
Nuclear Instruments and Methods in Physics Research B 267 (2009) 438–441
Contents lists available at ScienceDirect

Nuclear Instruments and Methods in Physics Research B

journal homepage: www.elsevier .com/locate /nimb
Diagnostics and active species formation in an atmospheric pressure helium
sterilization plasma source

A. Simon *, S.D. Anghel, M. Papiu, O. Dinu
Babes-Bolyai University, Faculty of Physics, M. Kogalniceanu Street 1, 400084 Cluj-Napoca, Romania
a r t i c l e i n f o

Available online 17 October 2008

PACS:
52.80.Pi
52.25.Tx

Keywords:
Atmospheric pressure helium plasma
Very low power
Emission spectroscopy
Diagnostics
0168-583X/$ - see front matter � 2008 Elsevier B.V.
doi:10.1016/j.nimb.2008.10.028

* Corresponding author. Tel.: +40 264 405300x516
E-mail address: asimon@phys.ubbcluj.ro (A. Simon
a b s t r a c t

Systematic spectroscopic studies and diagnostics of an atmospheric pressure radiofrequency (13.56 MHz)
He plasma is presented. The discharge is an intrinsic part of the resonant circuit of the radiofrequency
oscillator and was obtained using a monoelectrode type torch, at various gas flow-rates (0.1–6.0 l/min)
and power levels (0–2 W). As function of He flow-rate and power the discharge has three developing
stages: point-like plasma, spherical plasma and ellipsoidal plasma. The emission spectra of the plasma
were recorded and investigated as function of developing stages, flow-rates and plasma power. The most
important atomic and molecular components were identified and their evolution was studied as function
of He flow-rate and plasma power towards understanding basic mechanisms occurring in this type of
plasma. The characteristic temperatures (vibrational Tvibr, rotational Trot and excitation Texc) and the elec-
tron number density (ne) were determined.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Non-thermal plasmas generated at different pressure and
power levels, have been widely used for both industrial and bio-
medical applications [1–3]. In order to overcome the disadvantages
resulting from vacuum techniques (low pressure operation), vari-
ous devices have been developed for generating non-thermal plas-
mas atmospheric pressure, including the atmospheric pressure
plasma jet [1]; plasma needle [4]; plasma pencil [5]; miniature
pulsed glow-discharge torch [6]; one atmosphere uniform glow-
discharge plasma [7] and resistive barrier discharge [8]. Since these
devices generally operate in a flow of noble gas such as helium or
argon and because they are open-end systems, the interaction with
the ambient gas (air) is inevitable. This interaction could cause sig-
nificant changes in both properties and applications of the plasmas
in question. Sun et al. [9] showed that, in non-thermal plasmas, the
breakdown voltage decreases as the flow-rate increases and these
authors explained it by the back-diffusion effect of air.

This paper describes spectroscopic studies and diagnostics of an
atmospheric pressure radiofrequency (13.56 MHz) He plasma
which has been successfully applied for bacterial deactivation
[10,11].
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2. Experimental set-up and methodology

The atmospheric pressure radiofrequency (13.56 MHz) He plas-
ma developed in our laboratory is an intrinsic part of the resonant
circuit of a home-built radiofrequency oscillator (extensively de-
scribed in a previous paper [12]) and was obtained using a mono-
electrode type torch, at various gas flow-rates (0.1–6.0 l/min) and
absorbed power levels (0–3 W). Simplified schematic diagrams of
the experimental set-up and torch are presented in Figs. 1 and 2.

The plasma power was calculated, with a precision of about
10%, using the subtraction methodology [12,13]: the absorbed RF
power by the plasma is equal to the difference between the trans-
mitted power from the DC power supply in the presence and ab-
sence of the discharge at a given DC anodic voltage. Hence,
Pplasma = Ea � (Iap � Iao), where Iap and Iao represents the DC supply
current intensities in the presence and absence of the plasma,
respectively. The plasma torch was horizontally oriented. Pure he-
lium (99.999%) is supplied through a Cole–Parmer flow-controller.
During measurements, the DC anodic voltage was fixed at a con-
stant value and no gas is added to the carrier He gas.

The plasma emission spectrum was monitored, in axial viewing
mode, using two Ocean Optics HR 4000 spectrometers (one for the
290–430 nm spectral region with a resolution of 0.09 nm FWHM
and another one for 200–1100 nm with a resolution of 0.5 nm
FWHM) via PC and appropriate software (SpectraSuite) for driving
and acquisition.

The emission spectra, as function of gas flow-rate, were studied
(species identification, labeling and relative intensity measurement)
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Fig. 1. Schematics of the experimental set-up (T – oscillating pentode; +Ea – DC anodic voltage; L2C2 and plasma torch – resonant circuit; L1L2 – positive reaction circuit).
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using the Spectrum Analyzer (version 1.6) software [14]. The same
software was used in order to determine the electron excitation
temperature of He atoms (Texc) using five atomic lines (501.56,
587.59, 667.81, 706.51 and 728.23 nm) and the temperature of exci-
tation of vibrational states of N2 molecules (Tvibr) using the molecu-
lar N2 bands from the second positive system (C3Pu ? B3Pg), with
bandheads at 371.05 nm (2–4), 375.54 nm (1–3) and 380.41 nm
(0–2).

The rotational temperatures (Trot) for OH (306–312 nm, A2R+,
m = 0 ? X2P, m0 = 0) and Nþ2 (391.44 nm, B2Rþu ! X2Rþg ) radicals
were estimated by comparing the experimentally recorded spectra
with the appropriate synthetic spectra generated by the LIBASE
(version 2.0.60) spectral simulation software [15].

The Stark broadening of the Ha line at 656.28 nm was used to
obtain the electron density (ne) using the ne = (4�108�DkStark/
a1/2)3/2 relationship, were DkStark is the FWHM of the Ha line (cor-
rected for instrumental, Doppler and van der Waals broadening)
and a1/2 is the appropriate tabulated parameter for the Ha line [16].

3. Results

The absorbed plasma power as a function of gas flow-rate for
the anodic voltage of 170 V is presented in Fig. 3. Similar curves
were observed over a wide range of applied anodic voltage up to
240 V (not shown for simplicity).

This plot demonstrates that the absorbed plasma power in-
creases with the increase of the gas flow-rate. The plasma appear-
ance changes according to the changes in flow-rate. The plasma is
ignited around 0.5 l/min (this depends on the anodic voltage: as
high the voltage is, as low the ignition flow-rate will be). At helium
Fig. 2. Schematics of the plasma torch.
flow-rates lower than 0.7 l/min, the plasma has a point-like shape.
Its diameter is around 0.5 mm. As the flow-rate increases up to 2 l/
min, the discharge region will extend, forming a sphere with 1–
3 mm in diameter. As the gas flow-rate increases over 2 l/min,
the plasma shape changes gradually from sphere to ellipsoid. At
flow-rates higher than 4 l/min, the length of the plasma extends
outside torch to about 3–4 mm in the gas flowing direction.

In Fig. 4(a and b), the emission spectra are depicted for all three
plasma shapes for a constant DC anodic voltage of 170 V.

In all spectra the UV region is dominated by the nitrogen spe-
cies. Taking into account the high purity of the plasma feed gas;
the most probable explanation is the diffusion of ambient air back
to the discharge region as suggested in [9]. In the case of the point-
like plasma, formed at low flow-rates, immediately after ignition,
one can observe that the dominant specie present for such a plas-
ma is the N2 (second positive system). The NO emission is very
weak, the OH formation did not took place. At higher flow-rates
(case of spherical plasma and ellipsoidal plasma) both NO (as a re-
sult of the chemical conversion of N2 and O2 from back-diffusing
air) and OH bands are present (as a result of the dissociation of
water molecules, present as moisture in air or plasma feed gas)
and the Nþ2 formation, as result of the Penning ionization process
of N2 molecules with the He metastables, could also be observed.

In the VIS region He, O and Ha emission lines could be well ob-
served for the spherical plasma and ellipsoidal plasma. It has to be
Fig. 3. Plasma power as function of helium flow-rate for an anodic voltage of 170 V.



(a) (b)

Fig. 4. Emission spectra for Ea = 170 V as function of plasma developing stages: (a) the 290–430 nm window; (b) the 500–900 nm window.

(b)(a)

Fig. 5. Emission intensities for Ea = 170 V as function of He flow-rate: (a) molecular species; (b) atomic species.

Fig. 6. Characteristic temperatures as function of He flow-rate, for Ea = 170 V.
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mentioned that for the point-like plasma, although are visible, He
lines are very weak.

These observations are sustained by the evolution of emission
intensities as function of helium flow-rate for all three plasma
shapes. They are presented in Fig. 5 for a constant DC anodic volt-
age of 170 V. The dependencies have similar aspects for other ano-
dic voltages, too.

As one can observe in Fig. 5(a and b), at low helium flow-rates,
the emission intensities are increasing together with the increase
of the He flow-rate. Both N2 and NO present maximums around
0.7–0.9 l/min, flow-rate values which represent the transition from
the point-like plasma to the spherical plasma. At higher flow-rates
(0.9–2.0 l/min) their emission decreases (less air will diffuse into
the discharge), but a further increase in He and Nþ2 emission could
be observed. This suggest that the number of He metastables in-
creased and more N2 molecules are converted in Nþ2 by Penning
ionization. The OH and Ha emissions have similar dependencies,
sustaining the idea that their presence is the result of dissociation
of H2O by collision with energetic electrons. Oxygen emission in-
creases up to 2 l/min flow-rate, thus its presence in the spectra
in not due only to water dissociation but for air back-diffusion,
too. Above 2 l/min He flow-rate (ellipsoidal plasma region) all
emission intensities present a saturation tendency.



Fig. 7. Electron number density as function of He flow-rate, for Ea = 170 V.

Fig. 8. Nþ2 =N2 emission intensities ratio as function of He flow-rate, for Ea = 170 V.
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The characteristic temperatures and electron number density,
as function of He flow-rate, for Ea = 170 V, are depicted in Fig. 6
and Fig. 7, respectively.

Fig. 6 shows the dependencies of the vibrational, excitation and
rotational temperatures on He flow-rate. It can be seen that the He
excitation temperature decreases with the increase of the He flow-
rate. The high values, at low flow-rate, are due to the presence, in
relatively high concentration, of molecular species [4]. At higher
flow-rates (spherical plasma and ellipsoidal plasma), when the
plasma will have a larger volume and the air diffusion is dimin-
ished by the high flow-rate of plasma gas, the convection and con-
duction cooling of the gas will determine a slow decrease of the
excitation temperature. The minimums in Tvibr and Texc occur for
the transition from point-like plasma to spherical plasma (0.7–
0.8 l/min), both being almost constant for the ellipsoidal plasma
regime. The rotational temperature increases with the increase of
the helium flow-rate.

The electron number density, as shown in Fig. 7, will increase
when the He flow-rate increases. This suggests that, nevertheless
at higher flow-rates when the absorbed power is higher and the
power density is lower because of the increased plasma volume,
there are significantly more electrons resulting not only from the
ionization of He, but also from the Penning ionization of N2.
The relationship between characteristic temperatures and the
low electron number density demonstrate that local thermody-
namic equilibrium conditions are not met for this plasma.

Admitting that, N2 molecules are mainly excited to the second
positive system by collisions with electrons having energies higher
than 11 eV and the first negative system of Nþ2 are mainly popu-
lated by collision with electrons with energies higher than
18.7 eV [17], the evolution of the emission intensities ratio of Nþ2
to N2 could indicate the evolution of the electron temperature. In
Fig. 8 this dependency is depicted as function of the He flow-rate.
From this figure, it can be found that the intensity ratio increases
with increasing flow-rate. Therefore, this result is consistent with
the emission intensities and electron number densities presented
above.

4. Conclusions

A systematic spectroscopic studies and diagnostics of an atmo-
spheric pressure radiofrequency (13.56 MHz) He plasma are pre-
sented. Local thermodynamic conditions are not met for this type
of plasma, under the experimental conditions considered in the pa-
per. As function of He flow-rate and power the discharge has three
developing stages: point-like plasma, spherical plasma and ellip-
soidal plasma. The emission spectra of the plasma were recorded
and investigated as function of developing stages, flow-rates and
plasma power. The results of the investigation show that plasma
power, emission intensities of atomic and molecular species, char-
acteristic temperatures and electron number density are influ-
enced by the He flow-rate and back-diffusion of ambient air.
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