institut fiir Photonik
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COV-pi vs. NOx Emissions

for LIS and standard ignition system (P3V3) for standard
(heart-formed) piston bowl and rotation-symmetric piston bow/

4,5
L/
4 T
ES
WA
3,5 Y Legend:
b
3 Y A @ P3V3 - standard piston
Voo
< . R ® P3V3 - rot.sym. piston
= 25 N
e \ LB ® LIS - standard pist
- 5 ‘\ A standard piston
o T, P, )
&} N . e & LIS - rot.sym. piston
1,5 - L
N a “ = ~ \;
1 IS . 2 h.. 1"'"' e—_!
RO S e 5 TR e
0,5 Ry o PP, | gr=Sae
; e el T el g
0 1 T 1 T
0 100 200 300 400 500 600 700 800 900
NOx-Zyl.Abg. (mg/mn”*3)
o , IEMP = 20 bar
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HC Emissions for LIS and
Standard Ignition System

3500 NOx

(mg/mn™3

3000 I 200
I 500

o]
=]
=
[ =]

1500

HC emissions (mg/nm?)

1000

500
0
Standard piston Standard piston Rot. sym. piston Rot.sym. piston
P3v3 LIS P3Vv3 Lis
IP=20°CAbTDC IP=20"CAbTDC IP=25°CAbTDC IP=25°CAbTDC
IEMP = 20 bar, IP = ignition point
Institut fiir Photonik ’ 9 P
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COV-pi versus NOx Emissions
for Different Pre-chambers

2.5
21 b
b
\ : 500 mg/nm® NOX
P Legend:
- (B
3‘; 1.5 ’AE ’PC?'LIS
2 vy
g > \\ e PC7 - Denso
Q@ ‘t e
é‘ho._""& ———————————— = e T - T
| i C S Gp—— i e APC - &td. - Denso
0,5
10’0§mg!nm3 NOX
0 .
0 1000 2000 3000 4000 5000
NOX emissions (mg/nm?)
Institut fiir Photonik IEMP = 22 bar; Ignition point = 22° CAb. TDC
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Conclusions

Laser ignition affects advantageously the ignition of

S very lean mixtures — the COV-pi value for NO, emission
level < 200 mg/nm3 is definitely below the curve for a
corresponding electrical ignition system

Generally, laser ignition tends to yield better smooth-

> hess of engine operation, but therefore also other
parameters like pre-chamber design have to be taken
into account

Shorter ignition delays leading to shorter burning times

2 reducing losses are a potential benefit of laser ignition.
Burning time: compromise between degree of turbulence
and allowable flow velocity must be found

Institut fiir Photonik
Technische Universitit Wien




Conclusions

A high degree of turbulence influences a laser-induced
spark not as much as it does on conventional electrically

- generated sparks to be attributed to the different
lifetimes.

An increase in effective mean pressure of the engine
>  prefers laser ignition, while conventional spark plugs
suffer from increasing pressure in the chamber.

Focusing element: almost no differences observable
> between spherical or aspherical lenses. Even the focal
position only slightly influences the combustion behavior.

Another potential benefit of laser ignition could be the
2 longer maintenance intervals since laser ignition systems
are unaffected by electrode erosion.
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Alternative System. CIR - AVL

CTR - AVL
TU Vienna - GE Jenbacher

Institut fiir Photonik
Technische Universitit Wien




Financed by

GE Jenbacher GmbH & Co OHG
and
FFG Austrian Industrial Developbment Fund

Institut fiir Photonik
Technische Universitit Wien




