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Abstract. Hydrogen radio frequency (RF) discharge was studied by optical emission 
spectroscopy and actinometry. The main aim of this work was the comparison of RF 
discharges at 2 frequencies – 13.56 MHz and 27 MHz as sources of atomic hydrogen. 
The power delivered to discharge was 30 W. The concentration of atomic hydrogen 
was determined by actinometric method in the 200 – 600 Pa pressure range with 5% 
argon as the actinometer. The hydrogen Hα line at 656.3 nm and an argon line at 
811.5nm line were used. From the Fulcher-α band (d 3Πu

– – a 3Σg
+) the temperature of 

the gas was determined. The electron temperature was determined by Boltzmann plot 
of the hydrogen Balmer series (Hα, Ηβ, Ηγ, Ηδ).  

Introduction 
Atomic hydrogen and sources of hydrogen atoms play an important role in chemical vapour 

deposition of diamond and other functional materials or as source of VUV radiation for absorption 
measurements due to Lyman-α emission line at 121 nm. High-density hydrogen atoms are often 
generated from hydrogen molecules by different kinds of electrical discharges. In all kinds of 
hydrogen atom-involved applications, it is essential to determine the concentration of hydrogen atoms 
as functions of the operating parameters. 

There are several techniques for monitoring atomic density as titration [Duan et al., 2003], using 
catalytic probes [Mozetic et al., 1996], two-photon absorption laser induced fluorescence (TALIF), 
[Jolly et al., 2005], vacuum ultraviolet absorption spectroscopy (VUVAS) [Takashima et al., 2001] or 
actinometry [Thomaz et al., 1999]. Advantage of actinometry is its simplicity. Principle of actinometry 
lies in adding of small amount of probing gas (several per cent) to investigated gas, usually argon. 
Subsequently the intensities of emission lines of actinometer and investigated gas are compared. 
Atomic concentration is derived from this ratio. In some cases, adding of probing gas is not necessary 
and it can be replaced by emission system radiating in investigated gas. It was used in nitrogen with 
second positive system as actinometric system or Fulcher-α band in hydrogen discharge [Kitajima et 
al., 2008; Lavrov et al., 2003].  

The aim of our investigation is comparison of effectiveness of dissociation capacitively excited 
discharge in hydrogen at two frequencies (13.56 and 27 MHz) at pressure range (200–600) Pa. 

Experimental setup 
The experimental setup is shown schematically in Figure 1. RF discharge was powered by high 

voltage power supply with external rings (width 0.5 cm, distance between rings was 2 cm and 
diameter 1 cm). The frequency of power supply was 13.6 MHz and 27 MHz. We used wattmeter Bird 
to determine the power of discharge and set it to value of 30 W. Discharge was maintained in quartz 
tube 55 cm long and with inner diameter 0.65 cm. Pressure was measured by capacitive gauge. 
Measurements were realised at gas pressures (200, 300, 400, 500 and 600) Pa. The gas flow was 
monitored by mass MKS flow controller. The abundance of H2 was 95% and 5% of argon. It 
represents gas flow from 20.0 sccm to 63.3 sccm. The gas flow of Ar varies from 1.0 sccm to 3.2 
sccm. Light emitted from discharge axis passed through MgF2 window and was focused by MgF2 lens 
to optical fiber connected to Andor Mechelle 5000 spectrometer coupled with Andor IStar intensified 
camera and processed with PC. Influence of actinometer was checked by comparing discharge with 
and without actinometer. 
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Figure 1.  Experimental setup : MFC – MKS mass flow controllers, MKS Baranton – capacitive 
gauge, W – MgF2 window, L – MgF2 lens, M – Andor Mechelle-5000 spectrometer coupled with 
Andor IStar intensified camera. 

Actinometry 
We used 5% of argon as actinometer. The base condition is that this amount will not change 

hydrogen discharge significantly. We checked it by calculating gas and electron temperature in pure 
hydrogen and in mixture with 5% of argon. 

For correct use of actinometry following conditions had to be fulfilled: 
1. Probing gas has to have similar shape of cross section for electron populations of excited 

states and also threshold energy. 
2. Other forms of populations of upper level than electron excitation has to be negligible. 
3. Non-radiated deexcitation has to be negligible. 
4. Population of upper levels by dissociative excitation had has to be negligible. 

These conditions are not always fulfilled and other forms of excitation and deexcitation have to be 
included to actinometric model. The following processes were taken into consideration in our case: 
Direct excitation from atomic ground state:  
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Collisional de-excitation (quenching):  
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Q= Ar, H2 
After expressing of concentration of the excited states and comparing intensities of emission 
lines of argon and hydrogen atoms we obtained relation for concentration of hydrogen atoms: 
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Results  
Determination of rotational temperature of H2(d3𝚷u

–) and gas temperature 
Rotational temperature of H2(d3𝚷u

–) was determined from Boltzmann distribution of rotational 
transitions of vibrational (v’ = 2 – v’’ = 2) Fulcher-α band Q branch (Figure 2). The temperature was 
calculated using following formula: 

 𝐼 ∝ 𝑆(2Γ + 1)𝑒𝑥𝑝 �−𝐵𝑣𝐽(𝐽+1)ℎ𝑐
𝑘𝑇𝑟𝑜𝑡

�, (2) 

where I is line intensity, S is Hönl-London factor, Γ is total nuclear spin, Bv is molecular rotational 
constant, J is rotational quantum number, h is Planck constant, c is speed of light, k is Boltzmann 
constant and Trot is rotational temperature. The value of rotational temperature is obtained from 
plotting 𝑙𝑛 � 𝐼

𝑆(2Γ+1)
� for individual lines of Q(2-2) branch, as a function of 𝐽(𝐽 + 1), where Trot is 

proportional to 𝐵𝑣ℎ𝑐
𝑘𝑅

, where R is slope of straight line. Wavelengths of used transitions are in table 1. 
Rotational temperature of molecules used to be in equilibrium with gas temperature. State 

H2(d3𝚷u
–) has very short time of life (30 ns)  and can’t be thermalized  at our pressures  by heavy  

 

Table 1. Wavelengths of used lines of Q(2-2) branch of Fulcher-α band of hydrogen molecule 
[Crosswhite, 1972]. 

Line J wavelenght λ [nm] 
Q1 1 622,48 
Q2 2 623,03 
Q3 3 623,084 
Q4 4 624,92 
Q5 5 626,25 

 

 
Figure 2.  Spectrum of of Fulcher-α band of Q(2-2) branch with marked lines used for calculation of 
rotational temperature. Experimental conditions are: frequency of power supply 13.6MHz, pressure 
200 Pa and abundance of H2 100%. 

 
Figure 3.  Boltzman plot of rotational emission lines of Fulcher-α band. 
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particle collisions. If rotational levels were populated mainly by electrons with Maxwell distribution, 
rotational temperature of H2(d3𝚷u

–)  would be lower than gas temperature and fulfil Boltzmann 
distribution, what is our case. For this reason it was supposed that the rotational distribution of 
H2(d3𝚷u

–) copies rotational distribution of ground state H2(X1Σg
+). It is supposed that rotational 

distribution of ground state H2(X1Σg
+) is in equilibrium with gas temperature. Since rotational constant 

Bυ
g of ground state H2(X1Σg

+) is two times higher than rotational constant Bυ of H2(d3𝚷u
–) state (Bυ

g =  
2 Bυ), then Trot(H2(X1Σg

+)) = 2Trot(H2(d3𝚷u
–))[Tomasini et al., 1996]. Rotational temperature of 

H2(d3𝚷u
–) state was (350 ± 15) K at 27 MHz and (290 ± 15) K at 13.56 MHz for all pressures. 

Determined the gas temperature was equal to (700  30) K at 27 MHz and (580  30) K at 13.56 
MHz for all pressures. There was no significant change between mixture 95%/5% H2/Ar and pure 
hydrogen discharge (Figure 4). 

Determination of electron temperature 
It is assumed that EEDF has Maxwell’s distribution and since then energy distribution of atomic 

excited states is Boltzmann distributed. Electron temperature is estimated from relation (3) using 
hydrogen atomic lines from Balmer series (table 2): 

e

m

mnmnm

nm

kT
EC

ghA
I

−=







υ

ln       (3) 

Where Anm, Imn, h, υnm, gm, Em, k, Te, C are Einstein’s coefficient of spontaneous emission, intensity 
of emission line, Planck constant, frequency of emission line, statistical weight,  energy of excited 
atomic level, Boltzmann constant, electron temperature and constant included statistical sum and 
concentration of atoms in ground state, respectively. gm is given as sum of all degenerations of Balmer 
line at given wavelength. 

Argon lines weren’t used for estimation of electron temperature because of low intensity of lines 
with higher energy and because of that with higher error of determined temperature. It is also seen in 
Figure 5 that some argon lines are overpopulated. Electron temperature determined from hydrogen 
emission lines was decreasing from 0.47 to 0.45 eV in pressure range (200–600) Pa at 27 MHz and 
from 0.45 to 0.42 eV in pressure range (200–600) Pa at 13.56 MHz. Error of determination of electron 
temperature is 0.05 eV. 

 
Figure 4.  Calculated gas temperature for 200–600 Pa for two frequencies (13.56 MHz and 27 MHz) 
in pure hydrogen and actinometric mixture 95%/5% H2/Ar. 

Table 2.  Hydrogen lines used for determination of electron temperature [NIST]. 
line λ [nm] E [eV] Anm [s–1] gm 
Hα 656,279 12,88 4,41E+07 26 
Hβ 486,135 12,75 8,42E+06 32 
Hγ 434,0471 13,05 2,53E+06 26 
Hδ 410,1734 13,22 9,73E+05 32 
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Figure 5.  Comparison of Boltzmann plot from Ar and H lines with denoted actinometric lines 750 
and 811.5 nm (200 Pa, 27 MHz, actinometric mixture 95%/5% H2/Ar). 

 
Figure 6.  Evolution of electron temperature for 200–600 Pa for 2 frequencies (13.56 MHz and 
27 MHz) and pure hydrogen and actinometric mixture 95%/5% H2/Ar. 

Density of atomic hydrogen 
H-alpha emission line and line 811.5 nm emitted from level Ar(2p9) was used as actinometric line 

for determination atomic hydrogen concentration. Very often used emission line 750 nm emitted from 
level Ar(2p1) was excluded because of overpopulation (Figure 5) – it doesn’t fulfil Boltzmann law 
what means that its level is not populated only by electron collisions. 

Using relation (1) concentration of atomic hydrogen and dissociation degree was calculated and 
depicted in Figures 7a and 7b. Concentrations of hydrogen atoms at 2 frequencies (13.56 MHz and 27 
MHz) are very similar, increasing from 3.3 × 1014cm–3 to 2 × 1015cm–3 with pressure from 200 Pa to 
600 Pa. These values correspond to dissociation ratio [H]/[H+H2] from 1.5% to 3.4%. 

Contribution of dissociative excitation is less than 1% of created atoms. Jolly et al. [2005] 
compared 13.56 and 27 MHz frequency in discharger between parallel plates with gap 3 cm with gas 
flow 50 sccm in pressure range (13–133) Pa. They determined increasing of atomic hydrogen 
concentration and our measurements noticed continuing of that increasing with pressure with higher 
concentrations. 
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(a) 

 

 
(b) 

Figure 7.  Comparison of (a) atomic hydrogen concentration for frequencies 13.56 MHz and 27 MHz 
in pressure range (200–600) Pa. (b) atomic dissociation degree for frequencies 13.56 MHz and 
27 MHz in pressure range (200–600) Pa.  

Conclusion 
Concentration of hydrogen atoms in capative RF discharge was measured at frequency 

13.56 MHz and 27 MHz at 30 W by actinometric technique. Atomic concentration increase from 
3.3 × 1014cm–3 to 2 × 1015cm–3 corresponds to dissociation degree from 1.5% to 3.4% in pressure 
range (200–600) Pa. There was no significant difference when discharge was coupled by 13.56 MHz 
and 27 MHz. It was verified that 5% of argon has no influence on hydrogen discharge by comparing 
gas and electron temperature of actinometric mixture 95%/5% H2/Ar and pure hydrogen. Gas 
temperature was evaluated to 700 K at 27 MHz and 580 K at 13.56 MHz in range of measured 
pressures. Electron temperature was decreasing from 0.47 eV to 0.45 eV (≈ 5450 K to 5520 K) at 
frequency 27 MHz and from 0.45 eV to 0.42 eV (≈ 5520 K to 4870 K) at frequency 13.56 MHz with 
pressure. 
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