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Chemistry in Plasma Treated Liquids

A.von Keudell

Experimental Physics Il, Ruhr University Bochum

8 = Transient Atmospheric Plasmas
] from plasmas to liquids to solids
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The plasma liquid interface

plasma H*, N,*, H,0*,

Ar', Ar,’

H,0,H, *clusters

PLASMA GAS PHASE CHEMISTRY

OH, O, H,

OH, 0," NO, HNO,,
+clusters o, HNO,, H,0

(V)uv electrolysis e

OH, O,...
Y v © l H,0,.. evaporation H,,0, i
sputtering ™~ y /'Y L 44 1
——— T T T 1| PN
P penetration ? ¥ \

H,0%, &gy -~ OH, 0, H, NO, HNO,, Oy, H,0,, HNO,.. 0, €ug
bulk liquid e :
B > 4
H,0' ~ '
OH
H,0,, HO,, H,, O,
HIO 0;,N0,', 02.,N03.' e A
Re RH
LIQUID PHASE CHEMISTRY
- P J Bruggeman et al 2016 Plasma Sources Sci. Technol 25 053002
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Plasma in liquid chemistry in a nutshell

primary species in the plasma

0O+0,— 0,
2H,0—-20H+H,
2 OH — H,0, »
RONS
02+N—)NO+O Henl’y
O+N, —»NO+N constants
determine
Zeldovich mechanism transfer

—

ROS

RNS

primary species in the liquid

OH

H,O, peroxide
O, ozone

O, superoxide

H,O, + O; — HO, + OH + O,
HO, + OH — O, + H,0

NO
NO, — NO,  nitrite
NO; — NO; nitrate

NO + O, — NO, + O,
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Plasma in liquid chemistry in a nutshell — chemistry modeling

108 ' . b :
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[188] Chen C, Liu D X, Liu ZC, Yang A J, Chen H L, Shama G
and Kong M G 2014 A model of plasma-biofilm and
plasma-tissue interactions at ambient pressure Plasma
Chem. Plasma Process. 34 403-41

ST 0 67-‘»:.0'7% O
H,O0 ¢ 99.3%
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H,0,

N4
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Plasma activated water — PAW, change in reactivity
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Wartel, M., Faubert, F., Dirlau, L. D., Rudz, 5., Pellerin, N., Astanei,
D., Burlica, R., Hnatiuc, B., & Pellerin, 5. (2021). Analysis of
plasma activated water by gliding arc at atmospheric pressure:
Effect of the chemical composition of water on the activation. Jour-
nal of Applied Physics, 129(23), 233301. https://doi.org/10.1063/5.
0040035
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[488] Lukes P, Dolezalova E, Sisrova I and Clupek M 2014
Aqueous-phase chemistry and bactericidal effects from an
air discharge plasma in contact with water: evidence for
the formation of peroxynitrite through a pseudo-second-
order post-discharge reaction of H,0, and HNO, Plasma
Source Sci. Technol. 23 015019
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Possible plasma arrangements of plasma in liquids

(a) ' b) W () MW (d W (e
Plasma above the liquid | | |
(liquid electrode) —— e [l AL, l .\7\-’."4"
Plasma inside the liquid i
— ROS (f) (g) (i)
Sdutan(’ |‘“'
Gas
P & Bl
== B |
Al E'_AJ._:.}VLJLE—- »
(k) i) (m) (n)
Nl ol I HV
’ wil b
1l L
| | l L
- Renwu Zhou et al 2020 J. Phys. D: Appl. Phys. 53 303001 HV |
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Solvated electrons in liquids induced by plasmas

Capillary . : ' ' '
Photodetector 14| ® Measured d
| Bulk, 25° C

Normalized absorption intensity

0.0 * 1 | 1 |

400 500 600 700 800 900
Lasar wavelength (nm)

Nature Communications (2015)
P. Rumbach, D. Bartels, M. Sankaran, D. Go,
doi 6:7248 | DOI: 10.1038/ncomms8248
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Plasma Chemistry in liquids — example H,O, generation

Nanosecond plasmas Microsecond plasmas

Q2
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1. Plasma, 2. Gas

« Short nanosecond pulses « Long microsecond pulses
* Pulses too short for formation of a « Initial formation of a
gas bubble gas bubble due to Ohmic heating or E-
« Plasma ignition inside the liquid field rupture
« Plasma ignition inside the water vapor in
Extremely high pressures and temperatures the bubble

10000 bar, 50000 K
Moderate high pressures and temperatures

10 bar, 20000 K

RUHR
8 Chemistry in Plasma Treated Liquids | A. von Keudell et al. UNIVERSITAT R U
BOCHUM




Plasma Chemistry in liquids — example H,O, generation

short cable version

long cable version

sync

FID

ICCD 2

spectrograph

...........

—1ICCD 1
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optical fibre

10 ns pulses, 14...30 kV, distilled water
Shadowgraphy 2 ns ... 70 ns gate widths
Optical emission spectroscopy with 2ns and 30 ns gate time

Xe short
arc lamp

22 Tungsten

wire

\

ICCD

Goals:

« reactive liquid production
* regeneration of catalysts for

plasma enhanced electrolysis
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Plasma Chemistry in liquids — example H,O, generation

Temporal evolution of the discharge

4 phases

* Ignition (Streamer)

* Pressure waves propagate

» Conversion of water into plasma and vapor
» Expansion of a cavitation bubble

for 10 ns
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Plasma Chemistry in liquids — example H,O, generation

Temporal evolution of the discharge

441.00ns

Intensity [a.u.]
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Monitoring Bubble Expansion with Shadowgraphy — monitoring sound waves and cavitation

6 ns 330 ns 30 ps 351 us
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Comparison of Bubble Expansion with ——
cavitation theory SO U 14KV
- ®--U, =18kV
1000 U = 22KV | ]
: : - m--U, =26 kV
Rayleigh Plesset equation: —_
E
) R\ 3. R R R\ ROhL 8
RR(1-= )+ R (1—5|=h|1+=|+[1-—) =% =
c 2 3c c c) cdt &
L 500 4
O
o
velocities a o
ya @ ) “\\¥,,‘:a
II/I:/ \:\\\‘ - I:L'
i/ UR) :
“ ': YdR 7t dr 10"
“\“\\ p(r) III:I"
poo \::\\ //::/
N C [):/
pressure \\~\11 ________________ - :::,” Sound SpeedS
C.,

6 ns 330 ns 10.5us 30 us 351 us
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Solution for R(t) assuming a compressible liquid and condensation of vapor species

" super

1010 T ?‘5 ..
Balance between —— adiabatic expansion 4 cvr\;g;::rl
surface flux and 10° — adiabatic exp. including condensation
volume loss depending '
on R, 10°
B=sticking coeff. = 1 ,

10 :
~~ 6 ) %
< 10 %
al N A R AMWERTEOR
A5

lnvthermél?rRzﬁ = 4—?r.i‘23-;r11 o 10
4 3 T :
10°*
o AR
- 3vtherm.‘3 103
Po — Po €Xp (—E) 10°
-
i Ro\™ 10° -10 9 -8 7 6 5 -4
p(t) — poexp (—;) (f) 10 10 10 10 10 10 10

time (s)
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Transition of the water vapor in the bubble through the phase diagram of water

super
critical

10" - - —————————————
: supercritical
10° :
|
I o
10° L solid liquid | ! %
< : S
T a0 % A S
o 2
3 10° ‘
d a: 5
: // gas ;
10* £ 4
i 2 :
10° 2%5’ triple point
102' N . S T N A ]
100 1000

temperature (K) 1ps
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Plasma in a bubble expansion

everything to scale

Ignition sequence

lmax =000 pm Moin =2 UM
t=60 us t=100 ps

sound
wave

20 bar’\K
5um

240 bar

7))
Q.
r=35um r=25pum r=50 um r=380 um r=100 um )
t=1ns t=10ns t =100 ns t =200 ns t =400 ns —
sound \ O
wave | ©
Ignition g
plasma
conden-
: sation
re-heated re-heated re-heated
ny,=2.6 102’m-3 ny=1.6 1027m-3
n0:3 1028 m-3 n0=3 1028 m-3 n :1025m-3 n.=1023m-3 n0:2.8 1026m_3
n.=3 10?8 m3 p=5 108 Pa pe:2 107 Pa pe=107 Pa p:106 Pa
p:1011 Pa T=1200 K T=550 K T= 450 K T=260 K
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Temperatures from emission spectra of the plasma into the UV

Spectrum (first 50 ns, time resolution 2 ns)

Recombination

H, , H,O recomb. continuum
OH, OH*, H,0O, H,O* bands
Black body radiation (W)

H

o

O@77nm)

56
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Line emission — lonization front propagates Hydrogen Balmer Series

7 T T T T y T y T T 10
(@t=0ns _
self absorption of i voltage ]
O Halpha from the 6 —mn
9@)5 ionization region - 1 NN 18
disappears, 5| a _
Tes.. onization front e~ | 1ot
| 46
(b) t= 4 ns steepens mE 4L / )
‘© T \ —
= X
© - I \ -
hot spot 2 | @ N /}
| y \ +
ki L
(c)t=10ns i I\ \ .
e ' ﬁ\ ST
| | T\
' ng%@ 0 b— S T ALY R . )
° 0 10 20 30 40 50

hot spot  |ight from | light from :
recombination excitation ~ T, time (nS)
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Efficiency to create H,O, with these plasmas
Modeling the chemistry

« Starting point
gas density 3 x 1022 cm-3

« Starting Temperature T = 20000 K

« H,0,/H,Oratio at 10 ps ~ 10

25um sphere

n scale

Hot phase:

« HO—-OH+H

NinaR

recombination phase

- OH + OH — H,0,
« H+H—H,
« OH+H-—H,+0

t [S]

*S. Mededovic, B. Locke

JPD 40, 7734 (2007) In the expanding phase, chemistry freezes out, H,O — H,0,+ H, + O + H
PCPP 32, 875 (2012)
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Efficiency to create H,O, with these plasmas

Modeling the chemistry

« Take T, from cavitation

« calculate time development of the
chemistry until 10 ps

« determine H,O, concentration
after 10 ps in the model

efficiency 1.1%
@ 20 kV (20000 K)

« At high voltages/T,, contribution
due to sonochemistry becomes
significant

46 g H,0,/kWh
(most other plasma
methods only a few g/kwh)

20 Chemistry in Plasma Treated Liquids | A. von Keudell et al.
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’Biocatalysis (Bandow group @ RUB)

advantages of

« mild conditions | 1
» less by-products / waste E
« chemo- and stereo-selectivity 8
Q
substrate \ J
©/\ biocatalyst product 'E
\ g
OH
ethylbenzene \ LA E %
/ H,0, toxicants
Hzoz unspecific peroxygenase R-1-phenylethanol
substrate )
g
advantages of : -
i biocatalyst
« easily turned on/off a2

— H,0, is also toxic for enzymes
* non-invasive
* not increasing the reaction volume

product
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Biocatalysis (Bandow

3.0
® HA403 M @ EA403 M

(Amino)  (Ethylamino) product inhibition/

substrate limitation

-

(R)-1-PhOI [mM]

CPJ

50 nM immobilized rAaeUPO in 5 ml KPi
(100 mM, pH 7) with 50 mM ETBE

ReliZzyme beads

O 1 1 1 1 1
0 10 20 30 40 50 60 70 80

run time [min]

» HA403M, EA403 M on the same level of product formation — more bead types
usable in biocatalysis (further tested beads not on the same level)

> plateau reached (probably due to product inhibition and substrate limitation)
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Different plasma sources (Bandow, Golda, Gibson group @ RUB)
Capillary jet, rotating bead reactor

gas feed

DBD Capillary jet

electrode

plasma

capillary

e ETBE
buffer

% rotating bed reactor

Yayci et al. (2020) ChemSusChem.
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Plasma driven biocatalysis (group Bandow @ RUB)

ibstrate Agrocybe (Cyclocybe) aegerita Unspecific Peroxygenase
- . 0.5

0.45 -
0.4 -
0.35 -
0.3 -
0.25 -
0.2 -
0.15 -
0.1 -
0.05 -

=s—helium 640 ppm (10%)

i e]
X

—o=argon 640 ppm (10%)

R-1-phenylethanol

gas flow

electrode

activity [umol R-PhOIl min-1]

capillary

plasma

0 20 40 60 80 100 120
treatment time [min]

effluent

Argon and Helium | 640 ppm water vapor (10%)

buffer
immobilized enzyme

in rotating bed - No significant difference in product concentration after

reactor

plasma-driven biocatalysis with argon and helium as feed gas
2 slm | 640 ppm water vapor (argon/helium) | 6 W
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Plasma driven biocatalysis (group Bandow @ RUB)

Collariella virescens Unspecific Peroxygenase

o) _— 0.03
O/\ ke -8-640 ppm (10%) argon
\ ] oH =0-640 ppm (10%) helium
ethylbenzene J -"-'\-, 4 H ey 0.025 -
e o, A .é
£
/ 5 002 1
=
|-|=(:)2 R-1-phenylethanol o
® 0.015 -
g
as flow "E
¢ > 001 -
2
electrode t)'
® 0.005 -
capillary
plasma 0 T T T T T T T
0 50 100 150 200 250 300 350
treatment time [min]
effluent The use of argon as feed gas in plasma-driven biocatalyis is
buffer mmoblized enzyme possible and leads to similar product formation
in rotating bed
reactor Helium - 0.004 pmol R-Phol min-' after 350 min
- in-1 i
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26

Diffusion of OH and convective transport (Golda group @ RUB)

—
Q
S

0.5slm 1.0slm

depth / mm

(b)

depth / mm

width / mm width / mm

10

7.5

10.0

12.5

2.0slm

width / mm

8000

6000

4000

2000

3.0

2.5

2.0

1.5

1.0

0.5

0.0

intensity / a.u.

velocity magnitude / mms™!

CL of luminol

- Main signal at the liquid surface
Decrease in CL signal deeper than 2.5 mm
OH is mainly distributed at the liquid surface

PIV measurements - Visualization of
convective transport

Enhanced convective transport at higher gas
flow rates

At 0.5 slm and lower - Almost no convective
transport
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Plasma driven biocatalysis (group Benedikt @ RUB)

| species Calibration
200 Vs
H,O H,O
He H202 Ar
atmosp.
p=1 bar OH _
. ﬂ *mltating O -
H e | 1" stage skimmer o Ar
2

« EKF‘HHSICI'I|r Slage H _
/ \ p= 10 mbar
: H H
¢!'JEF mf::f 3" stage ? ‘
- C:)noruzer p=10"mbar HOZ Ar
I] o

Dissertation Gert Willems, Ruhr-University Bochum (2016)
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Plasma driven biocatalysis (group Golda, Gibson @ RUB)

aw
1065 T e - 3 02—~ B
. , _$— a
H2
m 101 S
| I
! o
2 ) « H202
=
5 10t " *HO2
& s !
1013 e - _
1012 _:I
2000 4000 6000 8000

humidity concentration / ppm

10000

— H202
. H202
H2

~—- HO?Z
A HOZ

02

OH

Plasma effluent
modeling with 100s of
reactands and
several 100s of
reactions

Agreement only
within a factor of 10
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Plasma driven biocatalysis (group Gibson @ RUB)

In the gas phase

In the liquid phase

|
I
|
a) . | H202
1017 - l N
) HO2 ~ |
i) 16 | T HO l 0?2 |
E 1D 3 | N F/— — T \
() 3 ® 10 \
T : UE I : ’,_.----"'___ - ':.-:."\\ o o \\ .
2 o R I I E Ga— ———-\:\“ H2 N\ |
Wi 10 B [Tl 1 : %‘ 101 \ NI
c q - b I ¢ \ \d
% ] ’ . HEDE C I g ll:::', '.I \| |
- o Q |::'f, II', II| \ I'
E 1[}14 — - - - - ._.l. B "'"-hDH _ l % 10 10 OH’ H "Fi' W i | |
= = -7 y "'--.._____L | E
E . . H l OH HO,,
- 13 T S : 10° H,0, H,
10 E ~“~._HO;"F | o o,
5 o--f . : >
P b 00 bt -
1012 | - I T 1T 1 I T 1T 11 I T T T 1 | T T T 1 | I T T 1 I T T 1T 1 I T I 10 10 10 10 10
I Depth /m
-40 -30 -20 -10 0 10 20 I
L] 1] I
position / mm |
|
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Conclusion

plasmas in liquids for life science applications

« Plasma-in-liquids are very efficient, avoiding RONS and H202 decay.
Physics is extremely complex

« Plasma above the liquid suffer from transfer (Henry constant). More
applications.

« Plasmas act as a on-demand source for H202

» Design of the perfect plasma source for bio application is crucial, right
‘dose” of reactive species

DFG Deutsche
Forschungsgemeinschaft
_ _ o RUHR
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Line emission — H alpha from ionization region of Hydrogen Balmer Series

(b)t=4ns Temperature variation

D-

hot spot

(c)t=10ns

&
@
@@@@@
(&)
5 ©
hot spot  Jight from | light from
recombination excitation ~ T,

(d)t=16ns

thermionic,
field emission

3 O
+ 25
o @40

hot spot light from light from
recombination excitation

T T T T T T 1 8
voltage
_._ne _7
_O_T —8
46
—e— 9% hot
&< >
é —60 S
) )
= 1*8
= S
_4|_ _30
42
42
41
-0
50

time (ns)
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Line emission — H alpha from ionization region of Hydrogen Balmer Series

(b)t=4ns H alpha from ionization
region dominates when L N B e e —
' B electrons are being ' voltage
accelerated 6r —mn
hot spot . Stro_ng.gradients in the L ~ o amplitude - 0.15
beginning H

[0

T e a

(c)t=10ns  Field emission at the

amplitude H

—a— integrated
light emission

- _
. end of the pulse g "
- S I | 4 L1 < 0.10
@@@@ ——T—T——7——T7—— 777 - l
@ of voltage } 3 L - 7
I 30 | Cm - : -

hot spot  Jight from | ight from
recombination excitation ~ T,

2__ I ) \/+\ * 4 0.05

=) =
=~ 20+t 8
(d)t=16ns S = A N\ %\ﬁ %
thermionic, 3 I 2 1 _i N/ ¥ \§§
field emission . > = é Q\
[¢] .
Og / \
o ) 10 b & 0. I
@9 . @QQ O L | L @ .@-@ @ OO, . AYD. OOO
5 _ 0 10 20 30 40 50
hot spot Iightfrpm Iigthrqm ol L u'f'T.\lll_'.;uu;. time (ns)
recombination excitation 0 5 10 15 20 25 30 35 40

time (ns)
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Temperatures from N2 SPS as thermometer for the later stages

Line identification

104 ) - * H(xl HB
e O777
\j\ « N2 SPS form
N2 intrusion
o
- « Bands of OH, ' d
.% 10° H20 hard to detect |
N | g
- ‘ QWWAWNTNMMN
()]
N2 SPS I
Hp
10° | y i
* @)
OH* H,0, H,0* ] eos0opm i
>+7+ Tungsten -0 . .
— 210 ns o shon S e —pl Field of view
2" order in the spectrometer
L 135 |nS (continuu:n, N2 SPS) \ len
10 ' ' ! ! '
300 400 500 600 700 800

wavelength (nm)
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Temperatures from N2 SPS as thermometer for the later stages

For 20 kV Experiment

a) 3 : :
20000 r—rrr———r- rrrrr T rrrrr T rrr T rrrrr T ] & 1.0F ——100% N,
T,ip ~ 3250 K @ 135 ns m data] ‘Ef osl
~ fit e
5 T, ~ 650 K £ ol
k%) [ w0
c 10000 o~ JW
g i =
c o 02
= o _
ZN 0.0 —a 1 X | L
333 334 335 336 337 338
I Wavelength (nm)
5000 ¢ ., T P e —_
b) S
S 0 jo0% N
E [2)
> E —_~ c
£='3000 Tior ~400 K £
c PP
(O] s |
E 2000 : 2
%) i |
1000 E T |
i + o . . I 1 1
0 |A.!_,__-_.__ _ I Z 388 389 390 391 302
320 340 350 360 370 Wavelength (nm)

wavelength (nm) From Girard et al. PCCP 20, 2198 (2018)
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Temperatures from spectroscopies

T from cavitation theory

Cooling during expansion depends on
VV, VT, VR relaxation times.

Usually T, decouples from T,
In chemical non-equilibrium
expanding flows

—&— long cable
1x10° - O - short cable| ]
S1x10°F |
€
G .
£1x10
2
2 1x10°
o
=
1x10% F
w1
0 100 200 300 400

Time [ns]
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4
10" ¢ T T i
- .\
............. vy=1.1
(20 degrees of freedom)
<
3
= 10° ¢ y=1.33 -
S H20, ) ]
-'E ( norma)\
)
3
g vy=1.7
102 L —m— T from black body radiation (monoatomic gas) |
r | B T from N2 spectra \ N
® T from N2 spectra _ 1
scaling of T from y=195 ]
adiabatic expansion (H20, supercritical @ 700 K) \
IIII IIIII IIIII \ Ll L L L1
-9 -8 -7 -6
10 10 10 10
time (s)
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Non-equilibrium in expanding ns plasmas T, T, Tonos

Rocket Science —
Chemical No
Hypersonic E

2.5

Expansid

L]

° 1.5

x

&

g

.2 Tp=oe
- 0 =0.077
30F b=0.576
-

-

0.5 - —

: A% o ; : o NRRE RS
FIG. 7 STEADY-STATE Ty,g AND Trgans DISTREUTIONS FOR THE NONEQUILIBRIU
EXPANSION OF No; COMPARISON OF THE PRESENT TIME-DEPENDENT ANALY- 0 1 2 3 4 5 6 7 8
SIS WITH THE STEADY=-FLOW ANALYSIS OF REFERENCE 7, x_/D

J. D. Anderson, Report Naval Ordonance Labatory (1969) M. Nichida, M. Matsumoto, Verlag d. Zeitung f. Naturforschung 0932-0784 (1997)
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Solution for R(t) assuming a compressible liquid

Dh N Du lesu) (b 12 N Oh N Ou 0
r— +ru— +(c+u) | h+ — re— 4+ reu— = »
Dt Dt 2 or Or velocities
. . ()
with momentum and mass conservation
Du  0Oh
Dt~ or o UR)
Lo (r2u) = _Ldp p.. i P Hdr
2 Oy ) g ¥
o p dt pressure
Du (1 u) N 3 5 (1 -u.) ] (1 N -u.) N Oh1 | u ,,{ﬁi"
r— - —1U _ = h _ r —— /z//
Dt C 2 3c C ot c ; o
| sound speeds
g IR 3 . IR R
RR(1-——|+=R*|1——|=h|1+—]+ C..
& 2 3c &
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Solution for R(t) assuming a compressible liquid

momentum balance equation (no Navier Stokes)

9, > N Vp
— (—Vcﬁ) + (1 - V)i = P
ot P
Integrate over r
do 1 _, / P dp /f
—— + = = —— i
ot 2 .- P P i p(r)
definition enthalpy pressure,
IJ('T’) 1 | | n-1 7 s~ J i
ap T 1 iaui R)+ B " Ky
}? — / - _} h = P 1%(8 _|_ pr}c) (p! qui_ ; ) — 1] //:,//
Poo p - NS C (r)//:'//
e sound speeds
C.

results in Bernoulli equation

|

52
oneserir - [Q U B
UNIVERSITAT

)0, -
— = 1 —1
Ot 2

BOCHUM
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Example 2: Plasma Chemistry in liquids — example H,0O, generation

short cable version sync a b
FID BCS
long cable version 10 ns pulse
sync FI D ..........
spectrograph
ICCD 2 optical fibre

= ]

a liquid

=

| —_

« 10 ns pulses, 14...30 kV, distilled water
« Shadowgraphy 2 ns ... 70 ns gate widths
« Optical emission spectroscopy with 2ns and 30 ns gate time
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Nanosecond plasma based recovery of CuO nanocubes at copper electrodes

. _ Creation of Cu-nanocubes possible, if
distilled water dist. Water + 0.0035M KClI

| SR S A » no direct current to the sample,

i - reduction of the oxide, plasma
electrode distance to the sample

20 kV important
« Cl necessary as nucleation sites
o _ « Competition between oxidation due
distilled water dist. Water + 0.0035M KCI to H,0,, OH and reduction by H, e
26 kV

P. Grosse, B. Roldan et al.

Reference plasma based low pressure
creation of CuO nanocubes
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Efficiency to create H,O, with these plasmas *S. Mededovic, B. Locke

Modeling the chemistry D ;1%2778?;45<(22000172))

Reaction | T | rate cocficiont
. . . . Hz( resctions
° Takmg HZO Chemlstry from spark p|asma SImU|at|0n* _ Er:!ﬂ?[i:m?;! » H + OH + M [ 2000-6000 K | kz; = 5.8 - 107 exp|— 4300000 7T) ]
o Teac :
° Takmg the evolutlon Of the temperature — ri:fm{u:: » 0+ 0+ M [ 200-10000 K | kzr = 1.59 - 10~ axp[ 8500 RT) 1|
i i OH+ M S H+ O+ M | 3009500 K | koo = 4.00- 1077 cxp[— 4160000 FET) 1|
from CaVItatlon theory OH+ OH — HaO+ 0 I50-300 K kog = 1.02 - 10~ 2T 208" axp[ 1660 KTt
O4+0H —+0;+H F50-5000 K | kg = 4.55 - 10-12 (T /208)™ . explaoen BT
OH+H - HyD I0-2100 K | kgy = 2.60 - 1010 axp|— G200 FE) -1
H+OH —+0O+Hs IN-2500 K | gz = 668 - 10~ 14T /20872 - pxp— 16210 BT Y
Epot = PoV =Nkg T HaOz + OH —» HO2 + HaO | 300-2500 K | kes — 2.01- 10~ . exp|—1330( RT)
O + OH  — HOg + O NG00 K | ks = 3.7- 1071 - axp|—220000) BT~
OH 4+ OH  — HyO4 IN-1500 K | kgg = 1.51 - 10~ 11T /208) 07
100 - . - . - I : . - 1x10° OH 4+ OH 204 328 IN-2500 K | kgp = 4.09- 107 - pxcp] —416000{ T )1
1 Hz (o reactions
904 |—p, ] H,Op + O —» HOy + OH BO0-2500 K. | Fgg — 142 - 10 12T/ 268 % cxp|— 1663 1( 2T ) 1]
1 Hz(2 + H — OH + HaD N-2500 K | kg = 400 - 1071 e[ — 16630(RT) Y
—~ 804 T 8x10* HaOz + H — HOz 4+ Hz 300-2500 K | kayo = 8- 10~ exp|—33260( RT) 1|
g | 0 HoOhy 4+ Oy  — 2HO, I0-2500 K | kgyq = 0- 10~ axp|— 16E000{ 7T~
0] 70 - TO —_—> HCry rosctions
— | HOp + OH — HyO + 0y JN0-2000 K | kgpn = 4.81- 10 ¥ exxp[P0B0( T} )
_5 60 6x10* HO, + 0 — OH + Oy 300-2500 K | kayg = 2.01 - 10~ exp|— 1660 RT) ]
= | — HOg + H — 20H 300-2500 K| kaig = 281 - 10~ exp|—3660{ RT) |
£ 5o X HOgz + H — Ha + O I00-2500 K | kars = 1.1 - 107 corp| — 8000 #T) 1)
© | =2 HO: + HO2  — HaOz + 02 300-2500 K | ka1a ?Jxl-wﬁ'ﬂ o
£ 40 P 4%10°* HO; + Hy — HyOy + H I00-2500 K | kg7 h-P]_i?Pq}TPT%;H, ! -
5 ] HO; + M 0+ H+ M | 300-2200 K | kgyg = 241 - 10-8[T /208 )—1-15 gorp| — 2031 000( FT) -1
= 30 4 ] H reactions
= ] F)O OD+H+M —0OH+M J00-2500 K [ kgyg = 436 - 10~ (T 208} T
4 H+H+M —+M4Hs 00-2500 K | kesp = 6.04 - 1033 (T /208) 1
20 2x10 Ds+H —0OH+O SO0-2000 K | kg = 2.04 - 10~ exp|— G0GR0{ T} Y
1 < O +H4+ M — HOs + M M0-2200 K | kase = 1.04 - 103 T/o08) !
10+ H; resctions
1 H+M S H+H+M | S0-B000E | kg = 1.5- 10 2 pocp|— A02000[ T )]
0 : : : : 0 OH+H, —H,0+H HN-2400 B | kgog = 2.07 - 10-22(TF208)1-2 axp[ —10710{ FT)
10 30 35 O+H —O0OH+H J00-2500 K | kgpg = 344 - 10-13[T /208267 axp| —26270{ 2T) -1
(0 roactions
O+0+M — 0Oz +M 4000 K | kazs = 5.21 - 10~ exp|TABO{ KT}~
0+ HyO  — OH + OH N-2000 K | kase — G.68 - 103 7/208) 28 pyp[ —G3GE00(RT) !
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Dissipated energy during plasma ignition within the first 10 ns —comparison to experiments

Power in cable [MW]

47

1ol |’l 45x 103 J
/\ forward vs.
8 / reflected power
Il ||t A
4 || III'“'II mlll

| \.
. . I .
0 10 20 30 40 50 60
t [na]
S BOPM el
Xeshort .0 TUNOSIEN _gp:.i.ioioiiiii
arclamp o wire B
e Icco
g splasma
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In ns plasmas at very high initial pressure, most of the
energy is transferred to the sound wave

L | ! o TTr ' LI |
2 energy transport mass transport
10 _ dominant dominant _
sound liquid
107 E s
3 Ebubble
5 | - Esound J
e ——E
S 10°F . bubble i |
- evaporation ]
SE Model dmnr? [, I
10 Desc(r)ipﬁon ? Es= :z f ps dr, pV\
[ 5 Gpa, RO = 25 um, U ~ 20 kV \ '
107" 10 10° 107 10°°
time (s)
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Field emission effects

1
_______________________________________ | Epo'[ Evacuum
W, ® ~5eV l
|
- 20 kV/(5*1 um) =
' 0.4 VIA

field ionization of water

| at~0.2...0.5 V/A
____________________________ +20 kv | \ Scovell, et al., Surface Sci., 457

| | HZO (2000) 365.

|

|
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Streamer velocities in distilled water

A: 1 mode B: 2" mode C: 2" mode D: 3" + 2" modes E: 4™ mode
100 V. =100 m/s v, =2 km/s Ve =2 km/s v,y =10 km/s Vo =100 km/s
e streamer 6 kV/6 mm 30 kV/6 mm 160 kV /10 cm 304 kV /10 cm 424 kV /10 cm
70© breakdown 00 ALY ] |
1 first 3" mode step
£ 105 ’ w5
& 4
3' 3r1.i'
£
éﬂ 0.2 mm 2cm, 2om, Zcm,
2 19
- ]
Propagation velocity of streamer in liquids (long pulses)
3km/s... 100 km/sin 10 ns Ax=3 um ... 0.1 mm
o Applied voltage (kV) Propagation velocity of streamer in liquids (short pulses)
0 5 10 A5 20 25 R0 35 40 1000...5000 km/sin10 ns AXx=1mm ... 5 mm
V V =V
3

Figure 15. Average streamer propagation velocity v, versus
voltage in distilled water [52]. d = 3cm, rp, =1 pm.

Comparison Streamer

Lesaint et al. JPD 49 144001 (2016) in air ~ 1000 km/s

Starikovsky et al. PSST 20, 24003 (2011)
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Plasma pulse from field ionization to field emisison (gate time 2 ns, 22 kV)

during the pulse
field ionization

Start of the
pulse
water

Is polarized

Field ionization

12ns 14ns 18ns

Example voltage
pulse 20kV -
(8.65m cable)

I |
— ] after the pulse
\/ ] field emission

_20 PR I T T TN T ST ST S N R R R R R
0 2 4 6 8101214161820222426283032
time (ns)
_ : : Voltage stops,
More directed discharge in Field emission e
: P electron flow reverses
field emission phase attracted to positive streamer head
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Current and Voltage signals for 10 ns 20 kV pulses using the 8.65 m cable

voltage (kV)

20k
750 -

500 +

current (A)

-250

= N
(¢ o
1

power (MW)
H
o

51

250

6]
1 .

o

z
<

J\M T\

-10

sync

FID

ICCD 2

spectrograph

...........

—|ICCD 1

-10 0 10 20 30 40
time (ns)
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Tungsten vs. Titanium* tip (500 pum tip radius vs. 50 um tip radius)

Spark 5..10 ps 3J 1.5x107J/m?

——

« similar energy per m?
dissipated

« Sequence of melting
and solidification

thermal conductivity @ 1000 °C
melting temp.

. Ti— 22 W/m K, 2000 K p A ¥

> ",
4/17/2019 HV Mag| WD |Det Spot -

3:36:21 PM 10.0 kV 6000x/13.3 mm|ETD| 2.5

« W-115W/m K, 3700 K
« Pt-82W/mK, 2500 K

* |In case of W only small
melting tips (for Pt, T, larger
molten areas)

« similar to cathode spot in

4/17/2019 HV  Mag| WD |Det Spot

ns pulse 10 ns
0.03J 1.5x107J/m?

Iam pS 3:34:17 PM 10.0 kV 1600x 13.3 mmETD| 2.5
*P. Lukes et al. PSST 20, 3401 (2011)
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Sequence of the propagating discharge

U (kV)

O o e B B B LN L B B S S B B B N

30 .

10

P T R
0 2 4 6 810121416182022 2426283032
time (ns)

Propagation velocity of
streamer in liquids

3 ... 1000 km/s

in 10 ns

AX=~mm

streamer
head

streamer

—p _
channel e
electrode
Start of the
pulse
water
Is polarized

Field ionization

e

Streamer
Propagates,
electrons
are collected
from channel
voltage drops

mm

@i

e_

Voltage stops,
Field emission
electron flow

thermal
emission leads

reverses to change of
attracted to polarity
positive

streamer head
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Comparison to cathode spots at high pressure lamps

@500 Aon a 2 um radius spot
= magnetic field pressure of 1 Gpa

w
o
T

Pinch effects at W tips

voltage (kV)
=
o

o

N
o
T

\
A ALY
20 F
750- 1 1 1 1
500 -
<
= 250 ]
o Al A
3 0 \/ \/\
250 \/ \/\/ \/\/\/ \/ \/
20 1 1 1 1 1 1
151
z
=3
= 10-
; = 5- :
(d-) tare = 15.0A 4172019 HV Mag| WD |Det Spot - /\
3:36:21 PM 10.0 kV 6000x13.3 mm|ETD. 2.5 ol . , j A\
-10 0 10 20 30 40 50
time (ns)
A. Bergner et al. PSST 23, 054005 (2014)
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Temperatures from emission spectra of the plasma

Spectrum (first 50 ns, time resolution 2 ns)

Recombination
H, , H,O recomb. continuum

OH, OH*, H,0, H,0" bands " |

Black body radiation (W)

300 400 500 600 700 800
Wavelength [nm]

Counts [1/s]

emission

emission

1.2x10° T T T T T T T T
—12ns

1.0x10° | —— bb 4500 K| -
—— recomb

sum

8.0x10° _

6.0x10°

4.0x10°

2.0x10°

0.0 ' :
300 400 500 600 700 800 900
Wavelength [nm]

1.2x10° T T T T T T T T
—18ns

1.0x10° —— bb 6500 K| -
——recomb

sum

8.0x10° | i

6.0x10° | MN E

4.0x10° M ulv'l" ‘MHM H, ]

2.0x10°

1 1 1 1 1 1

0.0

400

500 600 700
Wavelength [nm]

800 900
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Temperatures from emission spectra of the plasma

For 20 kV Experiment
* Power absorption at the beginning of the pulse and

due to reversal of the voltage T, < 8000 K @ 0 ns
« Black body radiation, followed by 1/A* spectrum.

§8 3 I I | L I _:
1.2x10° T y T T T T T T T J T y S\ %8 - E
< O0F .
—4ns ] -10 F 3
6 220k 3
1.0x10° - bb 7000 K| + 30 b 3
recomb i OF—TTT1T7T7T 7171771771711 717711+ 110
_ sum /3\ B —#— Integ. black body X
8.0x10° - 7 . —@— Integ. recomb radiation )
c S r 18 S
[e]
2 S X
g 6.0x10° |- - 3 -
@ 8% | 406 g
£ kS
4.0x10° - 7] or -"S“
c 44 S,
o r o
2.0x10° | - 5 8
S 2
= 12 8
JIMWMM*M%M c @©
0.0 1 ; ] \ ] \ ] \ 1 A 1 : o o]
300 400 500 600 700 800 900 © —
PR TR T TR T T T T ST N ST RN NI ST R 0
Wavelength [nm] 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

time (ns)
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Tungsten tip

« Long term operation
possible

« W as high melting
temperature
3700 K

« W therm. conduct. Shorttermuse, <7 h

115W/mK

s,
4/17/2019 HV  Mag| WD |Det Spot -
3:36:21 PM 10.0 kV 6000x/13.3 mmETD 2.5

Wi
4/17/2019 HV  Mag| WD |Det Spot
3:34:17 PM 10.0 kV 1600x/13.3 mmETD 2.5

« W oxidizes, melting
temperature 1800 K

« Crystallites are formed

long term use, ~ 30 h

4/17/2019 HV Mag| WD  Det Spot

4/17/2019 HV  Mag| WD |Det Spot

3:41:30 PM 10.0 kV 400129 mm ETD| 2.5 3:42:41 PM 10.0 kV 1600x/12.9 mm|ETD| 2.5
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Platinum / Iridium tip (from AFM/SEM microscopes with 5..10 nm tip radius)

* Only short term operation
possible

« After 1 h no plasma ignition
possible anymore

* Pt melting temperature

K S ¥ Short term use, 2 min
2100 K 50.0pm: 4102019 | HV Mag| WD Det Spot

Pt thermal conduct.
82 W/ m K

* Ir melting temperature
2700 K

long termuse, ~ 1 h

il | . ;
} ~
1 1 : -50.0pm:
L4 O n y | r OXI IZeS 2:22:32 PM[10.0 kV 1000%/13.1 mm ETD 2.5 2:20:52 PM|10.0 kV 8000%/13.1 mmETD 2.5
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Dissipated energy during plasma ignition within the first 10 ns —comparison to experiments

Power in cable [MW]

59

1ol |’l 45x 103 J
/\ forward vs.
8 / reflected power
Il ||t A
4 || III'“'II mlll

| \.
. . I .
0 10 20 30 40 50 60
t [na]
S BOPM el
Xeshort .0 TUNOSIEN _gp:.i.ioioiiiii
arclamp o wire B
e Icco
g splasma
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In ns plasmas at very high initial pressure, most of the
energy is transferred to the sound wave

L | ! o TTr ' LI |
2 energy transport mass transport
10 _ dominant dominant _
sound liquid
107 E s
3 Ebubble
5 | - Esound J
e ——E
S 10°F . bubble i |
- evaporation ]
SE Model dmnr? [, I
10 Desc(r)ipﬁon ? Es= :z f ps dr, pV\
[ 5 Gpa, RO = 25 um, U ~ 20 kV \ '
107" 10 10° 107 10°°
time (s)
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Nature of the 1/A* background in emission — cathode spots on the tungsten electrode

signal (x 10° cts)

62

—— data @ 4ns
—— bb emission
(T=7000 K)

300 400 500 600 700 800

A (nm)

signal (x 10° cts)

2,0

signal (x 10° cts)

data @ 8ns

—— bb emission
——bb T=7100 K
—— bb hot spot

—— data @ 6ns
—— bb emission
(T =7900 K)

400
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500 600
A (nm)

700 800

400

A (nm)

500 600

700 800

signal (x 10° cts)

2,0

15

1,0

0,5

0,0

—— data @ 16ns
—— bb emission
—— bb (T=6700 K)
— bb hot spot
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<p>i.iiia SCales with the dissipated energy

60 ——— | LA AL AL EENLANLL LA LA L
pOVO/ At = I:)electrical = U%R ®  (ata
- 2
for R= 2.5 kOhm 50 + P ~ U o
9 Py 4 from cavitation theory
T 50
’ V al 40 B 7
Po: Vo 9} from
r=25pum 2 sound
t=10ns < 30 waves _ T
T~ 20t 7T
2000... VA
|g|2;tri§2 70000 K 10l from
g cavitation |
2 O . - . Ly T .rpo.d.e.I .
0) 5 10 15 20 25 30

U, (k)

- gate 70ns|

RSB A
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Transition of the water vapor in the bubble through the phase diagram of water

super
critical

10" - - —————————————
: supercritical
10° :
|
I o
10° L solid liquid | ! %
< : S
T a0 % A S
o 2
3 10° ‘
d a: 5
: // gas ;
10* £ 4
i 2 :
10° 2%5’ triple point
102' N . S T N A ]
100 1000

temperature (K) 1ps

RUHR
64 Chemistry in Plasma Treated Liquids | A. von Keudell et al. UNIVERSITAT R U B
BOCHUM



Solution for R(t) assuming a compressible liquid and condensation of vapor species

" super

1010 T ?‘5 ..
Balance between —— adiabatic expansion 4 cvr\;g;::rl
surface flux and 10° — adiabatic exp. including condensation
volume loss depending '
on R, 10°
B=sticking coeff. = 1 ,

10 :
~~ 6 ) %
< 10 %
al N A R AMWERTEOR
A5

lnvthermél?rRzﬁ = 4—?r.i‘23-;r11 o 10
4 3 T :
10°*
o AR
- 3vtherm.‘3 103
Po — Po €Xp (—E) 10°
-
i Ro\™ 10° -10 9 -8 7 6 5 -4
p(t) — poexp (—;) (f) 10 10 10 10 10 10 10

time (s)
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Plasma in a bubble expansion

everything to scale

Ignition sequence

lmax =000 pm Moin =2 UM
t=60 us t=100 ps

sound
wave

20 bar’\K
5um

240 bar

7))
Q.
r=35um r=25pum r=50 um r=380 um r=100 um )
t=1ns t=10ns t =100 ns t =200 ns t =400 ns —
sound \ O
wave | ©
Ignition g
plasma
conden-
: sation
re-heated re-heated re-heated
ny,=2.6 102’m-3 ny=1.6 1027m-3
n0:3 1028 m-3 n0=3 1028 m-3 n :1025m-3 n.=1023m-3 n0:2.8 1026m_3
n.=3 10?8 m3 p=5 108 Pa pe:2 107 Pa pe=107 Pa p:106 Pa
p:1011 Pa T=1200 K T=550 K T= 450 K T=260 K
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How does the plasma Ignites ?

Experiment 22kV, 1Hz, distilled water, t,,=2ns, ty,,=2nS
voltage i
30 - n —am— integrated
light emission
S S
= 20 G
o S
= )
Q 52
> =
O
10
L Y E B o e ey
O 5 10 15 20 25 30 35 40

time (ns)
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How does the plasma Ignites ?

Experiment 22kV, 1Hz, distilled water, t ...=2ns, t .,=2NS

gate step
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Comparison to Modeling of Streamer Propagation in 80 bar supercritical N2 @

ns plasma in liquids: §
Due to the inertia of the liquid, no bobble formation on ns time scale, so standard ignition in ;
. . . . . . £
the gas trapped inside a bubble according to Paschen law is impossible g g ‘
Nanopores (Dobryn et al. JPD 46, 355201 (2013) _ Neste sl
From A. Sun, J. Teunissen, U. Ebert
HagiEh E IEEE Trans. Plas. Sci. 42, 2416 (2014)
“nanopores” ) :
¢ « e (] -
4 ?..: Electrons can accelerate inside voids to sufficient energy for
-— ionization. (b)

€ (o]

Electron multiplication is facilitated by the voids.

Electron density (10*m~)
-
(&)
(8]

-

g
=
vy

0 ps

4 ps 8 ps

Field emission, field ionization

field emission/ionization of
H,O at~0.3...0.6 V/A

12 ps 16 ps 20 ps

Streamer v ~ 1000 km/s
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Field emission effects voltage |
30 n —=— integrated ~mm
light emission
3 3
=~ 20} &
5 5
3 E
Start of the £ Voltage stops,
pulse 10 b Field emission
_ wate_r electron flow reverses
is p_olarlzeql Epot attracted to positive
Field ionization s N streamer head
0 PR I IR P BRI B | !_.Lm.l_l_l
0O 5 10 15 20 25 30 35 40 l
time (ns) .-
- 0 kV
Tip radius N
~1..5pum I :
H 1 Epot conductive
: \ streamer
. channel
+ 20 KV B W
| o HO| T T
W , H,O field emission at 2 _f\
field ionization of ~0.3...0.6 V/A Streamer
water at ~ 0.2...0.5 V/A Head
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How does the plasma Ignites ?

Experiment 22kV, 1Hz, distilled water, t,,=2ns, ty,,=2nS

step

(@)

O
o

hrfie"?' . r,=89.66um
lonization

+ 20 kV

voltage (kV)

(b)

thermionic,
field emission

5 O
@®
8@ & @® °
@) @ @
hot spot  recombination ‘ ‘h ht from
excitation r,=455.17um
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30
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L | | |..| N R 1T N R
0O 5 10152025303540
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Tungsten tip vs. Platinum/Iridium tip

« W as high melting
temperature
3700 K

« W therm. conduct.
115W/mK

« W oxidizes, Crystallites
are formed

Permanent
operation possible

* Pt melting temperature
2100 K

« Pt thermal conduct.
82 W/ mK

* Ir melting temperature
2700 K

Ignition stops after
1 h of operation
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Temperatures from emission spectra of the plasma into the UV

Spectrum (first 50 ns, time resolution 2 ns)
* Recombination

* H,, H,O recomb. continuum — T T T T
« OH, OH*, H,0, H,0* bands I CTIT? ok
« Black body radiation (W) 2 0x10° |- ] —T2 -
. Ha sum
e O@77nm) R
5 15x10° - 0 ns |
=
k7]
T
= 1.0x10° | |
5.0x10° | i
| A '#.hl
““'W ol B '""‘“"f"“#dnp-q-.,.'.-,l‘.".*l
OD L | L L 1 | 1 | ] 1 | |

200 300 400 500 600 700 800 900
wavelength (nm)
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Temperatures from emission spectra of the plasma UV part

Spectrum (first 50 ns, time resolution 2 ns)
* Recombination

* H,, H,0 recomb. continuum I OH — data
+ OH, OH", H,0, H,O" bands o T1=7600K
« Black body radiation (W) 2 0x10° H0  H,0 — T2 = 20000 KH
« H, H, sum
e O@77nm) = W‘W | H
; | 6 NS
;5/ 1.5x10° " " I MJ& "
Py
3
| = 1.0x10°
2.0x10° | 1“* | :EEBOOOK a
| }U\MH’ !{ M sum
. NWM \M 4ns 5
150’ W 5.0x10

Intensity (a.u.)

1.0x10° | i
N |
5.0x10° | s

0.0 1 1 1 1 1
200 300 400 500 600 700 800 900

0.0 . | . | . | . | : . : :
200 300 400 500 600 700 800 900

wavelength (nm)

wavelength (nm)
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Nature of the 1/A* background in emission

Possible sources for 1/A* background
* H,0, H, recombination background (300...500 nm, no part down to 250 nm)

e 1/)\? recombination radiation free-free, bound-free
« 1/A° long wavelength part of the emission of a

hot cathode spot Cathode spots at W tips

Example cathode spots

Example cathode spot in vacuum arcs T (15000...2000 K) in arc lamps

J eexpll

__pas. -
4/17/2019 HV  Mag WD |Det Spot -
3:36:21 PM 10.0 kV 6000x 13.3 mm/ETD 2.5

300 |

iii;;:;;iQQp ; i
m§ Lot 1% Loy [ Fomin (d) 3;5=150A
A. Bergner et al. PSST 23, 054005 (2014)
:”itia| Coulomb-explosion of the neck
droplet R=1um leads to metal plasma
(10 um diameter, n, ~10%6 m3, )

Tsventoukh,
Phys. Plasmas 25, 53504 (2018)
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Line emission — Hydrogen Balmer Series

3x10° T T T T T T T T T T
data @ 4ns
background (T=7000 K)
—— data - background
. 2x10° | .
@ H, Hg H,
E sy
(=455.17um ___ 1200ns = —
1x10° |- \ i
hotspot  plasma iopeiz?;irc])n I ]
channel g MMMwWMWWﬂ
\ %WWMWWW
(@) D Q@ 0 '/WMM . . . I . I
® o ® ® "o
0O 0 ¢ &% 300 400 500 600 700 800
eIo A (nm)
tungsten tungsten recomb- . .
electrode tip ination « H Balmer lines clearly visible
o region -
at boiling 2 «  Why is Hy more pronounced than Ho ?

temp.
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Line emission — Selfabsor

ption of Hydrogen Balmer Series

2000 T T b T T T T T b T T T T T T T T T T T T T
same number same number
of emitter 1.2x10° | of emitter - 1.2x10° F zfar;;i?tz:nber N
|l and absorber states and absorber states and absorber states
Line width Line width Line width 3 2 10
Hg, Hb, Ha Hg, Hb, Ha =
1500 | 3nm, 2nm, 10 nm ] 1.0x10° 3 nm, 2nm, 10 nm ] 1.0x10° S%mean—rir? 10 nm na = 4el6 ]
3,2,10
g _ 4 8 7 E 8.OX:|.07 - 312110 . g 8.0X107 | N
2 na=4e = na = 4el4 =
2 = 12
S 1000 |- 1o 5
2 2 6.0x10" 18 6.0x10" | .
© © | ®©
4.0x10° | T 4.0x10" | .
500 - -
2.0x10" | . 2.0x10” 4
0 1 , ] ] 0.0 . . ! L L 0.0 ] , ] I
200 300 400 500 600 700 800 900 200 300 400 500 600 700 800 900 200 300 400 500 600 700 800 900
wavelength (nm) wavelength (nm) wavelength (nm)
n=3
hot spot plasma iog;?;ir?n ( \ / \ / . \ Spont E m
channel H . .
Q N, species N, species |+
@ © g 9@ =
® 0 O o @%
0.°e% 6000 K Det.
tungsten tungsten recomb- . . .
cloctrods 1 H_emission H_ absorption
at boiling [EOlol \ J k o j k o J Spont Em
temp. . .
n=1 {
_ _ o RUHR
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Nature of the 1/A* background in emission — cathode spots on the tungsten electrode

1x10%° T T T T T T T T T T T
(n_=10*m?
I Al—e|u=5nm (a) i i i
8x10% | AH,=23nm - hot spot plasma IOﬂIZ:’.:'ltlon
AH, =28 nm L region
F N, = 2x 107 ionization channel
— : region &
L ex10™ -
g 0 0 ¢ oY%
O 4x107 - @ @
2x107 | 1 tungsten tungsten recomb-
electrode  tip Ination
13107 e el | at boiling region
_ (Anljazzsgslgmm , T = 7000 K) (b) | temp.
8x10% L AH =3.35nm |
AH =2.6 nm . .
N = lel6 recombination
a ’ region . _
w o Three contributions
g [ ' « Continuum blackbody ~ 6000 — 7000 K
& a0 « H Balmer strong self absorption - recombination region
e (Hy dominates)
« H Balmer small self absorption - ionization region
0 (Ho dominates)

1 1 n 1
300 400 500 600 700 800
wavelength (nm)
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Line emission — Selfabsorption of Hydrogen Balmer Series

20 :
15
o
: )
S i
i
X 10—L'L
g
D
N
5_
OMWW

—— data @ 4ns

—— background (T=7000 K)
— data - background
— Balmer series recomb.
—— Balmer series ioniz.
—— model

(@)

(b)

O
Ps

field
ionization

thermionic,
field emission

Q
Q0

hot spot  recombination |

light from
excitation

signal (x 10° cts) signal (x 10° cts)

signal (x 10° cts)

16

14

12

10

I
At W
l\.“u I 4& fl ml“ L N I . IR

data @ 12ns

—— background (T=7000 K)
—— data - background
—— Balmer series recomb.
—— Balmer series ionizat.
—— model

M h Wi, W% ‘
'““‘WW

,,HI.ILLMIWM '““«‘

' ' —— data @ 16ns

—— background

(T=6700 K plus hot spot)
—— data - background E
—— Balmer series recomb.
- Balmer series ionizat.
—— model

——data @ 24 ns
—— background

(T=5200 K plus hot spot)
—— data - background T
—— Balmer series recomb.
—— Balmer series ionizat.
—— model
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Efficiency to create H,O, with these plasmas
Modeling the chemistry

« Take T, from cavitation — T 1 1 1 1 1 1 30
« use chemical equilibrium 80 - | m  Measurement :
- |= = Arrhenius law Oth order
70 Arrhenius law 1th order 2.5
Oth order reaction (no local H,O depletion) 420 =~
>
—' 50 S
In S S
o004 —
——— —=kn = 115 @
!_H. HED E4O CI>_)
E, O c
NH,0, = eXP ( — 5 | M,0T + M05]g 30 1108
1st order reaction (with local H,O depletion) 20
I -4 0.5
10
dn 0, dng,o I
_ = — - = KT
dt dt H20 0 - : A T R A R 0.0
. 0 1 2 3 4 5 6 7
J— - - Eﬂ' -
N0, = TH,0. | €XP |€XP — o7 ) 207 T (x 10°K)
. . - RUHR
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Nanosecond plasma based recovery of CuO nanocubes at copper electrodes

distilled water dist. Water + 0.0035M KCI Creation of Cu-nanocubes possible, if

* no direct current to the sample,
reduction of the oxide, plasma
electrode distance to the sample
important

20 kV

« Competition between oxidation due
to H,0,, OH and reduction by H, e

distilled water

26 kV

P. Grosse, B. Roldan et al.

Reference plasma based low pressure
creation of CuO nanocubes
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Nature of the 1/A* background in emission — cathode spots on the tungsten electrode

60 T T T T T T T T T 16
| T I T T T T T T T I
voltage
data 0T -
——T1= 6500 K 50 |- o 15
2.0x10° | L B —e—%hot |48
sum i spot ]

1 40 ./ - —4
. 0 —~ | 3 @’QQ boiling < -
= | & ns > - , =N o
o 1.5x10° | - 3 XY temperature o =

—— (@)

= Q30 @@\ tungsten S 13 5
z E i |8
> - o

£ qoxt0° | . 20 =,

— 2 |
5.0x10° - 1 10 1
“\h g s ,.l..;'v“.fﬂk ] 0 ' ' ' ' ' -0
e oyt E 10 50
OD 1 | L ] 1 1 1 ] L | s |

200 300 400 500 600 700 800 900 spot formation time (ns)
after field ionization

=

spot formation
after field emission

wavelength (nm)
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Line emission — Electron densities from Stark broadening of Hydrogen Balmer Series

electron density from Stark broadening

. 7 r r r T
« n, follows directly voltage ' ' ' '
(no delay as in ns air plasmas) ' voltage
lonization and recombination on ps °r —m—n_ 1
time scales at liquid densities) [ exponential
« decay follows the voltage SoT decay with Comparison to ne decay
— T -8 ns in the re-ignited plasmas
f= 4 = During bubble expansion
10 10" ey
S :
— n
2s 3 iji 0
Cm 10° §/ oOOOO
&~ %
2 £ %o
n,~5x 102 m-3 G e :
1 p 5
lonization degree ~ 103
0 . . . . : f —B—At=2ns
0 10 20 30 40 50 I
. 103 0ol el L
time (ns) 1 10 100 1000
time (ns)
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Efficiency to create H,O, with these plasmas
Measurement of the concentration with a colorimetric kit

80 —
Measurement: 60 -
@ 20 kV, 30 umol/l in 25 ml liquid is equivalent
to 4 x 107 species in total —
| S
Estimate: §40 -
Species in 25 um radius spheres at density of *7
liquid water 3 1022 cm3: 2 x 10'°> species
Total number of species treated in 20 I
10 min @ 15 Hz, 10 ns pulses: 3.8 x 10%°
molecules are exposed to plasma
. . " ]
efficiency 1.1% %5 5
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Biocatalysis

* use of H,0,-dependent enzymes — oxidoreductases

redox reaction — one substrate reduced, one oxidized

peroxygenases: H,0O, + AH — A-OH + H,O

industrial application is limited — excess of H,0O, leads to suicide inactivation

ethylbenzene //

il Q
X

H,O

.0, unspecific peroxygenase R-1-phenylethanol
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unspecific peroxygenase of Agrocybe
aegerita (AaeUPO) (PDB: 50XU)
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