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high dynamics in space and time. For example, filamentary plasma jets interacting with 
liquids such as used in plasma medicine show a stochastic development of plasma pathways 
in a turbulent multiphase environment. This affects the electric field (leading to plasma 
breakdown), the plasma’s species composition, and consequently its reactivity. To 
understand the fundamental processes of plasma generation and energy dissipation that 
drive a plasma’s reactivity, a detailed characterization and plasma diagnostics are required. 
High gradients and small-scale species’ distribution in filamentary plasmas challenge 
conventional diagnostic methods.  
The talk describes ways to measure low intensity stochastic events on short time scales on 
the examples of fs-laser electric field measurements (E-fish) and Rayleigh scattering 
measurements. Single shot measurements accurately represent real time events. Highly 
sensitive measurements, however, typically require averaging procedures to sufficiently 
increase signal to noise ratio. For random events in space or time, averaging can easily lead 
to unwanted smearing and distortion of results. Post processing of data presents the 
possibility to combine the accuracy of single shot data recording with the benefits of 
averaging procedures. Three approaches will be discussed in which single shot data of 
stochastic events such as the electric field and the flow field of an atmospheric pressure 
plasma jet are collected. Firstly, time binning sorts electric field measurements in a post-
processing routine according to their random delay with respect to the applied voltage in 
order to increase the time resolution. Secondly, advanced averaging yields an increased 
signal to noise ratio from post-processing that averages electric field measurements sorted 
into groups. Finally, space slicing allows “discretized 3D-measurements”, spreading multiple 
laser sheets across the measurement volume. The described methods are presented 
exemplarily for real time event monitoring. 
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Figure 1. The atmospheric pressure plasma jet kINPen initiates strongly non-equilibrium chemical processes.
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Introduction

Cold atmospheric pressure plasma jets are in the focus of 
plasma research today. They can generate high reactivity at 
low gas temperatures. Several reviews on plasma jets in gen-
eral [1–9], and on the application field of plasma medicine 
[10–18], have been published in the past few years. The atmo-
spheric pressure plasma jet kINPen was developed from a 
laboratory system to a commercial plasma source for techni-
cal and medical applications. It is pen-sized and can be held 
like a scalpel or pencil. It can be operated with noble gases 
with molecular admixtures or with pressurized air. Its low gas 
temperature of less than 40 °C, and highly reactive non-equi-
librium chemistry, make it suitable for treatment of sensitive 
inorganic surfaces as well as biological systems. Operation 
with argon as feed gas in a turbulent gas flow regime makes 
the kINPen a unique plasma source to study.

The plasma exits the nozzle as a visible plume about 1 cm 
long. With about 1 MHz, the kINPen’s operation frequency lies 

between the kHz regime typically used for dielectric barrier 
plasma jets and radio frequencies of 13.56 MHz or higher. The 
plasma-dissipated power is approximately 1 W, with a device 
input power of approximately 20 W. The discharge pathway 
follows the air impurity distribution in the argon jet effluent. 
Time-resolved imaging reveals that even at 1 MHz, the plasma 
jet is a guided streamer discharge. Fast-moving streamer fronts 
mainly dissipate energy into the excitation of noble gas spe-
cies. Low-intensity argon excimer radiation is quickly absorbed 
by ambient species below the detection limit. Electron densi-
ties can be expected to be up to the order of 1014 cm−3 in the 
streamer head at electron temperatures of up to 4 eV.

Diffusion of ambient species leads to the generation of pri-
mary chemical species (see figure 1). When molecular gases 
are admixed to the feed gas and the effluent, metastable spe-
cies of argon, oxygen and nitrogen play dominant roles in 
energy dissipation. Due to the streamer head propagation in 
the effluent, the charged species distribution results in a modu-
lating electric field. In particular, the electronegativity of the 
oxygen species in the surrounding influences the electric field 
distribution. At ambient conditions, humidity can influence 
the resulting stable species chemistry: chemical pathways 
involving water primarily originate from water molecule dis-
sociation, forming hydroxyl radicals (OH). The OH radicals 
interact with air species generating further reactive species. 
The resulting long-living species include hydrogen peroxide, 
HNO3 and HNO2.

When treating biologically relevant liquids, these species, 
together with the short- living atomic (O, N, H) and molecular 
species (OH, NO, HO2, NO2), form the basis for a dynamic 
liquid chemistry resulting in acidification of non-buffered 
solutions. This acidification involves the formation of perox-
ynitrite. Reactive species are either transported into the liquid 
for the case of a high Henry’s constant species, are gener-
ated within the liquid by plasma components such as VUV 
radiation, or are the result of a reaction chain within the liq-
uid. Species detected in the liquid phase include OH radicals, 
hydrogen peroxide, superoxide anion radicals, singlet oxygen, 
nitrite and nitrate.

The kINPen has been used to study plasma surface interac-
tion and processes in plasma medicine. Fundamental research 
has shown that the kINPen can be adjusted to inactivate patho-
gens and stimulate human cells.

J. Phys. D: Appl. Phys. 51 (2018) 233001
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Bullet time scene – The Matrix

Question 1850s: 
At what time does a horse in gallop 
lift all feet from the ground?
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the Beginning
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Superior imaging intensified CCD camerasSTANFORD

OPTICS
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Ultra high speed ICCD framing camera
RapidFrame

Superior imaging intensified CCD cameras

Stanford Computer Optics developed and designed the mirror based image splitter to provide 
the best optical resolution and imaging quality with the multi-channel ICCD camera, 
XXRapidFrame.  This customized image splitter does provide spectral flat response over the 
UV, VIS and IR and splits the incoming light equally between the attached channels.  Hence, the 
mirror based image splitter has numerous advantages in comparison to competing solutions.

Mirror based image splitter
Best performance mirror based image splitter 
without compromising resolution and imaging quality.

Image splitter comparison
Parameter customized mirror based image splitter semi transparent mirror image splitter
Optical layout

Spectral splitting 
characteristics

Advantages + flat spectral response
+ expandable to UV
+ light and compact
+ multi-spectral imagery + multi-spectral imagery

Disadvantages - spectral response depending on the 
  characteristics of the mirror
- not expandabel to UV
- heavy and large

UV enhanced image splitter
The standard mirror based image splitter enables 
measurements down to 350nm. Even if the 
downstream ICCD cameras are sensitive in the UV the 
light below 350nm just does not pass the image 
splitter. The UV enhanced mirror based image splitter 

enables in combination with the adequate photo-
cathode measurements down to 200nm. It consist of a 
customized, in-house developed lens system including 
6 lenses made of UV capable material like MgF2 and 
adequate mirror coatings.

100 UV-enhanced Stanford Computer Optics image splitter

standard Stanford Computer Optics image splitter
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Individual channel settings
The individual channels are equipped with technology 
based on the 4 Picos or 4 Quik E ICCD camera.

The 4 Picos and 4 Quik E provide highly accurate timing control with 0.2ns and 1.2ns minimum 
gating time, furthermore, the gating and delay time can be controlled with a step size of 0.01ns 
and 0.1ns, respectively.
Both ICCD cameras cover the spectral range from 200nm up to 1300nm with the respective 
image intensifier.  The customized design of the optical coupling lens guarantees in both 
cameras high sensitivity, high resolution, distortion free and vignetting free images.  The CCD 
sensor can be chosen independently from the time setting.
All multi-channel framing cameras with four or less channels are equipped with fully functional, 
independent usable ICCD cameras. All intensified CCD channels within multi channel framing 
cameras with six and more channels are not removable from the housing.

Time settings
XXRapidFrame parameter based on 4 Picos* based on 4 Quik E*
Shortest gating time 0.2ns   80s 1.2ns   80s
Shortest interframing time 0.01ns   80s 0.1ns   80s
Timing control step size (gating and delay time) 0.01ns 0.1ns
Jitter 0.01ns 0.02ns
Double frame interframing time (two frames one channel) 500ns 500ns
Minimal dead time between multiple exposures 300ns 300ns
Trigger propagation delay internal gate pulse: 67-72ns
External trigger options TTL, high voltage (100V) or optical fiber connector

* More detailed information: www.stanfordcomputeroptics.com/products.html

CCD sensor options (independent from time settings)
Parameter High resolution CCD sensor (standard) Standard resolution CCD sensor (optional)
Resolution (pixel) 1360 x 1024 780 x 580
Pixel size (µm) 4.7 x 4.7 8.3 x 8.3 (higher full well capacity)
Max. frame rate (full, 2x2, ROI) 8.8 / 14.8 / 20.7 fps 14.1 / 25.3 / 27.1 fps
Binning options full frame, 2x2 (binning), ROI (region of interest)
Dynamic range 12 or 14 bit
Video gain (dB) full and ROI: 0..20db; 2x2: 0..25db 
Chip readout Correlated double sampling, dark current corrected
Camera interface USB 2.0
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Multi-ICCD Setup

Streak camera

Mahgoub et al. Proc. IPAC2012, New Orleans, USA

Stroboscope Effect

ESCAMPIG XXII, Greifswald, Germany, July 15-19, 2014

image is a composite of the two original image parts (looking slightly from above and below) which are
represented in red and cyan respectively. Streamers that appear at the same position in both images are
represented in white and move in the plane of the image. The figure shows that the streamers are indeed
affected by the pre-ionization trail left by the laser. In fact, many of the channels follow this trail instead
of taking a more direct route towards the plane electrode below. The position of the numbered sections
with respect to the laser beam in figure 4a is plotted in figure 4b. Together, these two figures show
the strength of stereo-photography by clearly proving that the numbered streamer sections are actually
guided by the laser pre-ionization.

Even though all experiments discussed above do give the exact positions of streamer trails, they give
no information about the development of streamer velocity or other time-resolved properties. Unfortu-
nately, no practical and affordable camera is fast enough to shoot multiple frames during the propagation
of a streamer as this would require a frame-rate of at least 20 million frames per second (and preferably
more). This can be partly remedied by using multiple image paths [5, section 2.3.3] or multiple cameras.
Both methods have the disadvantage that only a very small number of frames (!4) can be used. Alterna-
tively, it is possible to measure the development by acquiring many images of different discharge events.
This method was recently employed by Clevis et al. [6] and improved by Heijmans et al. [7]. However, it
only works for very reproducible discharges or to investigate reproducible phenomena in more stochastic
discharges.

A technique that can give direct insight into the time and space resolved velocity distribution of
propagating streamers is stroboscopic imaging. This can be achieved with an ICCD camera of which the
gate can be opened and closed at high repetition rates. This technique has been first used by Pancheshnyi
et al. [8] and has recently been used more extensively by us [9]. We use a LaVision PicoStar HR12
camera that can be gated with a maximum frequency of 110 MHz. Because the propagating streamers in
air and other nitrogen-oxygen mixtures only emit radiation from the streamer head and decay times are
short, images made in this way will look like a string of beads. An example of such an image is shown
in figure 5.

Figure 5: Stroboscopic image of streamer discharge with a surface component in 60 mbar ambient air with a
10 kV positive voltage pulse imaged with a gating frequency of 50 MHz at a 50 % duty cycle. The anode tip and
the dielectric rod are shown in white. Image from [9].

Here a streamer discharge in the vicinity of an epoxy rod is imaged. The relative velocity of each
streamer section can be easily deduced from this image. This shows that the streamers propagate faster
along the dielectric rod than through the bulk gas.

The present stroboscopic images are made without a stereo-photography set-up. Therefore veloc-
ities of streamers which are propagating out of the image plane will be underestimated. This can be
remedied by combining stroboscopic imaging with stereo-photography. Together this can give a full
three-dimensional, time-resolved image of streamer propagation in a single discharge.

Figure 6 contains such a combined stereoscopic stroboscopic image. In this experiment a dielectric
plate with dimensions 150× 30× 2mm3 is placed nearly vertical below and to the side of the tip. The
left part of the stereoscopic image is directed at the side of the plate while the right part is looking slanted
onto the surface of the plate. The angle between both views is approximately 20◦.

S Nijdam Escampig XII Greifswald
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Single Shot vs. Averaging3 Results: plasma jet properties
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Figure 3.3: NO 2D-LIF of the kinpen visible e�uent operating with 1.0 % dry air admixture.
The measurements are performed with the system described in section 2.2.3. A)
and B) are single shot acquisitions while C) and D) are averaged. A) and C)
correspond to a flow rate of 1.0 slm whereas C) and D) are at 3.0 slm.
The signal is proportional to the laser energy but not corrected regarding quench-
ing. Estimation of the density may be possible by comparing the images with the
respective case in article IV figure 6 a) and b).
Laser excitation wavelength at 226.2 nm, exposure time of 100 ns, optical filter
central wavelength at 248 nm with 5 nm HWHM, laser pulse duration of 6 ns,
laser fluence of 3.3 kJ · m≠2.

produced by point-to-point LIF (see article IV, figure 6 a) and b)). Conclusively, both ap-
proaches show that in average –and on a millisecond time scale or longer– the mean density
profile of NO have been resolved for the first time in this kind of plasma source.
Furthermore, the latter paper discussed a lateral shift of the maximum concentration attributed
to the location of the plasma filament. This statement has been confirmed by figures 3.3 A) and
B). In both cases, NO is located along a thin path of about 200 µm diameter elongated in the
direction of the flow. Obviously, the mass transfer of NO is not the origin of this distribution
but rather the discharge itself since images A) and B) reminds the streamer shape pictured
in figure 2.2. The red rectilinear trajectory described in figure 3.3 A) in contrast with the
stochastic-like features visible in figure 3.3 B) is consistent with the turbulent guided streamer
presented in article I and article III. These aspects are the subject of section 3.3 developed
further in.
Considering the previous findings regarding the instantaneous distribution of NO, a comment
must be addressed about the gas temperature reported in article IV derived from NO exci-
tation spectra (see figure 2.7). At first sight, these temperature values seemed overestimated
compared to the gas temperature. However, this resembles the gas temperature on a time scale

40

Single shot measurements reveal high gradients and locally high densities

S. Iseni 2014
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Relevance?

Tian W. and Kushner M., 67th 
GEC (2014), Raleigh, USA 

• Stationary: NOaq is consumed by H2O2aq at the center. In absence of H2O2aq, NOaq diffuses to the 
underlying tissue at the edges.

• “Memory-effect”: NOaq and H2O2aq are mixed at selected locations.  NOaq survives only where the 
density of H2O2aq is smaller.

• Random: H2O2aq is “well-stirred” with NOaq.  Consumed by the H2O2aq there is little diffusion to the 
tissue.  

Animation Slide

EVOLUTION OF H2O2aq and NOaq

Stationary

“Memory-Effect”

Random

H2O2aq (1015 cm-3) NOaq (1015 cm-3)

MIN MAX 
Log scale

University of Michigan
Institute for Plasma Science & Engr.
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“Sentinel” Plasma Jet

• Nanosecond pulsed plasma jet
• 500 sccm Argon
• 500 sccm co-flow (Oxygen/Nitrogen)
• Peak Voltage: ~4 kV
• Pulse Duration: 12 ns FWHM @ 0.5 to 1 kHz
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Back current shunt

Attenuator

Seepersad et al.

• Resistors soldered into ground shielding of 
HV cable

• Voltage drop over resistors measures 
current flowing through cable

• Incoming and reflected pulse measurable
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Back current shunt

Reflected pulse measured with the BCS exhibits no electric field (red) at the 
electrodes

L. Hansen, B. Goldberg, D. Feng, D. Miles, H. 
Kersten, S. Reuter PSST, (Submitted)
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Superimposing applied pulses with reflections shows electrical power dissipated 
in the discharge

Electric Measurements
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Plasma ignition can be observed in real 
time in single shot BCS evaluation

Back Current Shunt (BCS)

single shot with electric measurements

S. Reuter, B. Goldberg, L Hansen, A. 
Dogariu, D. Miles, in preparation

before plasma ignition

after plasma ignition
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Measurement Techniques

E-Fish - Electric Field induced second harmonic 
light generation 

Rayleigh-Scattering

FLEET - Femtosecond Laser Electronic 
Excitation Tagging

flickr - optick
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E-FISH

In an isotropic medium, the index of refraction is the same in all directions
Second harmonic generation is only possible in a non-centrosymetric medium 
and impossible in a symmetric medium

Applying an electric field destroys that symmetry 
allowing for second harmonic generation

Non-linear 
Optical 
medium 
𝜒! > 0
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Benefits of E-FISH Method

• Quadratic Dependence upon Electric 
Field
– Sensitive down to 100’s of V/cm

• Time Resolution
– fs laser acts as a δ function compared with ns 

changes in fields

• Non-resonant
– Wavelength can be chosen to fit experiment

Dogariu, A., et al. Physical Review 
Applied, 7(2), 024024.
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Experimental Setup

Spectra-Physics Solstice Ace laser 800 nm @ 50 fs up to 6 mJ per pulse
a wave plate and polarizer are used to vary the energy 

cylindrical focus

𝑤2 ~10µm   zR~100µm. Lcoh~10 mm 
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Electric Field in Streamer 
Propagation

B.M. Goldberg, S. Reuter et 
al., Opt Lett, 3853, 44 (2019)
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Rayleigh Scattering

• Rayleigh scattering is the scattering of light on particles with 
diameter d smaller than the wavelength: d<<l

• Electron displacement by the incident electric field creates a 
dipole that emits the Rayleigh scattered light.
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Towards single shot in low signal measurements

1. time binning

2. advanced averaging

3. space slicing
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Time Binning (E-FISH)

• Laser shot is shifted with respect to ns-pulse
• gated camera records second harmonic signal 
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Time Binning (E-FISH)

example: Laser jitter
triggering on previous laser pulse leads to jitter ~20ns
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Time Binning (E-FISH)

S. Reuter, B. Goldberg, L Hansen, A. 
Dogariu, D. Miles, in preparation

single shot acquisition

sorting according to time 
positions

sorting into bins and and 
averaging
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signal to noise ratio from post-processing that averages electric field measurements sorted 
into groups. Finally, space slicing allows “discretized 3D-measurements”, spreading multiple 
laser sheets across the measurement volume. The described methods are presented 
exemplarily for real time event monitoring. 
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• Laser pulse ionizes molecular nitrogen—dissociation via e-ion 
recombination

• Atomic nitrogen recombines into excited molecular nitrogen
– 1st positive (520-780 nm) signal: ~10 µs in air, >60 µs in pure 

nitrogen, >100µs in Ar
– 3-body recombination limits overall rate

Femtosecond laser electronic excitation tagging 



stephan.reuter@polymtl.ca Online Low Temperature Plasma Seminar – 1.Sept. 2020
www.polymtl.ca/plasma

 
 

Online LTP Seminar 
Lecture 9 

September 1, 2020 
 

 
Towards single shot diagnostics in low temperature plasmas 
Stephan Reuter 
Polytechnique Montréal 
 
 
Abstract - Low temperature plasmas at atmospheric pressure are often characterized by 
high dynamics in space and time. For example, filamentary plasma jets interacting with 
liquids such as used in plasma medicine show a stochastic development of plasma pathways 
in a turbulent multiphase environment. This affects the electric field (leading to plasma 
breakdown), the plasma’s species composition, and consequently its reactivity. To 
understand the fundamental processes of plasma generation and energy dissipation that 
drive a plasma’s reactivity, a detailed characterization and plasma diagnostics are required. 
High gradients and small-scale species’ distribution in filamentary plasmas challenge 
conventional diagnostic methods.  
The talk describes ways to measure low intensity stochastic events on short time scales on 
the examples of fs-laser electric field measurements (E-fish) and Rayleigh scattering 
measurements. Single shot measurements accurately represent real time events. Highly 
sensitive measurements, however, typically require averaging procedures to sufficiently 
increase signal to noise ratio. For random events in space or time, averaging can easily lead 
to unwanted smearing and distortion of results. Post processing of data presents the 
possibility to combine the accuracy of single shot data recording with the benefits of 
averaging procedures. Three approaches will be discussed in which single shot data of 
stochastic events such as the electric field and the flow field of an atmospheric pressure 
plasma jet are collected. Firstly, time binning sorts electric field measurements in a post-
processing routine according to their random delay with respect to the applied voltage in 
order to increase the time resolution. Secondly, advanced averaging yields an increased 
signal to noise ratio from post-processing that averages electric field measurements sorted 
into groups. Finally, space slicing allows “discretized 3D-measurements”, spreading multiple 
laser sheets across the measurement volume. The described methods are presented 
exemplarily for real time event monitoring. 
 
 
 
 

38/55

FLEET

6 
m

m

600 sccm 2000 sccm

3 mm

Flow velocity is calculated by known dimensions and time of 
camera gating after laser tagging



stephan.reuter@polymtl.ca Online Low Temperature Plasma Seminar – 1.Sept. 2020
www.polymtl.ca/plasma

 
 

Online LTP Seminar 
Lecture 9 

September 1, 2020 
 

 
Towards single shot diagnostics in low temperature plasmas 
Stephan Reuter 
Polytechnique Montréal 
 
 
Abstract - Low temperature plasmas at atmospheric pressure are often characterized by 
high dynamics in space and time. For example, filamentary plasma jets interacting with 
liquids such as used in plasma medicine show a stochastic development of plasma pathways 
in a turbulent multiphase environment. This affects the electric field (leading to plasma 
breakdown), the plasma’s species composition, and consequently its reactivity. To 
understand the fundamental processes of plasma generation and energy dissipation that 
drive a plasma’s reactivity, a detailed characterization and plasma diagnostics are required. 
High gradients and small-scale species’ distribution in filamentary plasmas challenge 
conventional diagnostic methods.  
The talk describes ways to measure low intensity stochastic events on short time scales on 
the examples of fs-laser electric field measurements (E-fish) and Rayleigh scattering 
measurements. Single shot measurements accurately represent real time events. Highly 
sensitive measurements, however, typically require averaging procedures to sufficiently 
increase signal to noise ratio. For random events in space or time, averaging can easily lead 
to unwanted smearing and distortion of results. Post processing of data presents the 
possibility to combine the accuracy of single shot data recording with the benefits of 
averaging procedures. Three approaches will be discussed in which single shot data of 
stochastic events such as the electric field and the flow field of an atmospheric pressure 
plasma jet are collected. Firstly, time binning sorts electric field measurements in a post-
processing routine according to their random delay with respect to the applied voltage in 
order to increase the time resolution. Secondly, advanced averaging yields an increased 
signal to noise ratio from post-processing that averages electric field measurements sorted 
into groups. Finally, space slicing allows “discretized 3D-measurements”, spreading multiple 
laser sheets across the measurement volume. The described methods are presented 
exemplarily for real time event monitoring. 
 
 
 
 

39/55

FLEET Evaluation

Gaussian fit of line profile at each position yields 
FLEET line displacement 



stephan.reuter@polymtl.ca Online Low Temperature Plasma Seminar – 1.Sept. 2020
www.polymtl.ca/plasma

 
 

Online LTP Seminar 
Lecture 9 

September 1, 2020 
 

 
Towards single shot diagnostics in low temperature plasmas 
Stephan Reuter 
Polytechnique Montréal 
 
 
Abstract - Low temperature plasmas at atmospheric pressure are often characterized by 
high dynamics in space and time. For example, filamentary plasma jets interacting with 
liquids such as used in plasma medicine show a stochastic development of plasma pathways 
in a turbulent multiphase environment. This affects the electric field (leading to plasma 
breakdown), the plasma’s species composition, and consequently its reactivity. To 
understand the fundamental processes of plasma generation and energy dissipation that 
drive a plasma’s reactivity, a detailed characterization and plasma diagnostics are required. 
High gradients and small-scale species’ distribution in filamentary plasmas challenge 
conventional diagnostic methods.  
The talk describes ways to measure low intensity stochastic events on short time scales on 
the examples of fs-laser electric field measurements (E-fish) and Rayleigh scattering 
measurements. Single shot measurements accurately represent real time events. Highly 
sensitive measurements, however, typically require averaging procedures to sufficiently 
increase signal to noise ratio. For random events in space or time, averaging can easily lead 
to unwanted smearing and distortion of results. Post processing of data presents the 
possibility to combine the accuracy of single shot data recording with the benefits of 
averaging procedures. Three approaches will be discussed in which single shot data of 
stochastic events such as the electric field and the flow field of an atmospheric pressure 
plasma jet are collected. Firstly, time binning sorts electric field measurements in a post-
processing routine according to their random delay with respect to the applied voltage in 
order to increase the time resolution. Secondly, advanced averaging yields an increased 
signal to noise ratio from post-processing that averages electric field measurements sorted 
into groups. Finally, space slicing allows “discretized 3D-measurements”, spreading multiple 
laser sheets across the measurement volume. The described methods are presented 
exemplarily for real time event monitoring. 
 
 
 
 

40/55

FLEET Evaluation



stephan.reuter@polymtl.ca Online Low Temperature Plasma Seminar – 1.Sept. 2020
www.polymtl.ca/plasma

 
 

Online LTP Seminar 
Lecture 9 

September 1, 2020 
 

 
Towards single shot diagnostics in low temperature plasmas 
Stephan Reuter 
Polytechnique Montréal 
 
 
Abstract - Low temperature plasmas at atmospheric pressure are often characterized by 
high dynamics in space and time. For example, filamentary plasma jets interacting with 
liquids such as used in plasma medicine show a stochastic development of plasma pathways 
in a turbulent multiphase environment. This affects the electric field (leading to plasma 
breakdown), the plasma’s species composition, and consequently its reactivity. To 
understand the fundamental processes of plasma generation and energy dissipation that 
drive a plasma’s reactivity, a detailed characterization and plasma diagnostics are required. 
High gradients and small-scale species’ distribution in filamentary plasmas challenge 
conventional diagnostic methods.  
The talk describes ways to measure low intensity stochastic events on short time scales on 
the examples of fs-laser electric field measurements (E-fish) and Rayleigh scattering 
measurements. Single shot measurements accurately represent real time events. Highly 
sensitive measurements, however, typically require averaging procedures to sufficiently 
increase signal to noise ratio. For random events in space or time, averaging can easily lead 
to unwanted smearing and distortion of results. Post processing of data presents the 
possibility to combine the accuracy of single shot data recording with the benefits of 
averaging procedures. Three approaches will be discussed in which single shot data of 
stochastic events such as the electric field and the flow field of an atmospheric pressure 
plasma jet are collected. Firstly, time binning sorts electric field measurements in a post-
processing routine according to their random delay with respect to the applied voltage in 
order to increase the time resolution. Secondly, advanced averaging yields an increased 
signal to noise ratio from post-processing that averages electric field measurements sorted 
into groups. Finally, space slicing allows “discretized 3D-measurements”, spreading multiple 
laser sheets across the measurement volume. The described methods are presented 
exemplarily for real time event monitoring. 
 
 
 
 

41/55

Space and time Resolved Flow 
Field

plasma

laser

camera gate

3 
mm

S. Reuter et al. J. Phys. D. in preparation



stephan.reuter@polymtl.ca Online Low Temperature Plasma Seminar – 1.Sept. 2020
www.polymtl.ca/plasma

 
 

Online LTP Seminar 
Lecture 9 

September 1, 2020 
 

 
Towards single shot diagnostics in low temperature plasmas 
Stephan Reuter 
Polytechnique Montréal 
 
 
Abstract - Low temperature plasmas at atmospheric pressure are often characterized by 
high dynamics in space and time. For example, filamentary plasma jets interacting with 
liquids such as used in plasma medicine show a stochastic development of plasma pathways 
in a turbulent multiphase environment. This affects the electric field (leading to plasma 
breakdown), the plasma’s species composition, and consequently its reactivity. To 
understand the fundamental processes of plasma generation and energy dissipation that 
drive a plasma’s reactivity, a detailed characterization and plasma diagnostics are required. 
High gradients and small-scale species’ distribution in filamentary plasmas challenge 
conventional diagnostic methods.  
The talk describes ways to measure low intensity stochastic events on short time scales on 
the examples of fs-laser electric field measurements (E-fish) and Rayleigh scattering 
measurements. Single shot measurements accurately represent real time events. Highly 
sensitive measurements, however, typically require averaging procedures to sufficiently 
increase signal to noise ratio. For random events in space or time, averaging can easily lead 
to unwanted smearing and distortion of results. Post processing of data presents the 
possibility to combine the accuracy of single shot data recording with the benefits of 
averaging procedures. Three approaches will be discussed in which single shot data of 
stochastic events such as the electric field and the flow field of an atmospheric pressure 
plasma jet are collected. Firstly, time binning sorts electric field measurements in a post-
processing routine according to their random delay with respect to the applied voltage in 
order to increase the time resolution. Secondly, advanced averaging yields an increased 
signal to noise ratio from post-processing that averages electric field measurements sorted 
into groups. Finally, space slicing allows “discretized 3D-measurements”, spreading multiple 
laser sheets across the measurement volume. The described methods are presented 
exemplarily for real time event monitoring. 
 
 
 
 

42/55

Planar Rayleigh Scattering
Energy transfer in interaction of a CAP plasma jet with substrates 7
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Figure 4: Schematics of the Rayleigh scattering setup.

2.4. Flow Field of the CAP jet

Rayleigh scattering setup: The setup for the Rayleigh scattering measurements is shown

in figure 4. The 532 nm second harmonic of a Quanta-Ray Lab-170-10 (Spectra-Physics)

was used as light source for the scattering experiments. The beam was alligned through

a half-wave plate to control the polarization, an iris to block upstream scattering and a

cylindrical lense with a focal length of 20 cm to form⇠3mm wide laser sheets underneath

the CAP jet. The jet itself was mounted on an XYZ-translation stage to enable scanning

the e✏uent. An optical bandpass filter for 532 nm light was placed between the jet nozzle

and the camera (Princeton Instruments PI-MAX2). A signal to noise ratio of 10 to 1

could be achieved starting at a distance of ⇠3mm to the nozzle. For this reason no

measurements with an ignited plasma were performed, as the plasma e✏uent could not

be imaged. Measurements without plasma ignition were done to map the transition

from laminar to turbulent flow with increasing flow rates. Together with results from

Rayleigh scattering and Schlieren imaging found in literature [36, 37, 38, 39], a resonable

estimation of the laminar to turbulent transition with ignited plasma can be made and

used for the interpretation of the PTP data.

Flow field characterization: The aim of the flow field characterization was to find the

transition region from a laminar to turbulent flow of the CAP jet. CO2 was used as

working gas because its Rayleigh scattering cross section is about twice that of air

(�CO2 = 12.7⇥10�27 cm2 [40] and �air = 5.16⇥10�27 cm2 [29] at 532 nm). The CAP jet

was translated with respect to the laser sheet to obtain scattering data at 13 di↵erent

radial locations with a separation of 0.32mm and 5 di↵erent heights spaced by 2.54mm,

totaling 65 di↵erent positions. For each position the median over 128 pictures was taken.

Mie scattering from heavier particles was removed by building the median for each pixel

to filter high intensity values. The pictures were stitched together. Evaluating the

scattering intensity the admixture fraction can be determined by assuming a uniform

pressure and air scattering outside of the jet flow, in regions where no CO2 is present.

The signal intensity (S) depends on the laser intensity (I) and the Rayleigh scattering

crosssection (�) of the component gas multiplied by its mixture fraction (�):

S / I

NX

i

�i�i,

NX

i

�i = 1, (7)

for an N component mixture. With only two components (CO2 and air) one of the
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to unwanted smearing and distortion of results. Post processing of data presents the 
possibility to combine the accuracy of single shot data recording with the benefits of 
averaging procedures. Three approaches will be discussed in which single shot data of 
stochastic events such as the electric field and the flow field of an atmospheric pressure 
plasma jet are collected. Firstly, time binning sorts electric field measurements in a post-
processing routine according to their random delay with respect to the applied voltage in 
order to increase the time resolution. Secondly, advanced averaging yields an increased 
signal to noise ratio from post-processing that averages electric field measurements sorted 
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laser sheets across the measurement volume. The described methods are presented 
exemplarily for real time event monitoring. 
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Plasma jet (not ignited) with 
CO2 flowing into room air

700 sccm600 sccm

Planar Rayleigh Scattering
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Space slicing: 3D filtered 
Rayleigh Scattering

very first pulse burst system (20 years ago)

P. Wu, R.B. Miles, Opt Lett, 1639, 25 (2000)

𝚫𝒕𝒃 = 𝟎. 𝟏 𝒔

𝚫𝒕𝒑 = 𝟏𝝁𝒔

Wu, Lempert, Miles, AIAAJ 38,2000

• 15 – 30 pulses at MHz repetition. 
each FWHM: 12 ns
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15 slightly shifted laser sheets utilizing a pulse-burst 
laser with a rotating mirror

• Laser sheet fan
• Height: 5 mm
• Width: 0.3 mm
• Mirror rotation 333.3 Hz
• Width: 8.7 mm
• Sheets displaced by 0.3 mm

• Gas displacement
• Flow speed 2 m/s @ 500sccm
• 30 µs burst time
• 6.25 µm average movement

Space slicing: 3D filtered 
Rayleigh Scattering

S. Reuter, B. Goldberg, L Hansen, A. 
Dogariu, D. Miles, in preparation
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Feed gas: 500 sccm CO2; Shielding gas: 500 sccm He

Space slicing: 3D filtered 
Rayleigh Scattering

room air

Frame 2

He co-flow

Frame 4

CO2 feed gas

Frame 7

S. Reuter, B. Goldberg, L Hansen, A. 
Dogariu, D. Miles, in preparation
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Summary

• Tailored plasma reactivity requires insight 
into real time processes

• ultrafast diagnostics & sensitive space 
resolved methods

• Novel diagnostics & computing power -> 
detailed single shot space and time resolved 
measurements 

• Low signal measurements –> advanced 
evaluation 
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