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We report measurements of electron temperature and pressures of neutral particlesin plasmas of high-pressure Na-Hg-Xe or Na-Cd-Xe arcs. We applied the stan­dard plasma diagnostic techniques developed for the Na-Hg-Xe discharge to thenew Na-Cd-Xe discharge lamp. Electron temperature has been calculated fromthe shape of the sodium recombination continuum at 408 nm in the case of Na-Cd­Xe lamp. The results are compared with the temperature obtained from the shapeof self-reversed sodium lines at 568.2 nm and 568.8 nm. Sodium, mercury and cadmium vapour pressures have been derived from the separation of maxima ofself-reversed sodium resonance line. 

1. Introduction

In this work we performed measurements of the plasma parameters of a Na­Cd-Xe discharge by using the methods of plasma diagnostics developed for theNa-Hg-Xe discharge lamp 1 •2•3>. This includes sodium and buffer gas vapour pres­sures and electron temperature measurements. We first measured plasma para­meters for the standard Na-Hg-Xe lamp, which was investigated by many au­thors4-9> and then applied the same procedure to Na-Cd-Xe high-pressure dis­charge. 
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The sodium, mercury and cadmium vapour pressures were derived from the separation of the blue and the red wing maximum of the self-reversed sodium resonance line, respectively. This method was applied by Chien Yu-Min4>, Reiser and Wyner5 >, Ozaki6>, Cayless7 >, Jen8 > and Lowke9>. Electron energy distribution can be deduced from the shape of the conti- . nuous spectrum resulting from radiative electron recombination. In the case of Na-Hg or Na-Cd equilibrium plasma the electron temperature may be determined from the shape of the sodium recombination continuum. This work is specifically concerned with the continuum resulting from the electron-ion recombination to the sodium 3p2P 112,312 states. This continuum starts at 408.4 nm and extends towards the ultraviolet part of the spectrum 1 0>. Our result was compared with the temperature determined from the shape of self-reversed sodium lines at 568.2 nm (4d-3p 1 12) and 568.8 nm (4d-3p312) using Bartels method 11 • 12•13>.The measured plasma parameters have the meaning of effective parameters averaged over the inhomogeneous plasma source. Additional problem is the wall of translucent alumina burner which diffuses light from all- parts of �e discharge. This does not allow standard procedure of Abel inversion for obtaining the· local values of measured plasma parameters. 

2.· Experiment

The experimental sei.up is sho�.in �ig. I. A hig� pressure lamp equipped 
with a standard inductive ballast and ignition device was operated at 50 Hz sinevoltage. The burner was made of translucent sintered polycrystalline alumina (inner diameter 2R = 1.6 mm). Schematic representation of the light scattering produ­ced by a slice of porous polycrystalline alumina is given on Fig. 2a, where i. is the. wavelength of the incid.ent ;radi.ation, . T (A) .the transmitted radia�on and e (A) refl�cted· . .radjatjon 1>. T�� .dependence of spectral transmitt�nce :T (l) and spectral reflectance � (A) on the wavelength 1 fo1� the sint�red polycrys�alline alumina are 

MONOCHROMATOR 

�70.

·H.V.
. BOX-CAR 
AVERAGER 
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approximately const�t in The region 300-2500 nm (see Fig. 2b) 0: The lamp voltage versus .electric· current through the lamp is shown in Fig. 3. 
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Fig. 2. (a) Schematic representation of the light scattering produced by a slice of porous poly­

crystalline alumina, where .il is the wavelength of incident radiation, i- (.il) the trans-
mitted radiation and f! (.ii) reflected radiation. 

(b) The dependence of spectral transmittance T (A) and reflectance (l (A) oq the wavelength
for the sintered polycrystalline alumina.

The lamp spectrum was resolved by a SPM-2 monochromator and detected by a EMI .9558 QB photomultiplier sensitive in the ultraviolet and visible spectral regions. Signal was processed by a box-car averager, used to sample out the spec­trum at definite time instants. The signal from the box-car avcrager was recorded on the strip-chart recorder. 
3. Results

Fig. 4 presents the typical spectrum of Na-Cd-Xe high-pressure lamp in maximum current mode, in the region 300-700 nm. One may readily observe sodium resonance doublet at 589 nm and 589.6 nm and other sodium atomic lines, which belong to nS-3P and nD-3� series. Some of them are self-reversed. Besides that one can see the cadmium atomic lines, Na 2 molecular bands and NaCd exci­mer bands. Below 408.4 nm recombination continuum into the 3P state is clearly visible. We can observe a few forbidden transitions induced by electric microfields in discharge plasma (d-s, p-p, f-p). Sodium vapour pressure, PNa, was calculated using the separation of the blue wing maximum, Lll8, from the center of gravity of the sodium resonance lines 5> : 
2el2 ( 1 e-EofkTCx> ) 1/2 L1l8 = kc O (C3/3.01 me Ao) 112 (fR) 112 J T2 (x) dx PNa (1) 

where C 3 = C 3 1 + 2C 3 2, C 3 1 and C 3 2 are interaction constants for sodium3pH2 and 3p312 states, respectively. Symbols e, m, c and k have their usual mea-
ir1z1� 2? (1990) a, 46�7� .f!l
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ning, and 10 = 5.892 x 10- 1 m is the wavelength corresponding to the energyof center of gravity of sodium doublet 2P312• 112• Oscillator strengths /i, /2 arc given by Griem 14>, and E0 is 16972 cm- 1• We adopted C3 = 1.4 x 10- 13 m3/s given by Niemax and Pichler15>. 
The temperature profile is assumed to be parabolic: 

T (x) = To - (TO - T ) x2, 

where we adopted the values of T0 and T of 4000 Kand 900 K, respectively4>, x = r/R, R is discharge tube radius and r is the radial coordinate inside the dischar-
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Fig. 3. Current versus voltage characteristics of Na-Hg-Xe and Na-Cd-Xe high-pressure lamps. 
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ge tube. The results are shown in Fig. 5a for Na-Hg-Xe lamp and Sb for Na-Cd-Xe lamp for different lamp powers. In Fig. Sa we have plotted the values of sodium vapour pressure obtained by Ozaki6>, who used different C3 constant. 
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Fig. 4. The spectrum of Na-Cd-Xe high-pressure lamp in the maximum current mode in the re­
gion 300-700 nm. 

The pressure of Hg or Cd has been determined using the separation of the wing maximum from the center of sodium resonance line. This separation, Lf).R, depends on both sodium and mercury ( cadmium) vapour pressure, where the lat­ter is given by the following formula6> : 
(2) 

where 
q1 2 (Na-Hg)= 1.5 x 10-2� m 3/s 1'2 

CJ'2 (Na-Cd) = 2 x 10- 2 1 m 3/s1'2 (Unsold 16) 

C 6 1 and C 6 2 are interaction constants for the interaction between the ground state Hg ,(Cd) atom and sodium atoms in 3p 112 and 3p312 states, respectively. The temperature dependent· factor I is given by the following relation 1>:
I e-EJkT<x> dx 

I (T) = ! r2 (x) �.
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The results are plotted in Fig. Sa and 5b (right hand ordinate). 
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Fig. 5 (a) Sodium and mercury vapour pressure in Na-Hg-Xe discharge calculated from the 

separations of the blue and the red wing maxima from the center of gravity of sodium 
resonance line. 

3 .1. Temperature measurements 
Electron temperatUre was determined using "fitting procedure to the shape of the recombination continuum at 408 nm given by formula 10>: 
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Fig. 5. (b) Sodium and cadmiun{ vapour pressure in Na-Cd-Xe discharge. 

where n and n+ are electron and ion densities, K+ and Cn are statistical weights 
of ionic and neutral states involved in the free.:.bound transition, ,l 1 = 4.083 x
x 10- 1 m and Te is the electron temperature. O'p (l) is the photoionization cross section given by the following expression: 

According to the approach of Ref. 10 formula (3) may be finally rewritten in the following form: log J ('J') = const. - h11/(kTe),
FIZIKA 22 (1990) 3, 469--479 
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The temperature determined in this way has a meaning of an effective temperature, averaged over the actUal plasma profile. The dependence of thus determined averaged electron temperature (at current maximum) versus lamp power is shown in Fig. 6. In addition to thi:;, we present in Fig. 6 the electron tern-
Na-Cd 
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Fig. 6.  Electron temperature versus lamp power determined from recombination continuwn and 
using Bartels method. 

perature determined by the Bartels method 1 1• 1 2 >, which is outlined below. In the Bartels method the spectral line profile is given by the following formula: 
I (v) = 2hv3/c2 exp (-hv/kT) MY (t0, p),

where M, p, Y (t0, p) and t0 are given as follows :
(5) 

M = ({En +  E,/2)/(Em + E,/2)) 1
'

2, (6) 

p = 6/n Arctg (M2/(1 + 2M2) 1
'

2), (7) 
Y (to, p) = exp (-t0/2) (t0 ( 1  - p)/2 + p • sh (t0/2) + sh (t0p 1

'
2/2)/p 1

'
2), (8)

R 
to = f k,, (v, x) dx. (9) 

-R 

E, is the ionization energy (24447 cm- 1 ) of the 3p level, En is the excitation energyof the lower 3p level (16972 cm - 1 ), Em is the excitation energy of the upper level{34559 cm - 1 ), t O is optical depth and the temperature profile is assumed to be
476 FIZIKA 22 (1990) 3, 469-479 
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parabolic. By fitting the calculated line shape to experimental line shape one may 
find the temperature which best fits experimental data. Fig. 7 shows a characteris­
tic set of measured and calculated line profiles. 
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Fig. 7. Experimental and calculated shape of self-reversed sodium line at 568.3 and 568.8 nm 
for different electron temperatures. 

4. Discussion 

Sodium vapour pressure is determined from the blue maximum of the self­
reversed sodium resonance line. The pressure dependence on the lamp power> 

determined by two different sets of interaction constants5• 1 5>, shows that the cur­
ves differ only by an additional constant. This suggests that the main uncertainty 
in the determination of sodium pressure stems from the uncertainty of the C 3 
constant (Fig Sb). 

Similar argument holds for Cd and Hg pressure determination, but the un­
certainties in C 6 constants exceed 50 % . 

Electron temperatures, derived by the least square method from recombi­
nation continuum, are not very accurate because in the region 3.00-400 nm some 
additional continua may appear. In Na-Hg-Xe lamp they stem from the Na2, 
NaHg and Hifa molecular bands. In the case of the Na-Cd-Xe lamp the relevant 
bands are outside of the 300-400 nm spectral region or are much weaker. Con­
sequently they can be neglected. The spectra in that region were corrected taking 
into account the spectral response, measured by standard tungsten ribbon lamp 1 9>
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(W3 KGH 1 1  i). We assumed the transparency of the sintered alumina to be ' in­dependent of wavelength (see Fig. 2b ). Comparing · these two different methods -0f determination of the electron, temperature (recombination continuum and Bartels method) we may conclude that the electron temperature determination by Bartels method 1 1  • 1 2> gives more accurate values. This is because the shape of self-reversed line is rapidly varying with temperature, and thus we cafr easily distinguish two profiles that differ in temperature by 200 K. At the temperature of 4000 K, this gives the accuracy of about 5%. Two curves in Fig. 6 approach each other at higher temperatures, since both methods are more accurate for higher temperatures. The difference between two temperature curves may reflect the difference ·between assumed parabolic temperature profile (Bartels method) and -the actual temperature profile (recombination continuum). 

5. Conclusion 

Using plasma diagnostics methods for Na-Hg-Xe high-pressure lamp we determined plasma parameters of Na-Cd-Xe high-pressure lamp. We found that current-voltage characteristics show similar behaviour. Sodium .· vapour pressure is higher in Na-Hg-Xe lamp and buffer vapour (Hg or Cd) pressure rises more rapidly in Na-Hg-Xe lamp than in Na-Cd-Xe lamp. Electron temperature is in the region from 3000 K---4500 K in both lamps. We hope that present investi­gation will help in further understanding of Na-Cd-Xe discharge lamp, where we recently found many interesting diffuse and satellite bands of NaCd excimer origin 1 7 • 1 8> More accurate analyses could be achieved with single crystal sapphire burner, wh�ch will enable Abel inversion for obtaining local spectral intensiti�. 
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DIJAGNOSTIKA PLAZME VISOKOTLACNIH NATRIJ-KADMIJ I 
NATRIJ-ZIVA IZBOJA 

DAVORKA AZINOVIC, JADRANKA RUKAVINA*, GORAN PICHLER i DAMIR VE2A 

Institut za jiziku Sveuciliita, POB 304, 41000 Zagreb 
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UDK 533.9.082 

Originalni znanstveni rad 

Mjerili smo elektronsku temperaturu i tlakove neutralnih cestica u plazmama vi­
sokotlacnih Na-Hg-Xe i Na-Cd-Xe izboja. Na novoj Na-Cd-Xe zarulji primjenili 
smo standardnu dijagnostiku razvijenu za Na-Hg-Xe zarulje. Elektronsku tempera­
turu smo racunali iz oblika natrijevog rekombinacionog kontinuuma na 408 nm u 
slucaju Na-Cd-Xe zarulje. Rezultati su usporedeni s tcmperaturom odredenom 
iz oblika samoinvertiranih natrijevih linija na 568,2 nm i 568,8 nm. Tlakove para 
natrija, zive i kadmija odredivali smo iz razmaka maksimuma samoinvertiranih 
n ·trijevih rezonantmh linija. 
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