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1. Introduction 

 
Interest in the non-thermal atmospheric pressure plas-

mas began to grow rapidly in the late 1980s. Such discharges 
have drawn considerable attention due to their enormous po-
tential for technological applications mostly in surface modi-
fications especially for materials or living tissues that may not 
allow putting it into vacuum chambers. 

Different kinds of atmospheric pressure plasma sources 
have been developed for various types of applications1,2. Ad-
vantages of working at atmospheric pressures are that expen-
sive pumping systems are not needed, it is possible to treat 
samples that are sensitive to low pressures and plasma can be 
easily put in contact with samples. If one achieves operation 
free from spark and if gas temperature is not increased it may 
allow application to sensitive surfaces.  

Because of its mild plasma and geometry, plasma needle 
is especially convenient for medical applications. Non contact 
disinfection of dental cavities and wounds and minimum-
destructive precise treatment and removal of diseased tissue 
can be done by a plasma needle3. The treatment can be done 
with less than 0.1 mm accuracy. The goal is to separate the 
cells without causing the necrosis of the cells or in some 
situations to induce apoptosis. Biological samples like plant 
tissue can also be easily treated4. 

For the purpose of successful treatment and comparison 
of different samples by plasma needle it is necessary to char-
acterize the plasma itself the best way possible. The standard 
parameters for treatment of samples are duration of treatment, 
power transmitted to the plasma and distance of the sample to 
the tip of the needle. For the power measurements the deriva-
tive probes were used. The percentage of the total power dis-
tributed to plasma itself was determined from the recorded 
voltage and current waveforms. 

In order to understand the chemistry in the gas phase 
and at the surface of the sample a knowledge of the composi-
tion of plasma, i.e. of the active species, is needed. Mass spec-
trometry (MS) is a popular method to analyse chemical com-
position of gases and plasmas. The results are particularly 
relevant for surface treatment, because the mass spectrometer 
samples the species which arrive at and potentially interact 
with the surface. 

The advance of the differential pumping/evacuating has 
been already used for mass spectrometric study of atmos-
pheric plasma operated in mixture of helium, nitrogen and 
oxygen. Stoffels and coworkers investigated various short 
living nitrogen and oxygen species and their threshold ioniza-

tion5 as well as nitric oxide generation by the plasma needle6. 
As the pumping of the mass analyzer affected (turned off) 
their standard plasma needle these authors have used a signifi-
cantly larger model of the plasma needle. 

Mass spectrometry (HIDEN HPR60) was also used for 
detection of ions produced both in positive and negative 
point-to-plane corona discharges in nitrous oxide containing 
traces of water vapor at atmospheric pressure7. A point-to-
plain negative corona fed by ambient air under static condi-
tions was analyzed using the Hiden HPR60 MBMS spec-
trometer operating at atmospheric pressure8. 

In this paper we will present some of the properties of 
our low temperature atmospheric pressure discharge (plasma 
needle). We have achieved mass analysis with the standard 
geometry albeit with a somewhat increased gas flow rate. 

 
 

2. Experimental set up 
 
Plasma needle is atmospheric pressure plasma source 

powered by 13.56 MHz RF generator that operates in a mix-
ture of air and helium. The needle consist of central tungsten 
wire (0.5 mm in diameter) placed into a ceramic tube with 
slightly larger diameter and both placed into the glass tube 
with 6 mm diameter (see Fig. 1). We have used configuration 
with the grounded copper ring placed at the tip of the glass 
tube. The central wire represents the powered electrode and 
the grounded electrode is the surface in the vicinity of the 
plasma needle tip.  

The rest of the electrical circuit is the same that we have 
already used4 and is shown in Fig. 1. Low-temperature RF 
discharge at 13.56 MHz is generated using a Dressler Cae-
sar 1010 power supply, in combination with Variomatch 
matching network. In order to increase the peak-to-peak volt-
age, we have used a custom-made transformer and inserted it 
between the plasma needle and the RF matching network. We 
have implemented a dummy load to make the discharge more 
stable and to be sure that only a small part of the power sup-
plied by the RF power supply is transmitted to the discharge. 
In this configuration the dummy load serves as a ‘power di-
vider’. 

Instantaneous voltage and current are monitored using 
two derivative probes9 somewhat different from the probes 
already proposed in the literature. Both probes were placed 
inside a stainless steel box opposite to each other. The box 
was placed as close as possible to the plasma needle. The 
output of the probes was connected to a digital oscilloscope 
(Tektronix TDS220) with the cables of equal length. All 
waveforms were collected by the computer for further ma-
nipulation.  

The MBMS (Molecular Beam Mass Spectrum) system 
incorporates a Hiden EQP mass/energy analyzer. This system 
consists of two parts: pumping section that has three different 
pumping stages which makes it possible to work at atmos-
pheric pressures and the detector section which itself works at 
low pressures. The sampling orifice is the entrance to the first 
pumping stage and plasma needle is positioned against the 
orifice. Species created in the discharge are sampled using 
a triple stage differentially pumped molecular beam inlet sys-
tem. The sampling orifices are carefully aligned to produce 
a molecular beam which minimizes the collisions of the sam-
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pled particles with each other and with surfaces. 
Between the second and the third stage of the MBMS 

there is an Open/Close valve (Swagelock) which is used to 
detect background signal of the MBMS. In all measurements 
this valve is open so the SEM (Secondary Electron Multiplier) 
counts that we are measuring are actually foreground signal 
plus the background signal from the detector. In order to see 
how big the background signal is one has to close this valve.  

The mass spectrometer is equipped with an internal 
electron source with variable electron energy, which allows 
ionization of species (positive RGA) as well as electron at-
tachment (negative RGA or EAMS, electron attachment mass 
spectrometry). We have made our measurements of plasma 
needle discharge in RGA positive mode. The recorded posi-
tive ion signal in this case is directly proportional to the radi-
cal number density.  

While similar work of Stoffels et al. has been done on 
what appears to be the same system  they had to use some-
what larger dimensions and flow because pumping of the 
mass analyzer perturbed and even turned off the discharge6. 
The plasma source used by them in the experiment has been 
described as a ‘robust’ version of the plasma needle: it gener-
ates an elongated jet of 4 mm length, and the power consump-
tion is from 1 to 10 W. Naturally, this type of plasma needle 
is developed only for mass spectrometric diagnostics and has 
not been to our knowledge used for medical treatment with 
tissue in direct contact with the plasma. 

These authors found that atmospheric plasma operated 
in air and helium is a good source of active oxygen and nitro-
gen radicals. This could explain the efficiency of such plasma 
(among others) in bacterial inactivation. 

Our measurements were performed on a standard size 
plasma needle. After some efforts it was possible to operate 
the mass analyzer under conditions that would not greatly 
affect the discharge itself.  However, we had to increase the 
gas flow from several 100 sccm to more than 1000 sccm. 

 
 

3. Results and discussion 
 

Electrical measurements 
 
In the standard configuration the plasma needle uses the 

target surface as the grounded electrode. In that respect the 
properties of the plasma change depending on the proximity 
of the target surface. In configuration that we have used in 
these experiments a grounded stainless steel cylinder (copper 
ring) was added at the tip of the glass tube. With the ground-
ing cylinder the glow of plasma was wider in area and we 

Fig. 1. Experimental setup of plasma needle with mass spectrometer head on the left 

Fig. 2. Voltage and current signals in frequency domain 
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were able to ignite plasma for smaller powers given by the RF 
power supply. In addition, operation appeared to be stable and 
mostly independent on the proximity of the target surface. 

One of the parameters important for the diagnostic of the 
discharge is the power transmitted to the plasma. Due to 
a large number of the components in electrical circuit and in 
particular the presence of the ‘power divider’, the power 
transmitted to the plasma differs significantly from the power 
given by the RF power supply. Thus we have determined the 
current and voltage waveforms and the related U-I character-
istics of the discharge under different conditions.  

Instantaneous current and voltage waveforms were re-
corded for a range of powers (10−150 W) given by the RF 
power supply. After that all these signals were transferred to 
the frequency domain (see Fig. 2). We can see that both for 
voltage and current only basic harmonic are significant, i.e. 
that there are practically no higher harmonics.  

Signals were then transferred back to the time domain 
and instantaneous power was calculated. In Fig. 3 instantane-
ous signals for current, voltage and powers signals are shown. 

Peak to peak values for voltage lie between 300 and 600 V, 
while current peak to peak values are between 0.5 and 1 A. 
By calculating root-mean-square values of current and voltage 
we were able to obtain U-I characteristics (see Fig. 4). As we 
can see, from linearity of the obtained U-I characteristics, our 
discharge works in α mode. 

 
Mass spectrometry 

 
We were able to obtain stable plasmas in air-helium 

atmospheres containing down to 10 % of helium. However, 
we had to increase the gas flow from several 100 sccm to 
more than 1000 sccm in order to sustain plasma in the close 
vicinity of mass spectrometer. Data were collected for differ-
ent values of plasma parameters such as power, various dis-
tances between the needle and the QMS and flow. 

In Fig. 5 one of the recorded mass spectrum is shown. 
When presenting results we have used yields of specific 
masses (relative contribution to the total signal) instead of 
counts per second obtained directly from the MBMS to re-
duce noise induced by temporal variations of the plasma. The 
yield was calculated as: 

where  is the count due to the specific positive ion (like 
N+, O+, etc.) and this was divided by sum of counts for all 
recorded masses (1−100 amu).  

We can see He+ signal as the highest peak. Percentage of 
He in the overall mixture increases with the increase of the He 
flow. In our experiments we did not use the mixture of He, N2 
and O2 as the feeding gas. We used pure He with different 
flow rates (1−3 slm) in surrounding air. Besides the He+ peak 
we can see intensive peaks for N2

+ and O2
+, H2O+, OH+, N+, 

O+, NO+ etc. Sometimes quantitative analysis is difficult be-
cause some of the detected compounds have the same mass to 
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Fig. 3. Current, voltage and power signals 

Fig. 4. Voltage-Current characteristics 

0.2 0.3 0.4

100

120

140

160

180

200

220

 

 

U
rm

s [V
]

Irms [A]

[%] 
∑

=

i

i
mass

i
mass

Y
YY

Fig. 5. Mass spectra 
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charge ratio. For example, N2O+ has mass of 44 amu, but its 
signal coincides with the persistent CO2

+ peak and this causes 
problems in analysis of recorded spectra. 

Main species of our interest were N+, O+ and NO+ ions. 
In Fig. 6 we show yields for NO+ ion for three different pow-
ers given by the RF power supply. We can see that with the 
increase of the power the yields for NO+ increase. We have 
not produced detailed explanation but our observations are in 
agreement with the discussion in the work of Stoffels and 
coworkers6. 

In case of nitrogen monoxide (NO) one of the possible 
reactions is forming of NO by the three-body recombination 

N + O + X → NO + X                       (1) 
The recombination rate at temperatures close to the am-

bient temperature for this reaction is about 10−45 m6 s−1 (ref.10). 
Another possibility for the creation of NO radicals is the 

2nd order reaction 
N + O2 → NO + O            (2) 

which has a rate coefficient of 1.56⋅10−21m3s−1 at 400 K (ref. 11). 
With the increase of the flow rate of the feeding gas 

(He) from 1 slm (standard liter per minute) to 3 slm one can 
observe a decrease in yields for all three ions (see Fig. 7). 
This may be explained by dilution of the atmospheric gases 
by the buffer gas which is supported by the increased yield of 
He+. 

Thus we have to use small flow rates of helium in order 
to gain more active species. During our previous work on the 
treatments of plant cells the flow rate of helium was around 
100 sccm so we can assume that even larger amount of active 
species was created if electron temperatures are not reduced 
by molecular species for that range of mixtures. 

Of the chemically active molecular species the dominant 
molecules are NO (see Fig. 8) which while toxic at high abun-
dances may be useful for numerous processes. Surprisingly, 
little ozone has been found. With an increase of the flow rate, 
yields for all three compounds decrease. Of course, one 
should be careful when choosing the optimal conditions for 

desired treatment because with the increase of the flow we 
eliminate undesirable species, but, also, at the same time we 
reduce amounts of species which are important for treatment. 

Plasma needle can operate in two different modes. Stof-
fels and coworkers labeled them as: a bipolar mode, when the 
nearby surface affects the shape of the plasma and unipolar 
mode when the surface does not affect very much the shape of 
the plasma6,12. This was also confirmed in simulations done 
by Sakiyama and coworkers13,14. 

In Fig. 9 measurements for the distance of 1.5 mm are 
shown. We can see that with the increase of the power there is 
a general increase in the yields which becomes greater after 
the sudden transition to the bipolar mode which occurs at the 
highest power. This sudden transition is also observable with 
bare eyes. In unipolar mode one can see discharge at the tip of 
the needle and after transiton it spreads towards the surface of 
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the mass spectrometer covering it in the area of 1−2 mm2. 
4. Conclusion 

 
In this paper we have shown some of the characteristics 

of plasma needle obtained by using mass spectrometry. Mass 
spectrometric measurements show significant conversion of 
feed gases (nitrogen and oxygen) into radicals N and O, and 
NO molecule which is found to be the dominant reaction 
product of these reactions.  

Measurements were made for the range of powers (0.1 
to 1 W) and two distances (1 and 1.5 mm) in order determine 
optimal conditions for plasma treatment of samples. We 
needed to increase the flow of the feeding gas from 100 sccm 
up to several standard liters per minute in order to be able to 
sustain the discharge in the close vicinity of the working mass 
spectrometer.  

Transition from unipolar to bipolar mode was observed 
through sudden increase in the yields of the measured species. 
Also, dominant species was NO radical and surprisingly, little 

ozone has been found. 
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