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Experimental Plasma Physics Group

Research topics:

* Plasma treatment of materials

H. Li et al., 2023 Int. J. Hydrog. Energy 48 26107-26118
H. Liet al., 2024 Small 2310660
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Experimental Plasma Physics Group

Research topics:

* Plasma treatment of materials

* Cold atmospheric pressure plasmas for catalysis

MOF filled DBD ream.
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Research topics:
* Plasma treatment of materials
* Cold atmospheric pressure plasmas for catalysis

* In situ (core shell) nanoparticle diagnostics

Experimental Plasma Physics Group

GAS or CCP
source

Ar protection .l

lﬂow * oot

FTIR

LN detector

windows

L. Hansen

Multipass optics

O. H. Asnaz et al., 2023 Nanoscale Adv. 5 1115-1123
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Experimental Plasma Physics Group

Research topics:
* Plasma treatment of materials

* Cold atmospheric pressure plasmas for catalysis

* In situ (core shell) nanoparticle diagnostics

* Vacuum UV spectroscopy and source development 5.:j MOFﬁ,,gd[‘,;;;,w
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Foundations and applications of dusty plasmas l o

intensity / arb. unit

R —

Nanodust with void

A. Schmitz et al., 2023 J. Phys. D: Appl. Phys. 56 445202 D. Block et al., 2023 Phys. Plasmas 30 043703
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Gas flows

Ho ) He+X T. Winzer and J. Benedikt, 2024

, m3 x 102 Plasma Process. Polym. E2300226
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Mass spectrometry at plasma jets and ion sources

Nanodust with void
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Experimental Plasma Physics Group

Research topics:
* Plasma treatment of materials
* Cold atmospheric pressure plasmas for catalysis

* In situ (core shell) nanoparticle diagnostics

e Vacuum UV spectroscopy and source development

Foundations and applications of dusty plasmas

* Mass spectrometry on plasma jets and ion sources

[1] H. Li et al., 2023 Int. J. Hydrog. Energy 48 26107-26118

[2] H. Liet al., 2024 Small 2310660

[3] O. H. Asnaz et al., 2023 Nanoscale Adv. 5 1115-1123

[4] A. Schmitz et al., 2023 J. Phys. D: Appl. Phys. 56 445202

[5] D. Block et al., 2023 Phys. Plasmas 30 043703

[6] T. Winzer and J. Benedikt, 2024 Plasma Process. Polym. E2300226
[7] Sgonina et al., Plasma Process. Polym., in preparation

[4,5]

Nanodust with void

L. Hansen Time-resolved ion mass spectrometry of a DBD 9



Motivation

lon-based

plasma
* lons play a crucial role in the plasma chemistry

chemistry and plasma surface
interaction!12!

* Low ion densities are balanced by their
higher reactivity!34

Atmospheric
pressure
plasma jet
creating ion-
based plasma
chemistry

P. Tosi et al., 2009 Plasma Sources Sci. Technol. 18 034005
L. Hansen et al., 2023 Thin Solid Films 765 139633

P. Tosi et al., 1995 J. Phys. Chem. 99 15538-43

P. Mehta et al., 2019 ACS Energy Lett. 4 1115-33
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Motivation

lon-based
plasma
* lons play a crucial role in the plasma chemistry
chemistry and plasma surface
interactionl1-2]
* Low ion densities are balanced by their
higher reactivity!34
* Mass spectrometry allows absolute ion Atmospheric
density measurements after calibrationl>®] pressure
* Time-resolved measurements help to plasma jet
understand the ion formation pathways creating ion-
based plasma
chemistry

1] P. Tosi et al., 2009 Plasma Sources Sci. Technol. 18 034005
2] L. Hansen et al., 2023 Thin Solid Films 765 139633

3] P. Tosi et al., 1995 J. Phys. Chem. 99 15538-43

151 E; Mehta et al., 2019 ACS Energy Lett. 4 1115-33
6] J.

. Willems, J. Benedikt and A. von Keudell, 2017 J. Phys. D: Appl. Phys. 50 335204 Generated with Al,
Jiang and P. J. Bruggeman, 2021 J. Phys. D: Appl. Phys. 54 151101 Copilot Designer, https://www.bing.com/images/create?FORM=GENILP
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lon formation

Plasma phase Plasma + early afterglow Late afterglow

Based on: S. GroRe-Kreul et al. 2015 Plasma Sources Sci. Technol. 24 044008
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lon formation

Plasma phase Plasma + early afterglow Late afterglow

Initial phase Conversion phase Clustering

Based on: S. GroRe-Kreul et al. 2015 Plasma Sources Sci. Technol. 24 044008
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lon formation

Plasma phase

Initial phase

e.g.

* Electron impact
lonization

e+ N, — N," +2e

e Electron attachment

e+0,— 0,

L. Hansen

Plasma + early afterglow

Conversion phase

e.g.
e Charge transfer

O,+0;—>05;+0,

 Proton transfer

H,0* + H,0 — H,O* + OH

Late afterglow

Clustering
* Positive clustering

NO* + H,0 — NO*(H,0)

* Negative clustering

NO," + H,0 — NO,(H,0)

Based on: S. GroRe-Kreul et al. 2015 Plasma Sources Sci. Technol. 24 044008

Time-resolved ion mass spectrometry of a DBD
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Mass spectrometry

* lon transfer through multiple elements

Plasma
<1 bar

Sampling

‘Particles ™,

S

L. Hansen

lon transfer

Energy

¢ | Analyser

.y

J. Benedikt et al. 2012 J. Phys. D: Appl. Phys. 45 403001

Time-resolved ion mass spectrometry of a DBD
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Mass spectrometry

* lon transfer through multiple elements

e Super sonic expansion due to pressure

Plasma
<1 bar

gradient
* Velocity distribution functions changes

* Kinetic energy mass dependent

Sampling

‘Particles .

S

lon transfer

lon // \\\\

Source Energy | % |m/z

orlon |i. Analyser| i ;' |Analyser ? Detector
Optics '

J. Benedikt et al. 2012 J. Phys. D: Appl. Phys. 45 403001

L. Hansen

Time-resolved ion mass spectrometry of a DBD

Po ~ 1 bar
‘,k.}.s.

-1\"\.\ _—
.Nf \D/.‘\

P: ~ 1E-4 mbar

before expansion
after expansion

0 500 1000 1500 2000 2500 3000
velocity (m s™)

S. GrofSe-Kreul, Mass spectrometry of ions from atmospheric

pressure plasmas, PhD Thesis, Ruhr Universitidt Bochum, 2015

16



Po ~ 1 bar

Mass spectrometry .»:\.;,.:\
o~ O0—— o—

‘__’»
: o< f
* lon transfer through multiple elements ,o‘\
e Super sonic expansion due to pressure \ before expansion
. after expansion
gradient i
* Velocity distribution functions changes
* Kinetic energy mass dependent 0 %0 000 iS00 2000 2500 3000
.. .. .. S. GrofSe-Kreul, Mass spectrometry of ions from atmospheric
i QU|tt|ng SuU rface markS tra nS|t|On tO CO”lSlOn pressure plasmas, PhD Thesis, Ruhr Universitidt Bochum, 2015
free environment e P
Po *ecion® N\ flow
radical recombination, ‘\1 region

acceleration and
lon transfer : . .
chemical relaxation

Sampling I{ // \ \x :
p—— (el ' ' . ! \ ;
Plasma [ Particles ™. 1| Source Energy m/z : vp radial diffusion !
<1bar |ions . i|orlon [/ |Analyser|: 7 |Analyser|: / [Detector| + speed-ratio /
w1 Optics | 1| focusing 7 quitting
e Vacuum < 10° mbar _| 7 suriace
J. Benedikt et al. 2012 J. Phys. D: Appl. Phys. 45 403001 S. GroRe-Kreul et al. 2015 Plasma Sources Sci. Technol. 24 044008
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Multi Channel Scaler

— MCS
— Trigger

MCS threshold
- Trigger threshold

Allows measurements with time
resolution up to 10 ns

Binlu Bin2u Bin3

L Bin4u BinSM Bin6b

| Binlu Bin2u Bin3

Signal / V

 SEM pulses are sorted into time bins

(> 10 ns) can be measured per trigger

Up to 16384 bins with variable width osf

0
e Accumulation with multiple trigger
events is possible up to 255 counts Z 1
per bin S

Acknowledgement:

Institut fir Experimentelle und Angewandte Physik
Abteilung Extraterrestrische Physik
AG WImmer-Schwelngrube_r =
Extraterrestrische Physik
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Drift lens (flight

focus) if fitted Quadrupole lens (vert, horiz, D.C. quad)
SIMION flight time simulations .. ==/t 4 /=
%‘i‘;w A\ - u= }]]
 Simulation of ion trajectories to correct the flight time ™ | ™ . X Mass fter
(emission, electron-energy, cage) & ((jr:ﬁ;)_lumti)on,

energy, transit-energy

suppressor

Detector (multiplier, 1st-dynode, discriminator)

Hiden Analytical Limited EQP Analyser User Manual 2014
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Drift lens (flight

focus) if fitted Quadrupole lens (vert, horiz, D.C. quad)
SIMION flight time simulations .. ==/t 4 /=
e : .: 2l
» Simulation of ion trajectories to correct the flight time ™"

lonisation source focus2 AN Mass filter
(resolution,

(emission, electron-energy, cage)
delta-m)

* Input: lens and MS electrode voltages, ion entrance
energies and quitting surface

energy, transit-energy

suppressor

Detector (multiplier, 1st-dynode, discriminator)

Hiden Analytical Limited EQP Analyser User Manual 2014

L. Hansen Time-resolved ion mass spectrometry of a DBD 20



Drift lens (flight
focus) if fitted Quadrupole lens (vert, horiz, D.C. quad)

SIMION flight time simulations U it b

Energy filter (plates)

TN
 Simulation of ion trajectories to correct the flight time ™" | ™ o AR st
(emission, electron-energy, cage) YO AR (resolution,

delta-m)

* Input: lens and MS electrode voltages, ion entrance
energies and quitting surface

energy, transit-energy

suppressor

Detector (multiplier, 1st-dynode, discriminator)

Hiden Analytical Limited EQP Analyser User Manual 2014

e Quitting surface can be
estimated by comparison of
experiment and simulation
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Atmospheric pressure DBD

* Single-filament DBD
° Discharge gap: 2.5 mm Tungsten tip electrode (HV)
e Dielectric thickness: 1 mm (@ 1.6 mm, sharpened)

/ \Epoxy resin

Borosilicate glass dielectric (1 mm)

A

2.5 mm Discharge (Ar + N,/0O,)

MS orifice /\ (ground)
(D 20 um)

Adapted from
L. Brocker, G. S. Perlick and C.-P. Klages 2020 Plasma Process. Polym. 17 €2000129
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Atmospheric pressure DBD

 Single-filament DBD

o Discharge gap: 2.5mm Tungsten tip electrode (HV)
* Dielectric thickness: 1 mm (©'1.6 mm, sharpened)
/ \Epoxy resin
* HF or pulsed operation
* Sine wave, up to 18 kvpp’ 20 kHz ] Borosilicate glass dielectric (1 mm)

(PVM500/DDR10, amazing1l) 2.5 mm Discharge (Ar + N,/O,)

A\ 4

MS orifice /\ (ground)
(D 20 um)

Adapted from
L. Brocker, G. S. Perlick and C.-P. Klages 2020 Plasma Process. Polym. 17 €2000129
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Atmospheric pressure DBD

* Single-filament DBD

° Discharge gap: 2.5 mm Tungsten tip electrode (HV)
* Dielectric thickness: 1 mm (@ 1.6 mm, sharpened)
/ \Epoxy resin
* HF or pulsed operation
e Sine wave up to 18 kV__. 20 kHz Borosilicate glass dielectric (1 mm)
) pE)I 'y

(PYM500/DDR10, amazing1) 2.5 mm Discharge (Ar + N,/0O,)
* Positive 150 ns pulse, up to 20 kV, 100 kHz |

(Custom, based on HTS331-06, Behlke) MS orifice )\ (ground)

(D 20 um)
Adapted from

L. Brocker, G. S. Perlick and C.-P. Klages 2020 Plasma Process. Polym. 17 €2000129
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Atmospheric pressure DBD

 Single-filament DBD

° Discharge gap: 2.5 mm Tungsten tip electrode (HV)
* Dielectric thickness: 1 mm (©1.6 mm, sharpened)
/ \Epoxy resin
* HF or pulsed operation
e Sine wave up to 18 kV__. 20 kHz Borosilicate glass dielectric (1 mm)
’ pE)I 'y

(PVM500/DDR10, amazingl) N ischarge (Ar + N/O,)
* Positive 150 ns pulse, up to 20 kV, 100 kHz |

(Custom, based on HTS331-06, Behlke) MS orifice )\ (ground)

(D 20 um)

* 2 slm Ar +up to 0.8 % N,/O, admixture

Adapted from
L. Brocker, G. S. Perlick and C.-P. Klages 2020 Plasma Process. Polym. 17 €2000129
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* Single short and separated pulses
* Photodiode for ignition control

Flight time measurements utilizing the pulser

e 7.4 kV, 1 kHz, 2 sim Ar

e Pulse 100 ps delayed to MCS and

oscilloscope trigger

L. Hansen

8

o

Electrode voltage / kV
N EAN

o
L

o

Time-resolved ion mass spectrometry of a DBD

0.5

1
Time / ms

1.5

1.5

10.5
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* Single short and separated pulses
* Photodiode for ignition control

* Pulses prolonged due to capacitive load

* Two separated discharge events per pulse

Flight time measurements utilizing the pulser

e 7.4 kV,1kHz, 2 slm Ar

e Pulse 100 ps delayed to MCS and

oscilloscope trigger

* Back discharge due to

8

o

Electrode voltage / kV
N EAN

o
i

o

surface charges

* Temporal separation large enough for

flight time calibration

L. Hansen

Time-resolved ion mass spectrometry of a DBD

0.5

1
Time / ms

1.5

1.5

10.5
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* Single short and separated pulses
* Photodiode for ignition control

* Pulses prolonged due to capacitive load

* Two separated discharge events per pulse

Flight time measurements utilizing the pulser

e 7.4 kV,1kHz, 2 slm Ar

e Pulse 100 ps delayed to MCS and

oscilloscope trigger

* Back discharge due to

8

o

Electrode voltage / kV
N EAN

o
i

o

surface charges

* Temporal separation large enough for

flight time calibration

L. Hansen

Time-resolved ion mass spectrometry of a DBD

0.5

1
Time / ms

1.5

1.5

10.5
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Flight time measurements utilizing the pulser

5000

Multi Channel Scaler (MCS)
e 20 ns bin width
* Binning of 50 bins to 1 ps bins

SEM counts

4000

2000

L. Hansen
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iy

+ 32u(03)[

%10°

+ 36 u ((H,0))|

+ 40 u (Ar")

Time-resolved ion mass spectrometry of a DBD
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Flight time measurements utilizing the pulser

T T 11 T 1771717717171 T7 171717 17 17" 177" 17" 1717 1T §_T T T T T T T T T T T
+ 32u(0})
—— Sum of Gaussian fits

Gaussian fits

ht—T ;...uuunm#mlHH%uJ,UMLu11uuuu DL L L L
|||||||||||||||||||||||||||||| TP T C AT OO OO

5000

* Multi Channel Scaler (MCS)
e 20 ns bin width =
* Binning of 50 bins to 1 us bins soon T T T T T T T T T T T T s

° A”OW for asum Of Ga USSia NS as g e e R b A
s x10°
T rr T rrrrrrrrrrrrrrrrrrrrrrrrr1rrrr 1T 1T 1T 1T 1T 1T T 1T T T 1 _ 1T T T T T T
w

multiple ion production points in )
i : + 40u (Ar)
time are possible 1 jk |

140
1 60 _'_7"_,3‘:' kA
180

Time since pulse / us
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Flight time measurements utilizing the pulser

T T 11 T 1771717717171 T7 171717 17 17" 177" 17" 1717 1T §_T T T T T T T T T T T

+ 32u(0})

—— Sum of Gaussian fits
Gaussian fits

II||Illm%'1|:|l'lrLl"1[H.-l‘!'!‘!umulllllLlllllllllllI|II|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
|||||||||||||||||||||||||| T e e errnrrnronn

5000

* Multi Channel Scaler (MCS)
e 20 ns bin width =
* Binning of 50 bins to 1 s bins B

+ 36 u ((H,0)})

° A”OW for asum Of Ga USSia NS as R Pt T A AR i
multiple ion production points in
time are possible

N — l ( x _'u’?‘ ) 2 LLLLELEL LR LEELELELELLL - >%WWILUJJJLLUJJJMLLLLUJJJIII
6 2 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII |||||||||||||||||||||||||||||||||||||||| L

><1o5
rr——rrrrrrr T T T 1T 11111 11 1T 17T 1T 1T "7 1T T T T T T T T T 1T T T T T T T
+ 40 u (Ar")

SEM counts

—_—

4000

* Mean value of first Gaussian 2000
chosen as flight time L 00 e )
(V] <t (o] o] (@] (q\] < (o]

Time since pulse / us

180

o
N
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Flight time measurements utilizing the pulser

200 I I I I I I I I I
* Flight times should I measurements
depend on kinetic energy
150 - -
Elﬂ,n — %meQ g_ Jr
t X % X /T GEJ Jf X

S 100+ ]

= X

5 -

T X X
50 sk ]

O | | | | | | | | |

0 10 20 30 40 50 60 70 80 90 100
Mass / u
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Flight time measurements utilizing the pulser

* Flight times should 200 I oasurements] | | | | | |
depend on kinetic energy a'm ") _ fit
Biin = Lmo? 150 JF ]
t o % X /M i e j
100 F [ ]

Flight time / ys

|
<4
|

a=(128402)%

0 10 20 30 40 50 60 70 80 90 100
Mass / u
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Flight time measurements utilizing the pulser

* Flight times should
depend on kinetic energy

a=(128+0.2)—

* Comparison with SIMION
to estimate the quitting
surface (QS)

L. Hansen

Flight time / ps

200 I [ [ [ [ [ [ [ [
¥ measurements
a*m(”z) - fit
150 | X SIMION QS: 0.1mm |
X SIMION QS: 1.2mm X
. L % %
100 . X _
o X X % X
X K
w5 XX
50 X 1
O | | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100
Mass / u

Time-resolved ion mass spectrometry of a DBD
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Flight time measurements utilizing the pulser

* Flight times should
depend on kinetic energy

a=(128+0.2)—

* Comparison with SIMION
to estimate the quitting
surface (QS)

L. Hansen

Flight time / ys

200 [ [ [ [ [ [ [ [ [
¥ measurements
a*m(1/2) - fit
150 | X SIMION QS: 0.1mm b
X SIMION QS: 1.2mm X
. L % X
100 - R X _
w X % X
> %X
w< KX
50 X |
O | | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100
Mass / u

Time-resolved ion mass spectrometry of a DBD
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“Typical” DBD plasma operation

* High frequency operation
* 10.8 kV,, - 14.8 kV,,,, admixture
dependent
e 20 kHz, sine wave
* 2slm Ar+0.8 % (16 sccm) O,/N,

&)

pp’

Electrode voltage / kV
o

&

ClAluU L. Hansen Time-resolved ion mass spectrometry of a DBD

20
Time / us

Diode voltage / V
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[ ¥

(i . (o .
Typical” DBD plasma operation [ eem s
2.5mm Discharge (Ar + N,/0,)
| MS orifice) Qground) ‘
 High frequency operation - L 0.3
* 10.8 kV,, - 14.8 kV,,,, admixture Sf
dependent

e 20 kHz, sine wave
* 2slmAr+0.8 % (16 sccm) O,/N,

Electrode voltage / kV
o

&

* Two ignitions per period

* Emission between pos. and neg. filament

0 20 40 60
+ Time/pus
LY

Borosilicate glass dielectric (1 mm) |

2.5mm Discharge (Ar + N,/0,)

| MS orifice)“ground) ‘
(2 20 um)

ClAluU L. Hansen Time-resolved ion mass spectrometry of a DBD
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[ ¥

V24 . (o .
Ty p I Ca | D B D p | a S m a O p e rat | O n I Borosilicate glass dielectric (1 mm) |
2.5mm Discharge (Ar + N,/0,)
| MS orifice)Qground) ‘
 High frequency operation - L 0.3
 10.8 kVpp - 14.8 kVpp, admixture > O
- >
dependent 3 =
. O]
* 20 kHz, sine wave § >
O e
* 2slmAr+0.8 % (16 sccm) O,/N, >0 S
8 2
C : 3 O
* Two ignitions per period i 5
. iSSi ween . and neg. filamen ' ' '
Emission between pos. and neg. filament . 20 10 -
* Emission stronger for neg. filament + Time/ps
d May due tO SU rface Charges l Borosilicat/eglas!ielec}ric(1 mm) |
2.5mm Discharge (Ar + N,/0,)

| MS orifice)Qground) ‘
(2 20 um)
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-20u-40u-41u-80u—81u

' 5.
Results Ar, (X) ions @ 10°
C:U1O4 i /,*/‘,4::\\\ _____ Ar’
. . %) 3?::7 ‘\::::""_,7‘:.——-"‘“~\\___::<
* lon signals are corrected by their 5107 Ar =
. . . i 2+ ’ Tess
corresponding flight time and smoothed (%102\_\ AL :
* Dashed lines indicate an artificial signal r L S —
reduction by ion lens defocusing 0 5 1015 20Tirr212/32 35 40 45 50

ClAluU L. Hansen Time-resolved ion mass spectrometry of a DBD



Results Ar, (X) ions

* lon signals are corrected by their
corresponding flight time and smoothed

* Dashed lines indicate an artificial signal
reduction by ion lens defocusing

0.08 % N, admixture
-20u-40u-41u-80u—81u

; N i
1 1 | | | | | | | | | |
0 O 5 10 15 20 25 30 35 40 45 50
Time / ys

L. Hansen

-20u-40u-41u-80u—81u

Time-resolved ion mass spectrometry of a DBD

LIJ102 ~ L. ’\’,V_\/ R =
c,)101 o | | - | | | |
O 5 10 15 20 25 30 35 40 45 50
Time / us
0.08 % O, admixture
—20u-40u—41u-80u
§105 Ar; TS AT
~ 4 o —pmm=m T T T T ,/__ == \\\____\___
g1 & )///’- -
o I ——— =
(@) 3L R S~
‘5 10 g g
= 102 Ar?*
N e p e
O 5 10 15 20 25 30 35 40 45 50
Time / us

40




—14u—28u-29u-42u-—-56u—57u

Results N, (X) ions 2 10°
= 10*
* lon signals are corrected by their 2103
corresponding flight time and smoothed = ;2.

* Dashed lines indicate an artificial signal w1o1 I+ -

0O 5 10 15 20 25 30 35 40 45 50

reduction by ion lens defocusing Time / s
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—14u—28u-29u-42u-—-56u—57u

' 5.

Results N (X) ions 210°

Iyl

(—210

* lon signals are corrected by their 2103

corresponding flight time and smoothed = ;2.

: L e g »
* Dashed lines indicate an artificial signal 10t—AF B —
reduction by ion lens defocusing 0 5 101520 25 30 35 40 45 50

Time / us
0.08 % N, admixture 0.08 % O, admixture
—14u—28u—29u-42u—56u—57u —46 u—60 u—62 u—88 u
w105t | | | | | | | | N w105t | | . | | | | |
=107 =W (NO), (N,O), |
~ 4 ~ A4l ] ]
g Rl X
D, 3. D,n3L ]
@107 107 \//\
= 2:, , = 2:, N02 i
w107 i 10° me
» N : | » . N, O, instead of N, (X)*
10 s 10 s
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Time / us Time / us
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Results (H,0),(X) cluster

* lon signals are corrected by their
corresponding flight time and smoothed

* Dashed lines indicate an artificial signal
reduction by ion lens defocusing
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Results (H,0),(X) cluster

* lon signals are corrected by their
corresponding flight time and smoothed

* Dashed lines indicate an artificial signal
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