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Abstract
A non-thermal plasma source (‘plasma needle’) generated under
atmospheric pressure by means of radio-frequency excitation has been
characterized. Plasma appears as a small (sub-mm) glow at the tip of a metal
pin. It operates in helium, argon, nitrogen and mixtures of He with air.
Electrical measurements show that plasma needle operates at relatively low
voltages (200–500 V peak-to-peak) and the power consumption ranges from
tens of milliwatts to at most a few watts. Electron-excitation, vibrational and
rotational temperatures have been determined using optical emission
spectroscopy. Excitation and vibration temperatures are close to each other,
in the range 0.2–0.3 eV, rotational gas temperature is at most a few
hundred K. At lowest power input the source has the highest excitation
temperature while the gas remains at room temperature. We have
demonstrated the non-aggressive nature of the plasma: it can be applied on
organic materials, also in watery environment, without causing
thermal/electric damage to the surface. Plasma needle will be used in the
study of plasma interactions with living cells and tissues. At later stages,
this research aims at performing fine, high-precision plasma surgery, like
removal of (cancer) cells or cleaning of dental cavities.

1. Introduction

Non-thermal discharges generated at reduced pressures in
vacuum reactors have a well established, broad spectrum of
applications in material science. Nowadays, usage of non-
thermal atmospheric plasmas is studied with growing interest,
as it provides a cheaper and more convenient alternative to
low-pressure plasma technology [1]. Many configurations
and applications have been investigated. Capacitively coupled
radio-frequency (RF) discharges are studied in relation to
material surface processing [1] or Plasma Display Panels [2],
DC micro-hollow cathode discharges can serve as efficient
sources of vacuum UV radiation [3], and dielectric barrier
discharges have proven to be useful in chemical (gas)
conversion [4, 5]. Generation of atmospheric plasmas is not
restricted to the gas phase: a well-known type is an under-water
corona discharge, which attracts much attention as a cheap
and environmentally safe means for cleaning of polluted water

[6, 7]. Another important advantage of using atmospheric
plasmas is the possibility to process materials which are
not resistant to high vacuum. Examples of such materials
are numerous, mainly in the organic world. Fine surface
processing of certain polymers, foodstuffs and even living
organisms is a new and rapidly expanding area of plasma
applications [8]. At present, much effort is invested in creating
an appropriate, ‘bio-compatible’ plasma source. However,
such a source must meet many requirements to be suitable
for treatment of vulnerable biological materials. It must be a
truly non-thermal plasma, operating at ambient pressure and
temperature, and it should not pose any electrical or chemical
hazard.

A general recipe for obtaining non-thermal plasmas under
(sub-)atmospheric pressures is reduction of the discharge size
and/or its duration time. This effect is known from the plasma
display technology, where micro-plasmas of less than 100 µm
size are obtained [9], and from corona research [6, 7], where
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streamer formation and transient character of the discharge
may be seen as a natural size/time constriction. Generation of
larger size non-thermal discharges has been also accomplished,
although it is generally a non-trivial task. Examples include
the atmospheric pressure plasma jet (APPJ) [1, 10], the ‘plasma
pencil’ [11] and the one atmosphere uniform glow discharge
plasma (OAUGDP) [12]. The latter has been applied for
biomedical surface treatment. The OAUGDP is an efficient
decontamination source, capable of killing micro-organisms
after only a short exposure. In this case, the action of the
plasma is not refined, and the source, although non-thermal,
cannot be considered as bio-compatible. Because of the
chemical reactivity and toxicity of such atmospheric plasmas,
they cannot be applied to treat sensitive surfaces. For example,
exposure of a latex glove to the active species of an atmospheric
glow discharge in air will cause the glove to disintegrate [13].

In this work we aim at producing a less aggressive plasma
source, which can be applied directly on organic materials and
living tissues. It is desired that the plasma action be refined:
non-contact, strictly local and with minimum penetration
depth. Possible applications will be high-precision removal
of unwanted tissue/cells and cleaning of decayed matter in
dental cavities, prior to filling. The latter could provide a
new, attractive technique in dentistry, which would replace
painful and destructive drilling. In parallel, we conduct studies
on material removal from bone samples using a conventional
etcher [14], in order to establish the capabilities of non-
thermal plasmas to etch selectively organic matter in a strongly
mineralized matrix. However, the main achievement of
plasma treatment would be cell modification rather than plain
destruction. Therefore, we plan to explore the possibilities
of influencing cells in a well-controlled way, e.g. of inducing
apoptosis in cancer cells.

We have developed a potentially bio-compatible plasma
source, which is an RF-driven ‘plasma needle’. The glow is
of an intermediate size (0.1–1 mm), which is small enough
for local surface treatment, but does not require the precision
design of micro-plasmas for display panels [9]. Before
involving this source in a study of plasma–cell interactions,
we present its electric and spectral characterization.

2. Experimental

‘Plasma needle’ is a 5 cm long, 1 mm diameter stainless
steel wire with a sharpened tip. The wire serves as the
powered electrode, and it is placed coaxially within a grounded
metal cylinder with 1 cm inner diameter (see figure 1).
Similar configurations have been used to design tools for
spectrochemical analysis [15]. The cylinder is filled with
flowing gas, controlled by Brooks series 5850E mass flow
controllers. The main feed gas is helium at typical flow
rates of a few hundreds ml min−1, but other gases (argon,
air, nitrogen and hydrogen) have been also introduced. The
cylinder is closed by a quartz window, but the connections
are not vacuum-tight, and the window can be removed during
plasma operation, e.g. to insert organic samples. RF plasma
at 13.56 MHz is generated using a Hewlett Packard 33120A
Waveform Generator, in combination with an Amplifier
Research 75AP250 RF amplifier and a home-built matching
network. Discharge power and voltage are monitored using,

gas inlet
RF electrode

grounded cylinder

Power
meter

dual coupler

matching
network

RF amplifier

function
generator

lens & optical fibre

to OMA
system

window

plasma

Figure 1. A scheme of the experimental set-up. The powered
needle-like electrode is mounted axially in the centre of a
helium-filled cylinder. The viewing window is not vacuum-tight,
and it can be occasionally removed.

respectively, an Amplifier Research PM2002 power meter
connected via Amplifier Research Dual Directional Coupler,
and a P6103 Tektronics probe (50 MHz, 10 M�, 13.2 pF) in
combination with a 2225 50 MHz Tektronics oscilloscope.

Plasma is generated at the tip of the metal pin and
viewed frontally through the window. Plasma emission
is collected using a quartz lens and fibre, and fed to an
Optical Multi-channel Analyser (EG&G Princeton Applied
Research, detector type 1420G) supplied with an Acton
Research Corporation, SpectraPro-275 monochromator with
1200 grooves mm−1 grating. Spectral data on emission
intensities of He atomic lines and rotation–vibration bands
belonging to N2 electronic transitions in the visible wavelength
region are processed in the usual way. They serve to determine
electron-excitation, vibrational and rotational temperatures for
a variety of conditions in this strongly non-equilibrium plasma
system.

3. Results and discussion

3.1. Appearance and electric properties of the plasma

Plasma appears readily at the tip of the metal needle, and
has a form of a faint glow with a diameter of about 0.1 mm
at the threshold breakdown voltage. It is easiest to achieve
breakdown in helium, where minimum peak-to-peak RF
voltages lie around 200 V. As the voltage and RF power
dissipated by the discharge are increased, initially an increase
of the light emission intensity is observed, followed soon by
expansion of the plasma volume. At high input powers, the
discharge covers the whole surface of the needle. As the power
is further increased, transition to an arc discharge occurs: the
glow loses its spatio-temporal uniformity and stability, and a
bright plasma channel is formed between the RF and grounded
electrode. This mode of plasma operation is not investigated
in this work.

The rough influence of the glow discharge on organic
materials has been tested on thin polyethylene film,
(moistened) paper tissues and plant leaves. When these objects
are placed close to the tip of the needle, the glow is attracted
to their surface and spreads over it, forming a spot of about
0.5 mm diameter. White paper tissue shows intense blue
fluorescence. After remaining in contact with plasma for
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Figure 2. Existence curves of the plasma: (a) as a function of
helium flow rate and (b) as a function of percentage of air admixture
at a constant total flow rate (350 ml min−1). Displayed are the
breakdown voltages, needed to ignite the plasma (•), minimum
operating voltages, just above extinction threshold (�) and
maximum voltages, just below arcing (�).

minutes, the surfaces do not show any sign of melting (plastic),
and no thermal damage or desiccation (leaves). At this stage
we cannot decide on the surface modification at a microscopic
level.

Range of stable plasma operation has been established for
various plasma chemistries. Next to helium, stable discharges
have been obtained using a variety of gases: pure argon,
pure nitrogen and mixtures of He with air, N2 and hydrogen.
Generally, admixture of molecular gases requires increasing
the RF voltage in order to ignite and sustain the plasma.
Typical operating conditions are shown in figure 2. The
breakdown voltage, the minimum voltage at which the plasma
still operates (sustaining voltage) and the maximum voltage
for the glow discharge (i.e. the voltage at which transition to
an arc discharge occurs) are plotted as a function of helium
flow rate (figure 2(a)) and admixture of air at a constant total
flow rate (figure 2(b)). When the helium flow rate is low,
there is a considerable leakage of air into the system, e.g. at
the helium flow of 150 ml min−1, air content is about 7%. At
high flow rates (above 1000 ml min−1), the amount of air in
the plasma is a fraction of a per cent, as deduced from the
emission intensities of nitrogen bands. Addition of air into the
plasma is immediately reflected by the increase of breakdown
and sustaining voltages. The glow-arc transition in presence of
air occurs more readily and the voltage range in which stable
operation is possible is much narrower than in pure helium.
However, an admixture of up to 10% air is acceptable, as the
plasma still retains its properties of a small, stable glow. This
means that a flow rate of 200–300 ml min−1 helium is sufficient
when the plasma is involved in biomedical experiments.

In order to determine the effective power dissipated by
the discharge, a subtraction method has been used, similar
to the one applied in low-pressure RF plasmas [16]. Power
losses in the system in the absence of a plasma are determined
as a function of the applied RF voltage, and subtracted
from the power dissipated by the plasma and system at the
corresponding voltage. Typical voltage–power characteristics
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Figure 3. Characteristics of a helium plasma at the flow rate of
500 ml min−1: nominal power dissipated by the plasma and electric
circuit (•), correction curve for the losses in the circuit (�) and the
net power coupled in the plasma (x2, �) as a function of
peak-to-peak voltage. Note a characteristic node in the curve: at
voltages above 300 V the plasma starts to increase in volume.
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Figure 4. Net power plotted against peak-to-peak voltage for
helium (•), 50% argon in helium (�) and 10% air in helium (�).

for helium are plotted in figure 3, and the net power after
the correction is displayed. The characteristic node in this
curve separates two regimes of plasma operation: a ‘point
plasma’ at low voltages and a glow that spreads along the
needle at higher voltages. Similar graphs have been made
for plasmas containing air and argon admixture (figure 4). It
is evident that in air a higher voltage is needed to sustain the
plasma, in agreement with figure 2. This can be expected in
presence of molecular species, because loss of electrons due
to attachment and loss of electron energy due to ro-vibrational
excitation must be compensated by an increased voltage. In
contrast to air, argon plasmas operate at low voltages and
dissipate relatively much power. However, this feature of argon
limits the range of glow operation regime: at too high powers
arcing and heating of the electrodes occur. In conclusion,
helium discharges (possibly with small admixtures of other
species) are most stable and have the widest range of operating
conditions. Since in the ‘point plasma’ regime their power
dissipation is very low and the sustaining voltage is tolerable,
they seem to be most interesting from the point of view of
biomedical applications.

3.2. Spectral characterization

Optical emission spectroscopy is an inexpensive and
convenient means of characterizing a discharge. Qualitative
overview of plasma composition can be obtained quickly from
line/band intensities. Some more elaborated analysis provides
information about various excitation/ionization processes and
temperatures in the plasma. Of course, our plasma needle
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belongs to non-equilibrium systems, for which there is no
single notion of temperature. Typically, in non-equilibrium
plasmas, the electron temperature is much higher than the
kinetic temperature of heavy species (gas temperature), e.g.
in RF discharges at sub-mbar pressures, the ratio of electron
to gas temperature can exceed 100.

Analysis of emission spectra of the plasma provides
information about the atomic state distribution function
(ASDF). The (relative) level densities nk are readily
determined from the relevant line emission intensities Ik: nk ∼
Ik/Ak and a wide database on atomic transition probabilities
Ak is available [19]. Temperature, accompanied by various
additional notions (electron, excitation, ionization, etc), is a
parameter that is often used to characterize the ASDF.

For atmospheric discharges, in the absence of total
equilibrium, one can speak of so-called partial local Saha
equilibrium (pLSE) for highly excited atomic states, close to
the ionization continuum [17, 18]. The level densities nk obey:

nk

gk

= n+

g+

ne

2

h3

(2πmekBTe)
3/2 exp

(
Ek

i

kBTe

)

where Ek
i denotes the ionization energy of the level k, ne,

n+ refer to electron and ion densities, respectively, gk , g+

are the atomic excited state and ion ground state statistical
weights, respectively, me is electron mass, kB is the Boltzmann
constant and h is the Planck’s constant. The inverse of the
slope of the Saha plot (ln(nk/gk) versus Ek

i ) gives the electron
temperature Te. For levels that are more remote from the
ionization continuum, Saha plots yield so-called excitation
temperature (Texc). In ionizing systems (with a net ionization
flow from the ground state to the continuum) Texc is usually
lower than Te, in recombining systems it is higher [17]. Even
though Texc does not always equal the electron temperature,
it generally follows the same trends as Te and therefore it
gives valuable information about (de-)excitation processes in
atomic/molecular systems.

Texc for the plasma needle has been determined from
the emission intensities of helium lines in pure helium and
helium with admixture. Here the admixture is water vapour,
introduced by a moistened paper tissue placed close to the
powered electrode. Figure 5 shows the Saha plots; the
corresponding temperatures lie in the range of 0.2–0.3 eV
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Figure 5. Typical Saha plots: ln(I/A) is the logarithm of the helium
peak intensity, divided by the corresponding transition probability
(including statistical weights); it is plotted against the ionization
energy of a given level. (•): helium plasma at 1900 ml min−1

(high-flow rate, to achieve better gas purity). The excitation
temperature is 0.23 ± 0.02 eV. ( ): helium plasma at 300 ml min−1

with a moistened paper tissue inserted in the active area. The
excitation temperature is 0.30 ± 0.02 eV.

(about 3000 K). Pure helium plasma is characterized by the
lowest excitation temperature at a given power input. Slight
temperature decrease is observed at higher power levels. This
a priori not expected effect has been earlier observed in low-
pressure discharges for the electron temperature [20]. In the
present case it is most likely a consequence of the plasma
expansion, which allows for more collisions within the plasma
volume and thus more efficient energy transfer from electrons
to heavy particles. It will be shown later in this section that
the differences between the values of various temperatures
(electronic, vibrational, rotational) gradually decrease with
increasing power level (plasma volume).

In presence of molecular species, the excitation
temperature is somewhat higher. This is a consequence of
the increase of the sustaining voltage, which occurs when
air, nitrogen or water vapour is introduced into the discharge.
However, in any case the excitation temperature remains very
low in this low-power plasma, suggesting that it is an ionizing
system [17]. Similar results were obtained for an atmospheric
micro-plasma [2].

Another parameter, which is often used to describe
plasmas containing molecular species is the vibration
temperature Tvib. Since the population of excited vibrational
levels proceeds via electron excitation, vibrational temperature
provides a valuable insight in plasma activity, particularly in
the energy transfer from (high-energy) electrons to cold heavy
species. Consequently, the value of Tvib lies usually in between
the gas and the electron temperature. Vibration temperature
is readily derived from the (relative) intensity distribution
of vibrational bands; either from vibrational transitions in
infrared, or from electronic transitions in UV/visible. We have
chosen a part of the second positive group of N2 (C 2�u–
B 3�g) between 400 and 500 nm, because of its distinct
appearance even in the presence of traces of nitrogen in the
plasma. Frank–Condon factors for the vibrational transitions
within this group are well-documented in the literature [21].
Plots of peak intensities versus transition energy indicate a
Boltzmann distribution over the vibrational levels (figure 6).
These plots are used to determine vibration temperatures for
a variety of plasma conditions, as summarized in figures 7
and 8. Apparently, the vibration temperature in the plasma
does not vary strongly with varying power input and chemical

energy (eV)
3.2 4.2 4.8

6

4

2
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Figure 6. A typical Boltzmann plot of the relative intensity
distribution of vibration levels within the second positive system of
N2 (C 2�u–B 3�g). I is the peak intensity, A is the corresponding
Franck–Condon factor. We have chosen a series of transitions with
constant �ν (ν is the vibrational quantum number; �ν is the
difference in ν between the upper and lower electronic level),
because the peaks lie close to each other in the spectral range, and
the relative error in transition probabilities is smallest. (•): �ν = 4
and (�): �ν = 5. The accuracy is ±0.02 eV.
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Figure 7. Vibrational temperature as a function of (net) plasma
power. Gas flows: 800 ml min−1 helium and 60 ml min−1 nitrogen.
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Figure 8. Vibrational temperature as a function of percentage of
nitrogen admixture in helium, at the total flow rate of 420 ml min−1

and 7 W net power.

composition. Note that in this plasma Tvib ≈ Texc. Moreover,
the observed dependencies resemble the trends found for the
excitation temperature: high power input leads to expansion of
plasma and lowering of the temperature, addition of molecular
species results in temperature increase.

The above results should be interpreted together with the
characterization of the thermal load of the plasma. Direct
measurements of gas temperature using thermo-couples in
a small-size plasma are troublesome, due to their intrusive
nature and sensitivity for RF disturbances. However, rotational
temperature Trot of molecular species is equivalent to the
kinetic temperature in a broad range of conditions, including
low-pressure systems. In order to complete the spectral
measurements of plasma temperatures, we have determined
Trot from the (0–3) vibrational transition of the second
positive system. Since our optical system does not allow
to resolve the fine rotational structure, we have fitted the
intensity (I ) envelope of the R-branch of this transition.
Molecular constants and Hönl–London factors for this �–�

electronic transition are given by Herzberg [22]. The rotational
constants of upper and lower vibrational levels are: B ′ =
1.8259 cm−1, B ′′ = 1.6380 cm−1, Hönl–London factors are:
A = (J + 1)(J − 1)/J . The rotational quantum number J is
deduced from the wave number (�–�0) = 2B ′+(3B ′−B ′′)J +
(B ′ − B ′′)J 2, where �0 is the band origin. According to the
Boltzmann distribution ln(I/A) = const.−B ′J (J +1)/kBTrot.
Indeed, figure 9 shows that the intensity distribution within the
band has a linear dependence on J (J + 1), thus validating
Boltzmann equilibrium for the rotational levels. Figures 10
and 11 display trends in the rotational temperature, compatible
with the results for Tvib given in figures 7 and 8. As indicated
before, increasing the plasma power leads to increase of the
plasma volume, which is immediately reflected by gas heating.
However, it is possible to operate our plasma needle at room
temperature, provided the power input is low and the volume
is constricted. Addition of molecular species also causes
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Figure 9. A typical Boltzmann plot of the relative intensity
distribution of rotational levels within the R-branch of the (0–3)
vibrational band of second positive system of N2. Here A refer to
Hönl–London factors, J is the rotational quantum number.
Boltzmann relation ln(I/A) = const. − B ′J (J + 1)/kBTrot provides
the rotational temperature. The accuracy of this method is ±10 K.
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Figure 10. Rotational temperature as a function of (net) plasma
power. Gas flows: 800 ml min−1 helium and 60 ml min−1 nitrogen.
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Figure 11. Rotational temperature as a function of percentage of
nitrogen admixture in helium, at the total flow rate of 420 ml min−1

and 7 W net power.

gas heating, due to increased electron temperature and more
efficient energy transfer from electrons to heavy particles
(ro-vibrational excitation). Note that the thermal effects are
not large, and even at extreme conditions the plasma is still far
from equilibrium.

Since it has been established that plasma expansion is
inevitably followed by an increase in gas temperature, we will
finally estimate the ‘maximum’ plasma size, for which thermal
effects are still negligible. For biomedical applications the
temperature should not exceed the body temperature. In this
simple calculation, we will allow a maximum increase of
�T = 10˚C above the ambient temperature. The typical
length scale of the plasma (and the gradient length) L can
be deduced from the energy balance: electron-induced heating
of heavy particles versus energy losses by thermal conduction:

me

ma
νeanekBTe

4

3
πL3 = κ

�T

L
4πL2
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where ma is the atomic mass, νea is the electron–atom colli-
sion frequency (1.5 × 1012 s−1 for helium at 1 atm, based on
the cross section provided in [23]) and κ is the thermal con-
ductivity of the gas (144 W m−1 K−1 for helium). This yields
immediately:

L =
√

ma

me

3κ�T

νeanekBTe

At electron densities of 1019–1020 m−3 and Te of 3 eV,
thermal effects are tolerable when the characteristic plasma
dimension does not exceed 0.1–0.2 mm. This is exactly
the case in the low-power regime of the plasma needle
operation.

4. Conclusions

This electrical and spectral characterization of a low-power
atmospheric plasma source serves as an introductory feasibility
study, in order to justify the application of this plasma
for surface processing of biological materials. We have
demonstrated that our plasma needle combines activity with
non-destructive character. From the plasma physical point
of view, this is in all aspects a low-temperature plasma. Its
power consumption is comparable to a small candle flame,
but the plasma needle is a strongly non-equilibrium system,
capable of operating at room temperature. Especially the
low-voltage, low-power regime of plasma existence seems
to be most interesting for possible biomedical applications:
excitation/vibrational temperatures indicate that the discharge
has sufficient activity to have an impact on treated surfaces.
Intense UV radiation is emitted, causing fluorescence of
materials. On the other hand, plasma action does not cause
thermal damage to the surface, because no gas heating takes
place, and no contact is made with the electrodes to induce
Ohmic heating in the material. Possibly, plasma needle in
its high-power regime can be applied as well, but only in
a downstream way (at a certain distance from the surface).
Operating voltages also do not pose a risk; in fact, much higher
voltages and electric power doses have been safely applied to
patients in, e.g. electrosurgery techniques [24]. Moreover, the
plasma can be operated in the presence of wet objects, and
it seems to be ‘attracted’ to a moist surface. Summarizing,
we can consider our newly developed plasma source as bio-
compatible, and ready to initiate a study of fine interactions of
plasmas with cells and tissues.
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