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 2010 March 10Determination of electron temperature in low-pressure plasmasby means of optical emission spectroscopyS.Mitic�, B.A.Klumov�+, M.Y. Pustylnik�, G. E.Mor�ll��Max-Planck-Institut f�ur Extraterrestrische Physik, D-85740 Garching, Germany+Joint Institute for High Temperatures RAS, 125412 Moscow, RussiaSubmitted 20 January 2010Resubmitted 3 February 2010A simple model, allowing to determine the electron temperature in a steady-state low-pressure plasma, isproposed. The model makes use of optical cross-sections and therefore takes into account direct and cascadeexcitation from ground and metastable states. Spectroscopic data from Mitic et al. (New J. Phys. 11, 083020(2009)) are used to illustrate the performance of the method.Optical emission spectroscopy is a widely used non-intrusive method of plasma diagnostics [1]. The ad-vantage of low-pressure plasmas is that the excited lev-els except for long-living metastables decay only radia-tively. In equilibrium decay rate should equal the ex-citation rate, including the excitation from ground andmetastable states. Excitation rate, however, is propor-tional to the electron density. Therefore, the ratio of lineintensities, emitted from the same volume, depends onlyon the excitation cross-sections and the electron energydistribution function (EEDF). Provided the excitationcross-sections are known and the shape of the EEDFcan be hypothesized, parameters of the EEDF (in thesimplest case of the Maxwellian EEDF, on which weconcentrate ourselves further in the article, electron tem-perature Te) can be determined [2 { 5]. We should note,that a necessary instrumental condition for this kind ofmeasurement is that a spectroscopic system is at leastrelatively calibrated.Here we propose a method, that allows to determinethe parameters of the EEDF, using the ratio of intensi-ties of the same spectral line, measured from two di�er-ent, but equal volumes of the plasma. This cancels thenecessity of the relative calibration.Model. Our assumptions are the following:1) plasma is optically thin along any direction for theobserved spectral lines; resonant vacuum UV radiation,however, may be trapped;2) the shape of the EEDF in both volumes isMaxwellian with temperatures Te;1 and Te;2;3) in both volumes the radiative levels are populatedby (i) direct electron impact excitation of ground andmetastable states and (ii) cascades from upper lying lev-els;4) in both volumes depopulation of the levels is onlyby the radiative decay;

5) within each of the volumes the plasma is uniform.In our consideration we use the optical cross-sections[7, 8] for the ground and metastable states. The ad-vantage of optical cross-sections versus direct excitationcross-sections is that the optical cross-sections connectelectron 
ux in the plasma with the photon 
ux it pro-duces in a speci�c transition by exciting ground state ormetastable atoms: they automatically account for suchissues as the population of the upper level of the tran-sition from cascades, radiation trapping, multiple decaychannels of the upper level.The measured intensity of a spectral line can be ex-pressed as follows:Iij = Cijh�ijneXs nsksij ; (1)where Cij is the sensitivity of the detector for the pho-tons with energy h�ij , ne electron density, ns is the den-sity of the state s, excitation from which is considered(i.e. either ground state g or one of the metastable states)and ksij is the emission rate in the transition i ! j dueto the excitation from the state s.ksij = Z 10 v�sij(v)f(v)dv; (2)where v is the electron velocity, �sij(v) is the opticalcross-section for the state s and transition i! j, f(v) isthe electron velocity distribution function. In the caseof Maxwellian EEDF ksij depends only on the electrontemperature.Suppose Iij;1 and Iij;2 are the intensities measuredfrom the two di�erent volumes of the plasma. Theirratio can then be expressed as follows:Eij �Te;1; Te;2; ne;1ne;2�=Iij;1Iij;2 = ne;1ne;2Ps ns;1ksij(Te;1)Ps ns;2ksij(Te;2) :(3)�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 5 { 6 2010 249



250 S.Mitic, B.A.Klumov, M.Y.Pustylnik, G. E.Mor�llne;1, ne;2 are here the electron densities and ns;1, ns;2 arethe densities of long-living states of argon in the two vol-umes respectively. Ratio Eij depends on both electrontemperatures and ratio of electron densities ne;1=ne;2.Let us consider three di�erent transitions �; � and 
.Then, using two transitions we can de�ne a quantity F ,which is totally independent of electron densities:F�;�(Te;1; Te;2)=E�(Te;1; Te;2; ne;1=ne;2)E�(Te;1; Te;2; ne;1=ne;2)=I�;1=I�;2I�;1=I�;2 : (4)Adding the third transition allows us to determine Te;1and Te;2, solving the following system of equations:F�;�(Te;1; Te;2)� I�;1=I�;2I�;1=I�;2 = 0; (5)F�;
(Te;1; Te;2)� I�;1=I�;2I
;1=I
;2 = 0: (6)In principle, a system, involvingmore transitions, can beconstructed and furhter solved by, e.g. using the meanleast squares method.We concentrate on the Maxwellian EEDF only forsimplicity. Taking more spectral lines into considera-tion would allow to extend this method for the case of amore complicated EEDF.Experiment. As an example we use the spec-troscopic data, obtained in a previous [9] experi-ment. In this experiment the plasma is generated in aPK3+ chamber, which is the heart of a International-Space-Station-based complex plasma laboratory [10].Brie
y, PK3+ is a symmetrically driven parallel-plate13.56MHz discharge with the disc-shaped electrodes of6 cm in diameter and 3 cm gap. Experiments were car-ried out in argon bu�er gas at working pressure of 60Pa, RF voltage of about 20V peak-to-peak and power of0.2W. Spectra were recorded using a Hamamatsu Mini-spectrometer Module TG series, by collecting column oflight parallel to the electrodes through a collimator intothe optic �ber, which could be moved vertically by atranslation stage in order to obtain axiat pro�le of theemission.Two types of measurements were done: one in pureargon plasma and the other with a cloud of melamine-formaldehyde monodisperse spheres of 2:55�m diame-ter, levitating in it. Under gravity conditions these mi-croparticles concentrated themselves in the vicinity ofthe bottom electrode. Typical number density of mi-croparticles, levitating in the plasma, was always of theorder of 1011m�3.Optical cross-section for the spectral lines of argonare known for the excitation from the ground state [11]as well as from the metastable states 1s5 and 1s3 [12].

The input parameters of the method, describedabove, are the densities of the long-living argon states,i.e. ng, n1s5 , n1s3 and intensities of spectral lines. Sincethe ionization degree is small, ng can be determined fromthe argon pressure. Metastable densities are measuredby a single-mirror method [13], which is corrected forthe presence of a microparticle cloud in a plasma [9].Use of the intensities of the spectral lines, measuredin Ref. [9] requires an important physical comment. InRef. [9] it was revealed, that self-absorption (togetherwith the extinction in case of complex plasmas) is im-portant. In fact, measurement of 1s states, performedin Ref. [9], was possible due to the relatively large self-absorption. We assumed, however, that for the spectrallines �; � and 
 the plasma is optically thin. This means,that the measured intensities of the spectral lines cannotbe simply substituted into eqs. (5) and (6). To get ridof the self-absorption and extinction the so-called escapefactor should be used [14]. Since our detector observes athin column of plasma, it is not di�cult to connect themeasured intensity Imeasij to the "local" intensity I locij ,i.e. to the locally emitted photon 
ux [9] for a Doppler-broadened line:I locij = Imeasij � 1p� Z 1�1 e�!2�plij (0)e�!2 + ln (Kdij) ��0@1� exp���plij (0)e�!2�Kdij 1A d!��1: (7)Here �plij (0) is the optical thickness in the center of thespectral line and Kdij is the microparticle-caused atten-uation of the plasma light. Both values are determinedin Ref. [9]. Intensities of the following three spectrallines of argon, measured by a spectrometer, are usedas Imeasij : 794.8, 826.4 and 706.7nm (correspondingtransitions � = f2p4 ! 1s3g, � = f2p2 ! 1s2g and
 = f2p3 ! 1s5g). These measured intensities are re-calculated into \local" intensities using Eq. (7) and thensubstituted into Eqs. (5) and (6).We should note, that Eq. 1 does not take into ac-count self-absorption as a populating mechanism for thelevel i. This would lead to the necessity of consider-ing the radiation transfer in the discharge, which signif-icantly complicates the problem.Optical cross-sections depend on the escape factorfor the vacuum UV resonant photons [11], i.e. back-ground gas pressure and dimensions of the setup. Di-mensions of PK3+ chamber are comparable to those ofthe chamber, in which the optical cross-sections weremeasured. The measurements of the optical cross-sections were performed in the range of pressures of10�1� 1Pa. In two limiting cases of small pressure and�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 5 { 6 2010
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Fig.1. Solution of eqs. (5) and (6) for the points in microparticle-free plasma at the argon pressure of 60Pa and RF power of0.2W [9] with �F = �0:05: (a) index 1 corresponds to the vertical position z = 5 mm (peak of emission), index 2 { to z = 11mm (minimum of the emission); in the inset the axial distributions of the number density of metastable atoms are presented;vertical dotted lines indicate the positions, at which the electron temperatures are evaluated; (b) index 1 { z = 5mm (peakof emission), index 2 { z = 26mm (symmetric peak of emission). Evidently, the temperatures are much better determined ifthe two points with signi�cantly di�erent parameters are consideredhigh pressure the optical cross-section is constant sincethe escape factor tends in these cases to unity and zerorespectively. At high pressures the pressure dependenceof the cross-sections start to saturate at about 0.66Pa (5mTorr). Therefore, at our working pressure this depen-dence is with a good guarantee saturated. Therefore, weused the optical cross-sections, measured for the pres-sure of 0.66Pa.In an ideal case solution of each of the eqs. (5)and (6) can be represented as a curve on the (Te;1; Te;2)plane. The intersection of these curves would yield thesolution of the system and therefore, values of temper-atures. However, in reality the line intensities are mea-sured with a �nite uncertainty, which results in the un-certainty of the function F . For the solution of (5) and(6) this would mean, that instead of exact values of thetemperatures, only a range, in which the temperaturesmay lie at a given experimental uncertainty �F , can bedetermined. In our experiments F�;� and F�;
 variedroughly between 0.9 and 1.1.Results for microparticle-free plasma. Furtherwe provide several examples of the solution of the systemof (5) and (6). Due to large errors in the obtained tem-peratures, we cannot pretend on any quantitativeness ofour measurements. Therefore, the examples below areused just to demonstrate the performance of the methodand to give the ideas of how the method can be appliedto the experimental data.

First group of examples, in which we consider twodi�erent points of the same microparticle-free discharge,is presented in Fig.1. Obviously, the temperatures aremuch better determined in the case, when the two pointswith signi�cantly di�erent conditions are taken. FromFig.1a we have for Te;1 = 2:5 � 4:7 eV at the heightz = 5mm over the bottom electrode of the dischargeand Te;2 = 1:6 � 1:8 eV at z = 11mm, i.e. Te;1 > Te;2,which is expected since points 1 and 2 correspond tohump and dip of the emission respectively. At the sametime in Fig.1b the intersection of the solutions of (5) and(6) covers the entire considered range of temperatures.It is therefore practically impossible to draw any quan-titative information about the temperatures. However,the line Te;1 = Te;2 lies inside the solution area, whichis expected, since in Fig.1b symmetric points of the dis-charge are considered.Estimations of the in
uence of microparticleson Te. This method can be also used to evaluate thein
uence of the the presence of microparticles on theelectron temperature by substituting into (5) and (6)the intensities, measured at the same z in microparticle-free plasma and in plasma, containing a microparticlecloud (Fig.2). Previously [9] it has been revealed, thatthe cloud of microparticles produces a signi�cant non-local in
uence on the distribution of the densities of 1sstates of argon in an RF discharge. For the followingconsideration we de�ne the electron temperature in a�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 5 { 6 2010
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Fig.2. Solution of eqs. (5) and (6) for the points in the plasma at the argon pressure of 60Pa and RF power of 0.2W [9]with �F = �0:02. Indices 1 and 2 correspond to the same vertical position z in microparticle-free plasma and plasma withmicroparticles respectively; Te � Te;1, T de � Te;2. (a) z = 5mm, presence of microparticles decreases the densities of 1sstates; (b) z = 8mm, presence of microparticles increases the densities of 1s states; (c) z = 17mm, presence of microparticlespractically does not a�ect the densities of 1s states; (d) z = 26mm, presence of microparticles practically does not a�ect thedensities of 1s states. Vertical positions for (a) and (b) are inside the microparticle cloud, whereas for (c) and (d) outside.For (d) the density of 1s states is signi�cantly higher, than that for (c). Te exhibits much larger upper limit than T de in (a)and vice versa in (b), which is in accord with the previously observed e�ect of microparticles on the densities of 1s statesof argon. For (c) and (d) e�ect of microparticles is negligibly small and therefore, determination of the temperatures is notpossiblemicroparticle-free plasma Te � Te;1 and electron tem-perature in a plasma, containing a microparticle cloud,T de � Te;2. At z = 5mm (Fig.2a) the upper limit of Te is4.4 eV, i.e. signi�cantly larger than that of T de (2.8 eV).In accord with this, presence of microparticles leads todecrease of the densities of 1s states at this height. Situ-ation is opposite at z = 8mm (Fig.2b), where the upper
limit of T de is higher and the densities of 1s states in-crease in presence of microparticles. At heights z of17 and 26mm (Fig.2c and Fig.2d respectively), wherethe in
uence of microparticles is small, Te and T de canhardly be determined.In conclusion, we presented a spectroscopic method,allowing to evaluate (in the assumption of a Maxwellian�¨±¼¬  ¢ ���� ²®¬ 91 ¢»¯. 5 { 6 2010



Determination of electron temperature in low-pressure plasmas : : : 253EEDF) the electron temperature in a low-pressureplasma. The input parameters of the method are the ex-perimentally measured intensities of spectral lines anddensities of metastable states. Spectroscopic data fromRef. [9] was used as an example for the temperatureevaluation. The method su�ers from uncertainties. Thelargest contribution comes from the uncertainty in themeasurements of the ratios of spectral lines (5%), leadingto 50% error in temperature measurement. Uncertain-ties in the densities of metastable states (�20%) andoptical cross-sections (�30%) [12] were checked to bemuch less important. Morover, uncertainty in the n1s3and n1s5 can be improved by using tunable laser meth-ods, e.g. laser absorption spectroscopy [15]. We alsohope for the improvement of the accuracy of the cross-section measurements in future. Another possibility toimprove the accuracy of the method is to use more di�er-ent line ratios, which will help to localize the solution on(T 1e ; T 2e ) plane. Increasing the number of ratios involvedmay also allow to extend the method to non-Maxwellianmultiple-parameter EEDFs and also to the relative mea-surements of the electron temperature.This research was funded by Das Bundesministeriumf�ur Wirtschaft durch das Zentrum f�ur Luft- und Raum-fahrt e.V. (DLR) unter dem F�orderkennzeichen 50 WB0203.
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