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In recent years, atmospheric pressure microplasma jets have 
attracted much interest because of the possibility of propa-
gating non-thermal plasmas in open air (Lu et al 2012). As 
so, reactive plasma species (e.g. radicals, ions, UV radiation), 
and not only long-living afterglow species, can be delivered, 
at ambient pressure and temperature, to targets located some 
centimeters away from the main discharge zone. This property 
enables the development of a wide range of new and promis-
ing applications, e.g. in biomedicine and healthcare. Despite 
enormous potential for technological applications, the funda-
mentals of microplasma jets are not yet fully understood. As 
electrons play an important role in the physical and chemi-
cal properties of plasmas, it is thus very important to study 
and quantify the plasma electron properties (density and 

temperature) for the development and optimization of micro-
plasma jet sources. In this paper, we present the first spatially 
and temporally resolved direct measurements of electron 
density and temperature in a helium microplasma jet. So far, 
almost all experimental results that have been published on 
the electrons properties of atmospheric pressure microplasma 
jets were determined by Stark broadening (Qian et al 2010, 
Hofmann et al 2011, Xiong et al 2013) or estimated from 
current measurements (Chichina et al 2005, Hao et al 2012, 
Karakas et al 2012, Begum et al 2013, Gazeli et al 2013). 
Despite those plasma jets having similar characteristics with 
respect to the velocity and propagation length, the electron 
densities found, spanned puzzlingly from a few 1016 m−3 up 
to several 1021 m−3. It is also worth to notice that while the 
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Abstract
In this work we present Thomson scattering measurements on a nanosecond pulsed high 
voltage dielectric barrier discharge (DBD)-like helium plasma jet, operated in ambient air. 
With the low detection limit offered by a triple grating spectrograph equipped with a high 
quantum efficiency intensified charge-coupled device (ICCD) camera, temporally and spatially 
resolved electron densities and mean energies have been mapped. 7 kV peak with 250 ns width 
pulses at 20 kHz are applied to the inner cylindrical shaped electrode of a DBD. This results 
in a peculiar hollow electron density profile in the vicinity of the jet nozzle with maximum 
values of ne = 5 × 1018 m−3 and mean energies of up to 2.5 eV. Further downstream, the profile 
collapses radially and contracts. A much higher electron density is found (2 × 1019 m−3) while 
the mean energy is lower (0.5 eV).
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electron densities determined from Stark broadening of hydro-
gen lines were always higher than several 1019 m−3, those esti-
mated from current measurements were always lower than a 
few 1018 m−3. The different geometry has certainly an influ-
ence on the true value, for instance the position and distance 
of the electrodes determines strongly the current density 
in the plasma. However, even for the same jet, differences 
of an order of magnitude are found (Hofmann et  al 2011). 
Actually, we have also obtained such incongruous results in 
our microplasma jet. The estimated electron density was sev-
eral 1019 m−3 by Stark broadening and up to few 1018 m−3 from 
current measurements (Douat 2013).

In fact, both methods suffer from the indirect determi-
nation of the electron density and from volume averaging 
effects. More precisely, the different issues concerning the 
Stark broadening of the hydrogen emission lines are (1) the 
width of hydrogen lines characterize the surrounding of the 
emitting atom, which, a priori, is not correlated to the plasma 
density. This is particularly the case when H atoms from 
incoming air are produced in the periphery of the plasma by 
ion–ion or electron–ion recombination (Verreycken 2012); 
(2) emission spectroscopy measurements rely on line of sight 
observation of the plasma emission. When dealing with an 
inhomogeneous medium, as it is the case for the microplasma 
jet, the recorded line profile results from the addition of an 
infinite number of different line profiles, and complicated 
inversion processing of the data, with often not always justi-
fied hypothesis, is necessary for the determination of the local 
Stark widths; (3) due to the atmospheric pressure operation 
of these jets, the van der Waals broadening is often compara-
ble, if not larger than the Stark broadening. Thus, the accu-
racy of the electron density deduced from the Stark width 
strongly depends on the accurate knowledge of the gas tem-
perature, Tg. In fact, Tg influences both the Doppler and van 
der Waals width of the Voigt profile of the line. Consequently, 
its independent determination is necessary (Belostotskiy  
et al 2010); (4) As was specified by Gigosos et al (2003), 
the Hamiltonian of H atoms used by these authors to develop 
the Stark model for the Balmer series does not include the 
fine structure effect, and only permit to correlate correctly the 
line width to the electron density when it is higher than about 
1 × 1020 m−3. As so, in our opinion, electron densities result-
ing from Stark width measurements that have been so far 
published for He plasma jet cannot be considered to be fully 
reliable. The electron density determination based on current 
measurements has also several drawbacks. On one hand, the 
current probe can be intrusive and may change the character-
istics of the plasma jet. Thus, a correct determination of the 
plasma jet current is rather challenging. On the other hand, 
even if the plasma jet current is well determined, one has to 
estimate the electron velocity, the plasma jet diameter, and 
the radial shape of the electron distribution. Similar difficul-
ties occur in other methods used to determine the electron 
density. Microwave scattering and laser interferometry (Choi 
et al 2009, Shashurin et al 2010) generate always volume or 
line of sight averaged data.

Therefore, in order to obtain reliable values for the electron 
properties of our microplasma jet, we have used the Thomson 
scattering technique which is free from the above mentioned 
artifacts. Moreover, this method provides high spatially 
(100 µm) and temporally (2 ns) resolved measurements of the 
electron density and temperature, with negligible perturbation 
of the plasma. Finally, similar to the published experimental 
data, the numerical models that can be found in the literature 
also propose contradictory values and trends for the electron 
density of helium microplasma jets propagating in ambient air 
(Breden et al 2012, Naidis 2012, Boeuf et al 2013). It is thus 
the aim of this work to clarify that issue and help to improve 
the numerical models that can play a crucial role in fully 
analyzing and understanding the physics and the chemistry 
behind such microplasma jets.

The device used in this work is basically the same as the one 
described in (Douat et al 2011). It consists of a quartz tube (inner 
diameter 2.1 mm, outer diameter 7.1 mm) with a coaxial inner 
capillary high voltage (HV) electrode that is glued inside at a 
distance of 7 mm from the tip. A 1 cm wide grounded electrode 
ring is wrapped around the dielectric tube at a distance of 5 mm 
from its tip. Helium gas flow of 4.5 slm goes directly through 
the capillary electrode and emanates into open air. The whole 
setup is mounted on an x–y stepper-motor stage. The discharge 
is driven at 20 kHz by high voltage pulses produced by a home-
made power supply. The rise time of the 7 kV peak HV pulses is 
150 ns and their duration at half maximum is about 250 ns.

We use a second harmonic Nd:YAG laser at 532 nm with a rep-
etition frequency of 5 kHz, a pulse width (FWHM) of 8 ns and a 
pulse energy of 4 mJ. A 1 m focal length lens is mounted on a move-
able stage and provides a smaller than 100 µm laser beam diameter 
at the jet. Because of the small focal spot, low pulse energies are 
needed in order to prevent plasma perturbations by the laser.

The scattered photons are detected under 90° by a triple 
grating spectrograph equipped with an intensified charge- 
coupled device (ICCD) camera (van de Sande and van der 
Mullen 2002). HV and laser pulses and the gate of the ICCD 
are synchronized relative to each other. A 2D image is obtained, 
one axis corresponding to the spatial dimension along the laser 
beam and the other axis resolving the spectral information. The 
spatial resolution depends not only on the laser beam diameter 
and the enlargement factor of the imaging but also on the noise 
level of the detected signal, which demands a spatial binning 
of the CCD pixels, leading to at least 100 µm. The detected 
scattered photon signal intensity is proportional to the electron 
density, while the spectral distribution is related to the elec-
tron energy distribution function (EEDF). To obtain absolute 
values in wavelength and amplitude, a calibration of the sig-
nal is provided by Raman spectra of ambient air by fitting the 
N2 and O2 rotational peaks (Van Gessel et al 2012). With this 
system, electron densities as low as 5 × 1017 m−3 and electrons 
with energies in the range of 0.1–8 eV can be detected. Note, 
however, that the upper energy limit depends strongly on the 
electron density, as will be shown later.

The standard experimental procedure involves taking 
three spectra that are accumulated over 1.5 × 106 laser shots 
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(300 s) each, one to record the laser scattered photons with 
plasma ON, one to record the laser stray light and Raman 
scattered photons without plasma, and one to record only the 
plasma emission. In the recorded spectral range, the latter 
mainly contains the N2

+ B2 Σ  →  X2 Σ transition of nitro-
gen, produced by Penning ionization of N2 by helium meta-
stable atoms. However, we observe that the intensity of the 
nitrogen bands is much higher when the laser is on, point-
ing to a possible laser induced fluorescence phenomenon. 
Indeed, the rotational Q(1-1) line of the N2

+ B (v′ = 8) →   
X (v′′ = 12) transition is very close to the position of the 
laser wavelength. We remark that the radial profile of this 
extra emission, hollow shape at the exit of the tube and cen-
tred downstream (z > 9 mm), is similar to the profile of HeM 
metastable atoms obtained by laser absorption spectroscopy 
(Cadot et al 2014).

A photograph of the jet in operation is given in figure 1 
along with two spectra of the scattered laser photons corrected 
for the plasma emission. The strong Raman scattering of the 
laser beam on the surrounding air is also subtracted but leaves 
noisy traces on the radial edges of the spectra. At z = 2 mm, a 
spectrally Gaussian distributed signal is found around the laser 
wavelength at two outer radial positions, while at z = 11 mm 
the Thomson laser scattering spectra only occurs around the 
center. In the central He flow, one can see the aforementioned 
laser induced fluorescence at about 533 nm.

At different positions z along the jet axis, the guided 
streamer arrives at different delay times corresponding to its 
velocity of about 180 km s−1. This temporal evolution is shown 
in figure 2. At z = 2 mm, 11 mm, 22 mm, the maximum plasma 
emission was detected at 80 ns, 135 ns and 195 ns respec-
tively. The time evolution is as follows: close to the electrode  

(z = 2 mm) we find the highest mean electron energy of up to 
2.5 eV and for all positions the mean energy decays in time 
due to the electronic collisions taking place after the passage of 
the ionization wave that reduces the energy per electron. Note 
that the mean energy is given as < E >  = 3/2 kTe, where Te is 
deduced from the Gaussian fit of the TS spectra. The electron 
density reaches values between 5 × 1018 and 1.5 × 1019 m−3, 
depending on the axial and radial positions. At z = 2 mm, densi-
ties are for the radial rim of the jet but further downstream they 
are for the jet axis. The spatial distribution will be discussed 
later on. The electron density shows only little variation during 
the (current) pulse and drops steeply at its termination. That is 
in contrast to (Huebner et al 2013) where in an argon needle-jet 
configuration without second electrode a steep decrease of ne 
after an initial maximum was found. Note that the density and 
energy values are averaged over the laser beam diameter and 
over the laser pulse duration (8 ns), so that locally and tempo-
rally higher maxima might occur. However, the temporal and 
spatial averaging should not affect significantly either the tem-
poral or spatial evolution of the mean energy and the electron 
density, nor their values shown in this paper.

We assume that in our case an initial electron energy maxi-
mum, or ionization front, is present but the S/N level of the 
TS signal is too low to permit the detection. As seen in fig-
ure 3, only the energy range 0.1–2 eV of the measured EEDF, 
corresponding to the bulk electrons, can be exploited for the 
mean energy determination. Consequently, the density of 
high energy electrons of the streamer head remains below the 
detection limit.

The radial profiles of the electron density and energy for 
different axial positions at a fixed time delay of 120 ns with 
respect to the plasma emission are shown in figure  4. The 
evolution shows a transition from a hollow plasma tube for 
z < 9 mm to a centred channel and subsequently to an again 
broader, if not slightly hollow, profile for z  >  13 mm. For 
z > 29 mm, the broader channel is decaying and the air entrain-
ment creates a Raman signal that becomes too strong and 
overlaps the TS signal. At z = 2 mm, the electron density in the 
center is below the detection limit. The slight asymmetry in 
the results is due to a horizontal gas flow in the jet (note that  
r = 0 is taken in respect to the tube, not the plasma). A rotation 
of 180 degrees of the tube and its electrodes flips the results 
radially. As a matter of fact, a similar asymmetry can be found 
in the plasma emission intensity, originating mostly from He 
and N2

+(B), as shown in figure 5.
To summarize, in this paper we showed the first spatially 

and temporally resolved direct measurements of electron 
density and mean energy in a helium microplasma jet. In 
order to obtain reliable values for the electron properties of 
our microplasma jet, we used the Thomson scattering tech-
nique. We found that the profile of the electron density along 
the z-axis generally evolves from hollow to axially centred. 
In the vicinity of the electrode the plasma retains the hollow 
shape of the HV electrode in the He channel. As the necessary 
breakdown field in the ambient air is higher than in He, the 
discharge remains confined inside the jet. This general trend 
was found already for the spatial distribution of the plasma 
light emission (Algwari and O’Connell 2011) and the density 

Figure 1. Photograph of the jet operating with a He flow and 
crossing laser beam. Shown are also two representative laser 
scattering spectra from different axial positions (top: z = 11 mm; 
bottom: z = 2 mm). The wavelength scale is roughly from 528 
to 536 nm (±4 nm from the laser). The scattered photons with a 
Gaussian distribution around the laser wavelength are the TS signal. 
Not fully suppressed Raman scattering at the edges of the jet and a 
strong plasma emission found at about 533 nm can also be seen.

J. Phys. D: Appl. Phys. 47 (2014) 432001
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of He atoms in metastable states (Urabe et al 2010). Choi et al 
(2009) also observed by laser heterodyne interferometry a hol-
low electron density profile collapsing to axially centred along 
the z-axis in a pulsed DC jet. But, contrary to us, they found 
the electron density decreasing as the jet propagates. However, 
their jet is operated in an inverted polarity and their electrode 
configuration is quite different from ours (facing electrodes).

While our measurements agree quite well with most of 
the published models (Naidis 2011, Breden et al 2012) with 
respect to the general evolution of the radial distribution of 

the electron density, with a shape progressively evolving 
from an annular distribution to a closed one on-axis centred 
(note that the different models propose different values and 
axial collapsing points of the electron density), it must be 
pointed out that our measurements clearly indicate that the 
maximum electron density is reached after a propagation of 
several cm. This trend strongly disagrees with the prediction 
of almost all models (Breden et al 2012, Boeuf et al 2013) 
in which the electron density has its maximum value just 
at the tip of the dielectric tube and progressively decreases 

Figure 3. EEDF from Thomson scattered photon spectra for ne = 8 × 1018 m−3 (z = 11 mm and time span between the detection of plasma 
emission and measurement of 100 ns). A Gaussian fit for the electron energy with a single standard deviation interval is shown. The 
horizontal dashed line indicates the noise level. Note that negative values are plotted as one.
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Figure 2. Temporal evolution of the electron parameters at three different axial positions. For z = 2 mm the visible plasma emission 
intensity in arbitrary units is shown as full curve, while dashed lines indicate the time of the respective maxima. After about 400 ns the 
current goes to zero.
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as the plasma jet propagates. The best agreement between 
model and our experiment, not only in plasma shape but also 
in absolute electron density, can be found with the work of 
Naidis (2012).

It is worth mentioning that the measured trend for the lon-
gitudinal distribution of the electron density is in agreement 
with the recent measurements of the distribution of helium 
atoms in the metastable state by Cadot et al (2014) who found, 
for the same device, a maximum density of the He(23S) atoms 
13 mm downstream the dielectric tip, while here again models 
predict a maximum metastable density just at the tip. Such 
differences are still unresolved, and perhaps the measured 
axial distribution of the metastable and electron densities and 
of the electron temperature can now be used to improve the 
accuracy of the model predictions, and, ultimately, lead to a 

better understanding of the physics and chemistry behind the 
microplasma jets.
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