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Abstract. Recently, laser schlieren deflectometry (LSD) had been successfully employed as a temperature
measurement method to reveal the heat convection generated by micro filaments of a self-organized non-
thermal atmospheric plasma jet. Based on the theory of the temperature measurements using LSD, in this
work, three approaches for an application of the method are introduced: (i) a hyperbolic-like model of
refractive index is applied which allows an analytical theory for the evaluation of the deflection angle to
be developed, (ii) a Gaussian shape model for the filament temperature is implemented which is analyzed
numerically and (iii) an experimental calibration of the laser deflection with a gas mixture of helium and
argon is performed. Thus, these approaches demonstrate that a universal relation between the relative
maximum temperature of the filament core (T1/T0) and a the maximum deflection angle δ1 of the laser
beam can be written as T1/T0 = (1−δ1/δ0)

−1, where δ0 is a parameter that is defined by the configuration
of the experiment and by the assumed model for the shape of the temperature profile.

1 Introduction

Atmospheric pressure microdischarges are widely used for
diverse material processing [1]. The temperature profile of
a contracted filament affects the energetic balance. Hence,
its knowledge can help to enhance the efficiency of techno-
logical applications. Moreover, many plasma kinetic reac-
tions such as ion conversion or dissociative recombination
depend significantly on the neutral gas temperature [2].
Finally, the neutral gas temperature determines the local
particle density and therefore any reaction rate. Never-
theless, the local development of the neutral gas tempera-
ture in filamentary plasmas at atmospheric pressure often
evades from exact determination by most experimental
methods. The limitations of the methods are inherently
caused by the nature of the filaments which exhibit
submillimeter dimensions and steep gradients of the
temperature field. The information about the tempera-
ture can be obtained using advanced modeling as shown
e.g., in [3], where a streamer channel of a dielectric barrier
discharge is characterized. The study demonstrates the
need of an experimental method, which can explore the
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temperature fields in submilimeter dimensions and in sub-
microsecond scale. However, up to now, no experimental
method satisfies these requirements fully [4]. Invasive
experimental methods, where the probe is immersed in
the plasma, consider an interaction between the plasma
and the surface of the probe itself. Examples are fluo-
rooptic or calorimetric probes (e.g., [5]) that evaluate the
local equilibrium between the probe and the surrounding
plasma. Disregarding the contacting or monitoring of the
probe as an additional difficulty, such methods are slowed
down due to time delay needed to attain thermodynamic
equilibrium and also the spacial resolution remains poor
due to the probe dimension.

As non-contact method, e.g., planar laser-induced
fluorescence [6] can be applied. Yet, this method is
limited to the emitting plasma areas and moreover the
data acquisition often requires a substantial time. Other
thermo-visualization methods like infrared thermogra-
phy [7], Rayleigh scattering [8], schlieren imaging [9,10] or
rainbow schlieren deflectometry [11,12] provide a decent
spatial characterization, but again a longer signal accumu-
lation is necessary for the measurement of a weakly ionized
and minuscule filamentary plasmas. Up to now, the usage
of these conventional methods is designed preferably for
systems with a substantial amount of energy or a suffi-
ciently high gradient of refractive index, e.g., shock wave
unsteadiness or high-power plasmas [13,14].

Laser schlieren deflectometry (LSD) represents a non-
invasive diagnostic technique, by which the challenging
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measurement and characterization of neutral gas temper-
ature in the microscopic time and space scales in RF
plasma jets can be mastered [15]. In that study [15], an
analytically feasible approach is described. The procedure
is based on the assumption of a hyperbolic-like profile of
the refractive index for a single filament and demonstrates
a sufficient agreement with experimental data. The con-
cept of the measurements can be used for advanced mod-
elling of the profile which reflects physical effects behind
the temperature field (e.g., plasma heating, heat transfer,
etc.). Therefore, in this work, we implemented a tempera-
ture profile with a Gaussian shape for the single filament
in the methodical concept of LSD, and solved the
total deflection of the laser beam numerically. The numer-
ical modelling of the ray propagation trough the tempera-
ture field of the filament led to the generalized calibration
relation for the calculation of the filament core tempera-
ture from the maximum deflection angle obtained by LSD.
Additionally, the optical refraction has been calibrated
with a gas mixture of helium and argon, thus the relation
between the core temperature and maximum deflection
has been obtained experimentally. Surprisingly, results of
all three approaches can be expressed with a single
formula, describing LSD universally.

2 Experimental set-up

2.1 Plasma source

The experimental set-up (Fig. 1) investigated here is a
non-thermal plasma jet [1]. It features two ring electrodes
attached to the outer quartz capillary (Din = 4.0 mm).
The upper electrode is coupled to the RF generator
(27.12 MHz) via a matching network. The applied RF
power was fixed at 10 W for the purpose of this study.
The discharge is fed with argon (5.0) with a fixed flow
rate of 0.8 slm. Inside the outer capillary, a second capil-
lary is inserted in order to dose organic vapors for optional
thin film deposition. Depending on the operation parame-
ter flow rate vs. power, different regimes of the plasma
jet can be established. The self-organized regime (locked
mode, LM) of the jet has been chosen as a prototypical
regime in this study. The characteristic of the LM is an
equidistant location of all filaments around the inner wall
of the outer capillary and a steady azimuthal rotation of
the filaments around the axis of the capillary. Through-
out this study the experiment was operated in the LM of
3 filaments (LM3).

2.2 Laser schlieren deflectometer

The LSD set-up consists of a He-Ne laser (Linos) and a
high-speed CMOS camera (Photon Focus). The displace-
ment of the laser spot on the image sensor (pixel size:
8 μm, 1312 × 1082 pixels) of the camera is monitored
directly. The laser beam (classified as 3 A, 632.82 nm, cw)
is led perpendicular through the effluent region, close to
the nozzle of the capillary (z = 0mm). The output power
of the laser (0.6 W) is sufficiently low to avert any influence

Fig. 1. Experimental set-up of the RF plasma jet and LSD
with an inverted photography of the jet (LM3).

of the beam on the properties of the plasma jet. Deflection
of the laser beam due to refraction in the gradient field of
the refractive index is recorded at a distance of 80.6 cm
from the plasma jet at 10 kHz sample frequency. The laser
beam is specified by the spot diameter of 490 μm and
beam divergence of 1.7 mrad. The parameters of the beam
enable to characterize filament structures with diameters
down to approx. 100 μm. The principle of the LSD is valid,
if the dimension of the central area of the laser spot is
smaller or comparable with the characteristic dimension
of the refractive structure. Thus, the mean position of the
intensity distribution can be traced quickly. In the oppo-
site case, if the laser spot is a magnitude larger than the
characteristic dimension, then the interaction of the beam
with the refractive structure leads to the usual projection
of a schlieren image on the camera chip. In this case, the
evaluation would require a more detailed consideration
of the imaged intensity distribution.

3 Analytical approach

The trajectory tracing of an optical ray in a cylindrically
symmetric profile of the refractive index is an elementary
task having several analogies in physics. A typical example
is the calculation of atmospheric refraction in astronomy.
Based on Fermat’s principle or on Snell’s law, the angu-
lar deflection δ = δ(ρ) of the ray can be derived for the
diminutive scale of a plasma filament, too [16]:

δ = π − 2
∫ ∞

r0

dr

r

√(
r
ρf

)2

− 1

, (1)

where r is the radial coordinate related to the centre of the
refractive index profile n(r), r0 is the closest distance to
the centre r = 0, ρ is the impact distance (for the singular
case of spatially constant refractive index: ρ = r0) and f is
a shape function of the refractive index profile defined by
f = n(r)/n0, where n0 is the surrounding refractive index.
Note that the same equation (1) describes the Ruther-
ford scattering of α particles with an initial energy E0

approaching the centre of an atom on the potential level U ,
if f in equation (1) is replaced by

√
(E0 − U)/E0 [17].
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We solved equation (1) for a hyperbole-like profile [15],
assuming a constant refractive index n1 in the filament
core characterized with radius rc:

f(r) = n1
n0

for r ≤ rc

f(r) = 1 − rc(n0−n1)
n0r for r > rc.

(2)

The integrated function δ(ρ) has two local extrema char-
acterized with a deflection amplitude δ1:

δ1 = 2
n0 − n1

n1
. (3)

If the neutral gas temperature at atmospheric pressure
is the only factor determining the refractive index of the
gas, then the Arago-Biot relation [18] (called Landolt’s
law, too [19]) can be written for the discussed system:

n1 = 1 +
T0

T1
(n0 − 1), (4)

where T0 is the surrounding temperature of the gas and T1

is the temperature in the filament core. The combination
of equations (3) and (4) leads to the principle equation
of LSD, which links the maximum deflection angle δ1 to
the maximum temperature T1 in the centre of the plasma
filament:

T1

T0
=

(
1 − δ1

2(n0 − 1)

)−1

. (5)

4 Calibration

LSD can be calibrated either by an independent mea-
surement of the varying temperature directly or by an
isothermal variation of refractive index combined with
equation (4) indirectly. For the purpose of exact calibra-
tion, the second method has been chosen, because no
alternative temperature measurements with comparable
accuracy to the LSD are standardized for the investigated
system up to now. Therefore, a directed cylindrical gas
flow of a helium and argon mixture was prepared.
The gas mixture is introduced into a hollow needle with
an inner diameter of 800 μm. Thus, the cylindrically sym-
metric gas stream is characterized by the given refractive
index in the centre of the stream determined by the ratio
of the helium and argon concentration. An advantage of
the mixture is that it can emulate the transition of optical
properties from ambient air condition (100% argon)
towards vacuum (100% helium). Thus the temperature
interval from laboratory temperature up to 2400 K can
be calibrated with an exceptional accuracy. The results
of the experiment demonstrate a linear dependence of the
maximum deflection angle on the mixing ratio and there-
fore on the refractive index, too (see Fig. 2):

δ1 = A − B
n − n(He)

n(Ar) − n(He)
, (6)

where n(He) = 1.000032 and n(Ar) = 1.00026 are refrac-
tive indexes at the laboratory temperature of 298 K,

Fig. 2. Maximum deflection of the laser beam by neutral gas
stream of a helium-argon mixture. Measurements for two con-
figurations (distance of the capillary from the laser), diameter
of the capillary 800 μm, ambient gas – air, 298 K, 20% humid-
ity, data fitted by δ1 = A − Bx, R2 = 0.998.

n is the refractive index of the mixture (note that
n(air) = 1.00027), and A and B are the fitting parame-
ters obtained by linear regression of the measured data
points. The observed linearity is characterized by a sur-
prisingly high predictive power of the linear fit R2 = 0.998
in this measurement. Moreover, the ratio A/B equals 1
with an accuracy better than 5%. Combining equations (6)
and (4), the calibration relation for the temperature can
be derived (assumed n0 in equation (4) is n(Ar)):

T1

T0
=

1
n(He)+A

B (n(Ar)−n(He))−1

n(Ar)−1 − n(Ar)−n(He)
(n(Ar)−1)B δ1

. (7)

Considering the approximations n(He) ≈ 1 and A/B ≈ 1
equation (7) can be rewritten:

T1

T0
=

(
1 − δ1

B

)−1

, (8)

where only the fitting parameter B determines the cali-
bration equation. The constant B depends on the config-
uration of the calibration experiment, particularly on the
diameter of the gas stream and on the cross-section of the
laser spot at the position of the gas stream. If the exper-
imentally obtained calibration equation (8) shall be used
for the temperature determination, then these proportions
should be chosen as close as possible to the parameter of
the real experiment with the plasma jet.

5 Numerical approach

In this section we describe the numerical approach used
in order to determine the maximum deflection angle for
the models for which analytical attempts would rapidly
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become intractable or even impossible. In a sense, our
approach resembles forward ray tracing. In principle, the
classical ray tracing algorithms assumes – for numerical
efficiency – that the medium is segmented into sub-
domains with constant index of refraction in which the
light rays propagate along straight lines and Fresnel
equations are used on the interfaces between individual
sub-domains to ensure consistency for refraction angles.
For example POV-ray [20] allows to account for multi-
ple reflections in arbitrarily shaped refractive objects for
which correctness for scientific problems has been already
successfully verified [21]. However, media with gradient
refractive index represent another class of problems for
which classical ray tracing tools become very inefficient.
Indeed, it would require a prohibitively large number of
sub-domains to mimic spatial gradients of refractive index
with sufficient precision.

Therefore our approach sticks to tracing individual
rays from a source plain through the media towards the
target plain solving numerically the differential equation
for the light ray:

d
ds

(
n

dr
ds

)
= ∇n, (9)

where r is a position vector of a point on a ray, s is an arc
length of a ray and n = n(r) is the refractive index [24].

If we choose the stepping parameter a such that:

|dr/da| = n,

then equation (9) becomes

d2r
da2

= n∇n = ∇
(

1
2
n2

)
. (10)

Note that this equation is a form of Newton’s second law
(for a dimensionless unit mass) with 1

2n2 being an ana-
logue of the potential energy [25]. Equation (10) can then
be solved as initial value problem:

dv
da

= n(r)∇n(r), (11)

dr
da

= v, (12)

with initial condition

r(0) = r0 and |v(0)| = n(r0). (13)

Numerical solution of (11)–(13) is performed by lsode
solver from ODEPACK [22] interfaced by GNU
Octave [23].

Sample rays are initiated at r = (ξi,−1.0)m with suffi-
ciently fine distribution of ξi along the source plane ensur-
ing thus that the correct value of the maximal deflection
angle is captured. The deflection angle is calculated as
δ = atan2(vx, vy), where vx and vy are components of v
on the target plain y = 1.0m. Relative and absolute tol-
erances of the solver are set to a tiny value of 10−12 to
ensure the desirable solution accuracy of a possibly stiff

system. Moreover the maximum step size is set to 10−4

assuring that the small filament core – compared to the
source plane to target plane distance – is not skipped on
the course of adaptive stepping. The implementation has
been carefully verified comparing numerically determined
deflection angles with analytical results presented in the
previous section. Note that the distance between source
and target plane has been chosen based on the asymp-
totic behaviour of a hyperbolic-like profile (Eq. (2)).

As a case study, we choose to model the profile of the
neutral gas temperature T = T (r) from the core of the
microfilament T (r = 0) = T1 to ambient gas (T0) with a
Gaussian function:

T (r) = T0 + (T1 − T0) exp
(

− r2

σ2

)
, (14)

where σ is the characteristic width of the profile. Note
that the optical thickness of the filament is 0.3 mm, while
the gas temperature profile exceeds these boundaries sig-
nificantly. Considering Arago-Biot relation (Eq. 4), then,
equation (14) can be transformed to the refractive index
and the ray trajectory can be solved numerically using
the procedure described above. Moreover, the solution has
been evaluated towards the measured maximal deflection
angle δ1. This δ1 is related to the core temperature of the
filament and with the Gaussian profile more substantiated
than in the model based on the hyperbolic-like profile.
In Figure 3 the comparison of δ1 for the two model profiles
is shown. The dependence between T1 and δ1 can be fitted
with the equation similar to equations (5) and (8):

T1

T0
=

(
1 − δ1

C

)−1

, (15)

where T0 is the ambient temperature and C is a fitting
parameter. Here, the fitting procedure of simulated data
based on the Gaussian profile exhibits a satisfying statistic
confidence characterized by the predicative power R2 =
0.98 of the model given by equation (15) and it leads to an
empirical value for the constant C, which equals (0.481 ±
0.002) mrad.

6 Experimental results and discussion

In the experiment, the effluent of plasma jet operating
in the LM3 has been analysed exemplary. In the regime
LM3, three filaments rotate along the inner wall of the
discharge capillary. The modulated temperature field gen-
erated by the discharge filaments in the remote effluent
below the outlet of the capillary is evaluated by directing
the laser perpendicularly through this region. The laser
beam crosses the centre of the jet in radial direction, there-
fore the deflection of the rays is affected sensitively by the
rotating filaments and can be evaluated to provide the
maximum temperature below the corresponding filament.
The situation is illustrated in Figure 4 where the phases
of the deflection signal are linked to the corresponding
position of the rotating filament pattern in the jet. Due to
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Fig. 3. Characteristics for the determination of the neutral
gas temperature of a single filament by LSD.

the symmetric filament pattern the measured frequency
of the deflection is three times higher than the rotation
frequency of the LM3 which is ω/2π = 33 Hz in this
case. Moreover, the deflection signal represents a compo-
sition of three components which are partially overlapped.
Consequently, the filament rotation projected in the plane
perpendicular to the laser beam causes a periodical oscil-
lation of the impact distance of the ray ρ which can be
expressed then as: ρ = (Din/2 − σ) sin(3ωt + φ), where σ,
ω and φ are the characteristic width of the temperature
profile, angular velocity of LM3 and phase shift, respec-
tively. They represent fitting parameters in the evaluation
of the deflection.

We model the solution of equation (1) for the deflection
signal, which can be either measured directly or simulated
by the numerical ray tracing, as a product of the maximum
deflection δ1 and a shape function of deflection g as:

δ(ρ) = δ1 × g = δ0

(
1 − T0

T1

)
× g(ρ). (16)

Note that the expression for δ1 is fully consistent with
equations (5), (8), and (15) considering the generalization
of the respective constants 2(n0 − 1), B and C which are
represented by the parameter δ0. Additionally g = g(ρ) in
equation (16) should satisfy the request of normality
g(ρ1) = 1, where ρ1 is an impact distance of the laser
ray at the maximum deflection δ1. For the purpose of the
experimental data analysis it is convenient to approximate
g(ρ) by a suitable analytical expression. It was found that
such approximation can be written as:

g(ρ) =
ρ

ρ1
exp

(
ρ21 − ρ2

2ρ21

)
. (17)

Note that the parameter ρ1 is proportional to the width of
the neutral gas temperature σ introduced in equation (14)
and the proportionality coefficient is only slightly depen-
dent on the temperature ratio T1/T0. Simulation of the
ray propagation shows that for T1 = 550 K the ratio ρ1/σ
is 1.11. Simulated signals for characteristic temperature

Fig. 4. LSD measurement in the effluent of the plasma jet
(LM3) and the simulated deflection calculated for a core fil-
ament temperature of (550 ± 22) K, LM3 frequency ω/2π =
100/3 = 33 Hz, and two exemplary widths σ of the tempera-
ture profile are compared to the fit.

widths σ ∈ {0.75, 1.00}mm are compared with experi-
mental data and with the fit obtained from equations (16)
and (17). For the fitting procedure (see Fig. 4), we sub-
stituted the impact distance ρ in equation (16) by the
expression for the LM3 rotation ρ = (Din/2 − σ) sin
(3ωt + φ) as described before. Here from, the regression
parameter σ = (1.09±0.01) mm is obtained, by setting the
temperature T1 to 550 K. This value is calculated from the
measurement of the maximum deflection δ1 = 0.22 mrad
for the LM3 using equation (15) for δ0 = C = 0.48 mrad
(see Fig. 3, too). The statistic accuracy of the temperature
T1 has been calculated to 22 K from:

sT1

T1
=

sδ1

δ0 − δ1
, (18)

where sT1 and sδ1 are the mean standard deviation of T1

and δ1, respectively.
The information on the maximum and width of the

temperature profile formed in the effluent directly below
the three filaments in LM3 mode (T1 = (550 ± 22) K,
σ = (1.09 ± 0.01) mm) enables to reconstruct the cross-
section of the temperature field at the given axial posi-
tion in the effluent. The result is shown in Figure 5. Note
that the current experiment has been operated station-
ary, moving neither plasma source nor the laser device.
Just the rotating filaments provide the time-dependant
deflection. This configuration is highly sensitive to the
dynamics of the rotating filaments, however, no informa-
tion can be extracted on a stationary component of the
temperature background directly on the central axis along
the diameter of the jet. This constraint can be eliminated
by periodic scanning of the whole cross-section of the
effluent. The additional benefit of the scanning LSD is that
it would allow to measure the stationary modes of the
plasma jet, too. This is subject to further cogitation.
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Fig. 5. Dynamic temperature field of the effluent perpendic-
ular to the axis of the plasma jet in LM3 reconstructed by
LSD, position: nozzle of the capillary. Dashed line marks the
inner wall of the capillary. The period of the pattern rotation
is 30 ms.

7 Conclusion

The method laser schlieren deflectometry (LSD) discussed
here excels with high time and space resolution as com-
pared to conventional methods for determination of the
neutral gas temperature in filamentary microdischarges.
We derived the principle equation of LSD in three
independent ways (Eqs. 5, 8, and 15). The formula can
be written in an elegant form as:

T1

T0
=

(
1 − δ1

δ0

)−1

, (19)

where T1 is the maximum of the neutral gas temperature
in the plasma filament, T0 is temperature of the optically
neutral ambient atmosphere, δ1 is the maximum deflec-
tion and δ0 is the characteristic constant of the method.
From the to date technical point of view, LSD allows to
characterize the neutral gas temperature in the filament
core with a time resolution >10 kHz and spatial resolution
of approx. 0.1 mm which is optimal for parametrizing of
a microfilament.

This study validated results of LSD presented in [15]
numerically applying the “F = ma” formalism for a light
ray, complementary with the experimental calibration and
theoretical approach based on the analytic method.
Additionally, the outcome of the previous investigations
has been extended by implementing a Gaussian profile of
the neutral gas temperature. The total deflection of the
ray trajectory has been calculated for a series of profile
parameters. The obtained results define the depen-
dence (19) at a relative predicative power R2 = 0.98.

Moreover, the numerical approach described in this
work opens up the possibility for detailed studies of laser
beam deflection by temperature disturbance caused by
local, cylindrical plasmas even in remote areas away from
active, emitting plasmas. Indeed, it allows to account for
real laser beam divergence and intensity profile.

With the actual approach slightly higher neutral gas
temperatures (up to 20% difference) are obtained in the
centre of the filament compared to the previously devel-
oped hyperbolic-like model [15]. Yet, the obtained temper-
ature difference between the two evaluation approaches
remains relatively small as compared to the larger con-
fidence interval of temperature estimates based on other
methods (fluorooptic fibre, spectroscopy, etc.), thanks to
the high spatial and temporal resolution of LSD. The con-
cept of LSD opens up perspectives for the characterization
of more complex multifilamentary patterns and their
locally strongly disturbed temperature fields.
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1. J. Schäfer, R. Foest, A. Quade, A. Ohl, J. Meichsner, K.-D.
Weltmann, Eur. Phys. J. D 54, 211 (2009)
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