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Abstract. Using the method of reabsorption the absolute densities of argon, atomic 
and molecular carbon are determined during the deposition of amorphous 
hydrogenated (diamond-like) carbon coatings by an expanding thermal arc plasma. 
Depending on the gas mixture argonjmethane or argonjacetylene and the manner of 
hydrocarbon injection, the stationary negative or positive absorption between the 
quantum states Ar(3p54p-3p54s), C(2p3s+2f) and C,(d3n,: v' = 0 -a3&, t' = 0) 
were obtained. From the line absorption the absolute population densities of the 
radicals in the plasma have been determined. The density of the argon first excited 
state Ar(3p54s, 'P2) Is ~10"--10" m-', the atomic and diatomic molecular carbon 
densities are of the order of i018-101sm-3. 

In recombining plasmas the atomic and molecular ex- 
cited states are populated by the recombining flux of 
particles going from the ionized states to the ground 
electronic state of the neutrals. In this situation the 
conditions favourable for the population inversion be- 
tween quantum states can occur. This phenomenon, 
known as an amplification in a recombining plasma, has 
been predicted theoretically [l, 21 and demonstrated 
experimentally for the transitions between the excited 
states of various atoms [3-51. In  this paper absorption 
spectroscopy has been applied to measure the absolute 
densities of C and C, radicals during the deposition of 
amorphous hydrogenated carbon coatings by an ex- 
panding thermal arc plasma. A stationary population 
inversion between the electronic quantum states of the 
C2 mo!ecu!e Is observed for the first  time^ 

The measurements are carried out in the expanding 
thermal plasma produced by a cascaded arc, described 
in detail elsewhere [6-81. In the cascaded arc a thermal 
plasma in argon is created in a cylindrical channel 
(diameter 4 mm) with a temperature of about 1 eV at 
sub-atmospheric pressure E S x lo4 Pa. This plasma ex- 
pands into a low-pressure vessel through a conically 
shaped nozzle. Hydrocarbons (CH, or C,H,) are injec- 
ted either at the end of the arc channel (nozzle), or in 
the ear!y expansion. Ry means of charge erchznge 2nd 
subsequent dissociative recombination a beam of ion- 
ized and excited particles (Ar**+, (C,HJ*.+, C>+, H$+) 
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is created. The particles from the arc are accelerated to 
supersonic velocities of up to 4000m s-', pass through 
a shock and are transported further at subsonic veloc- 
ities. For typical pressures in the vessel of about lo2 Pa 
the shock is observed at about 40 mm from the nozzle 
[7-91. The plasma conditions under which the experi- 
ments have been performed are the following: back- 
ground pressure 20-200 Pa, argon flow rate 58-116 scc 
s-', hydrocarbon flow rate 3-6 scc s-'. arc current 
4SA, arc voltage 70-8OV. 

The measurements of the spectral line intensities are 
performed by the optical system presented in figure 1. As 
shown in the figure it consists of one concave mirror, 
and a system of a plane mirrors and lenses. The 
measurements are made 20 and 70 mm downstream of 
the arc nozzle, perpendicularly to the axis of the expand- 
ing plasmas. The detection section consists of a high- 
resolution monochromator with a focal length of 1 m 
and grating with 1200 lines per mm, and a Peltier cooled 
photodiode array. With this section a spectral range of 
-20nm with a resolution of 0.02nm can be covered 
simultaneously. The optical system was calibrated posi- 
tioning a tungsten ribbon lamp in the vessel, and record- 
ing the spectrum at a known true temperature of the 
ribbon. 

The absorption or stimulated emission between the 
quantum states can be observed by measuring the ap- 
parent absorption coefficient of the spectral lines. An 
idea of optical absorption spectroscopy consists of the 
experimental determination of an integral absorption 
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Figure 1. Outline of expanding cascaded arc plasma and absorption spectroscopy 

support; W, wndow; T, translator: C, rotating chopper; B, beamsplitter: F, order filter; 
CAS,, external light source (cascaded arc); L1 -L5, lenses; Ml-M6, mirrors: Pl-P2, 
diaphragms: MC, monochromator; PDA, photodiode array: PM, photomultiplier; PC, 
personal computer. 
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coefficiei so" k,dv, which for a homogeneous medium is 
equivalent to [lo]: 

where k, is the absorption coefficient, which is positive 
for absorption and negative for the stimulated emission, 
ni and n, are the total population densities of the 
particles on lower and upper quantum levels of the 
radiative transition, gi and gx their respective statistical 
weights, A,< is the transition probability for spontaneous 
emission, and Lo is the central line wavelength. 

For the determination of the absorption coefficiei 1 

k, the method of reabsorption with a mirror (which is 
identical to the method of two identical light sources 
[lo, 113) has been used. A concave mirror Lf = 25 cm) 

1) and the line intensity was measured with the mirror 
covered I , ,  or not covered I,. The line absorption 
function A ,  defined as the ratio of the absorbed to the 
incident radiation was measured 

,4 m+?nr+nnnn r .rm- n l ~ r n r l  hah;-A thn .il"rmq ( c a ~  G m , m  
V. L I I I I I L L L l l b U ,  w a a  yLY"u "llllllu L l l b  y,LL2W". \.,.A L ' ~ U L C  

where AI is the absorbed radiation and I , and I, are the 
radiation from the plasma with covered and open mirror 
respectively. 
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In the case of radiative transport of a single spectral 
line the relation between A, and absorption coefficient 
k, is given by [lo, 111: 

where I is the length of the light column. A ,  as a function 
of k, is presented, for example, in [lo, 111. When A, > 0 
absorption takes place, and the absolute density of the 

A,  values. If A, < 0, a population inversion is present, 
and the density of the upper state of the transition can 
be determined. 

For the determination of the line absorption func- 
tion A, from equation (2) the mirror reflectance coeffi- 
cient r = r(2) should be known. Coefficient r ( l )  is mea- 
sured using a spectral line for which the plasma is 
optically thin. In that case AI = 0 in equation (2), and 
for known values of I, and I,: one can determine r(l). 
I he measured r(1j is the effective reflectance coefficient, 
which includes the transmittance coefficient of the vessel 
windows. 

In order to check the validity of the discussed 
method it was first applied to measure the argon density 
in the first excited state Ar(3p54s). The measurements 
were performed for a pure argon plasma at a distance of 
x = 70" from the nozzle of the arc. The gas flow rate 
was 58 scc s-', pressure in the vessel 40 Pa. For this 
condition the Ar(3p54s) density was recently accurately 
measured using an external bright light source [SI. The 
absorption of the spectral line I s  696.5 nm (radiative 
transition Ar(3p54p -+ 3p 54s)) is used to determine the 
absolute density of A r ( 3 ~ ~ 4 s , ~ P J  state. To the same 
spectral range belongs another argon spectral line 
(i. = 693.8 nm) which is, however, a result of the radi- 
ative transition Ar(3p54d + 3p54p). From the absolute 
intensity of the spectral line i. = 696.5 nm, the absolute 
density of Ar(3p54p) state has been determined. The 
measured density nAr(4p) Y 5 x loi3 m-' was in a good 
agreement with the previously reported results [7l. 

1 -,..Le ._^__ :A:.... --_ L^ -I--'..-,l LA... 1 
' U W t X  b,dK U, ,,,c LLdll>lllV'I Ldll "C U r j L l Y C U  L L V L l l  K l ' V W l l  

-. 

Simple calculations. based both on the information 
about radiative transition probabilities and on the experi- 
mental data show that the analysed expanding plasma is 
transparent for the argon spectral line i, = 693.8 nm. 
Therefore, the radiation of this line is used to measure the 
reflectance coefficient of the concave mirror. A value of 
r = 0.65 i 0.03 at i, = 693.8 nm was found. The meas- 
ured value of the line absorption function A, for 
i, = 696.5 nm for pure argon is shown in table 1. 

Typical parameters for these plasma settings are 
n, ~3 x 10" m-3, T,  y 3000 K, and no e 5 x lozo m-' 
[7,9] as measured using Thomson-Rayleigh scattering. 
TheVoigt parametera << 1,so that the Dopplerlimit (with 
the heavy particle temperature 'CI 3000 K [7, SI) for the 
Voigt function applies. The characteristic value for the 
absorption length has been derived from thelateral profile 
oftheemissivityofthelinel = 693.8 nm. For thecondition 
mentioned it was found that I = 35 mm (see also [SI). 

Finally, using equations (1) and (3), and measured 
A ,  values for the line l = 696.5 nm, the averaged abso- 
lute density of the Ar(3p54s, 3P,) state is nAr(4x) N 2 x  
10" m-3. This value is in good agreement with detailed 
measurements of Buuron et af [SI. It clearly indicates 
that the discussed procedure using the concave mirror is 
a simple but effective experimental method. The disad- 
vantage is that it is not possible to measure the local 
particle densities in a non-homogeneous plasma with the 
current set-up. The accuracy of the discussed procedure 
is limited by the errors during the measurements of r and 
AL. We estimate the error in the density determination 
by the discussed method to be within a factor of two. 

To measure the C, molecule density in the ex- 
panding plasma the well known Swan system of 
C, (d3n,, U' = 0 + a3n,, U" = 0 transition, band head at 
1 = 516.5 nm) has been used. To the same spectral range 
belong two spectral lines of argon: 

A ,  = 516.2 nm (radiative transition Ar(3p56d -t 3p54p)) 

and 

?L, = 518.8nm (radiative transition Ar(3p55d + 3pj4p)). 

Table 1. Experimental conditions and measured values of absorption function A, for the 
argon line 1. = 696.5 nm (3p54p -t 3p54s transition), and for the band head of the Swan 
system of C, (d%,, v' = 0 +a3n,. v" = 0 transition). 

Flow rate CfHy Axial position Pressure 
Gas mixture (SCC s-') injection (mm) (Pa) A, 

Ar 
CH,/Ar(l : 20) 
CH,/Ar(l :20) 
CH,/Ar(l:20) 
CH,/Ar(l :40) 
CH,/Ar(l : 10) 
CH,/Ar(l:20) 
C2H,/Ar(l:20) 
C,H,/Ar(l : 20) 
CH,/Ar(l : 20) 

58 
61 
61 
61 
119 
64 
61 
61 
61 
61 

- 
nozzle 
nozzle 
nozzle 
nozzle 
nozzle 
vessel 
nozzle 
vessel 
nozzle 

70 
70 
70 
70 
70 
70 
70 
70 
70 
20 

40 
50 
100 
200 
100 
100 
100 
100 
100 
100 

f0.29 
-0.25 
-0.36 
-0.30 
-0.17 
-0.55 
-0.06 
+0.16 
+ 0.1 0 

0 
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The lower state of the radiative transition for these lines 
is the same as for the line A =  693.8nm, but their 
transition probabilities are smaller, than for the line 
1 = 693.8 nm [12]. Therefore these transitions are also 
optically transparent, and their emissivity could be used 
to measure the reflectance coefficient of the mirror. The 
measurements for the particular wavelength range gave 
a value of r = 0.74 & 0.04. 

For different experimental conditions the A, values 
obtained for the band head of the Swan system of 
C, (d'n,, u'=O+a3n,, u"=O transition) in both argon/ 
methane and argon/acetylene plasmas are shown in 
table 1. As can be seen for all the conditions with 
methane injection into the reactor, at the axial position 
of x = 70mm, i.e. in the subsonic part of the expansion, 
a negative absorption takes place (AL is negative). The 
effect is more pronounced for injection in the nozzle and 
larger methane admixtures. Absorption is absent at the 
position x = 20 mm, and is positive, when the acetylene 
was injected into the reactor: 

In the experimental conditions the Voigt parameter 
for the rovibronic spectral lines of the Swan system 
a << 1. and again the Doppler limit (with the tempera- 
ture T = 3000 K [7,8]) for the Voigt function applies. 
The absolute transition probabilities, the Franck- 
Condon and the Honl-London factors for the Swan 
bands, needed for the calculation of C, densities from 
the spectral line intensities, were taken from the litera- 
ture [13]. The values for the absorption length in 
various plasma conditions were derived by a lateral 
scanning of the spectral lines emissivities 

The negative values of A ,  give fairly large popu- 
lation inversions. The total density of the excited 
C,(d3n,, U' = 0) molecules for the experimental condi- 
tions, presented in table 1, give nc2(dJn) densities in the 
range from 2 x 10" m-3 up to 1.5 x l O " ~ n - ~ .  Overlap- 
ped molecular spectral line absorption has been treated 
as in the literature [lo, 141. For the conditions with a 
negative absorption only the density of the upper state 
of the transition can be determined. At the same time, 
when acetylene was injected into the reactor the absorp- 
tion was positive, and the absolute density of C, mol- 
ecules in the lower state C,(a3n,, U" = 0) can be derived. 
For the conditions presented in table 1, nCZcpq,) was in 
the range 3 to 5 x l oL8  m-'. Note, however, that the 
measured A,  values, as well as the molecular densities 
are averaged across the plasma beam, and the local 
absolute values for the absorption function and for the 
densities may be even larger. 

In the supersonic part of the expansion (axial 
position x = 20 mm) A ,  = 0, as is seen from table 1. 
This means that either the density of states is small 
enough, i.e. the absorption signal is below the detection 
limit, or the densities of upper and lower states are large 
but equal (or comparable) to each other (see equation 
(1)). A major difference between the injections of meth- 
ane and acetylene to the reactor is the sign of A, (see 
table 1). As an explanation it seems reasonable to 
assume that with the acetylene injection in the reactor, 
the direct collisional and/or thermal dissociation reac- 

tion C,H, + C, + H, becomes most important. Prob- 
ably this reaction mainly populates the low-lying elec- 
tronic states of C, and H,, which gives positive 
absorption. 

Attempts have been made to apply the same method 
to the atomic carbon absolute density determination by 
using the spectral line A = 247.9 nm (radiative transition 
C(2p3s, ' P I  + 2pz, IS,)). Unfortunately, in this spectral 
range we did not find any other spectral lines or con- 
tinuum emission to  which the p!asma under consider- 
ation was a priori optically thin. Therefore in order to  
measure the reflectance coefficient of the mirror, the 
same carbon line emission was used, but in two specific 
experimental regimes where the plasma is thought to be 
optically transparent for the radiation. In the first re- 
gime the measurements were performed in the super- 
sonic expansion where, as mentioned previously, no 
absorption of C, has been observed. In the second 
regime the total gas pressure in the vessel was decreased 
down !o 20Pa. Beth experimental regimes ! e ~ d  to I 
value of r = 0.50 f 0.05 at 1 = 247.9 nm. 

In the subsonic part of the expansion, when the total 
gas flow rate was 61 scc s-', and methane (CH,/Ar = 
(1 :20)) was injected into the nozzle of the arc, the A, 
values for atomic carbon were always negative from 
A,= -0.16 (at p=5OPa) to A,= -0.88 (at p=200Pa). 
Using the same calculation procedure as for C,, the 
atomic carbon absolute density in the excited state 
C(2p3s. ' P I )  can be estimated. Averaged across the 
plasma beami the densities were in the range of nc = 
(2-9) x 10" m-'. These C(2p3s, 'PI) atom densities are 
of the same order of magnitude as measured in the 
free-jet stream produced in a constricted arc [4]. 

In order to understand the mechanism of the popu- 
lation inversion between the electronic quantum states 
of C and C, radicals in an expanding plasma, additional 
experimental information is required. Although in the 
case of a rapidly recombining plasma the upper quan- 
tum states of the radiative transitions are easily popu- 
lated, a question remains about the mechanisms and 
efficiency of depopulation of the lower states of radiative 
transitions: C,(a3n,) and C(2pz, 'So). The radiative 
transitions from these states to lower lying states are 
forbidden [12]. Therefore only collisional quenching has 
to be considered. The following mechanisms of colli- 
sional depopulation of these states can be suggested. For 
the state C,(a3n,, u",j"), collisional quenching to the 
ground state C,(XIE:, UOJ") is considered. These reac- 
tions are very effective [2], since the energy gap between 
the states is only AE E 0.09 eV and smaller than the 
translational energy of the particles in the plasmas. 
For the quenching of the atomic carbon excited state 
C(2p2, IS,), a very effective channel is the quasi-resonant 
excitation exchange collisions with the ground state 
carbon atoms: C(2p2, 3P0)+C(2p2, 1So)+C(2p2, ID,)+ 
C(2p2, ID,) (positive excess of energy AE = 0.15eV). 
Another additional reason for the depopulation of the 
lower quantum states of C, and C might be fast cluster- 
ing which, as has been shown [15, 161, is very effective 
in expanding plasmas. 
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