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EXCITATION OF HELIUM ATOMS IN COLLISIONSWITH PLASMA ELECTRONS IN AN ELECTRIC FIELDB. M. Smirnov *Joint Institute for High Temperatures, Russian Aademy of Sienes125412, Mosow, RussiaReeived August 28, 2012The rate onstants are evaluated for exitation of helium atoms in metastable states by eletron impat ifionized helium is loated in an external eletri �eld and is supported by it, suh that a typial eletron energyis small ompared to the atom exitation energy. Under these onditions, atom exitation is determined bothby the eletron traveling in the spae of eletron energies toward the exitation threshold and by the subsequentatom exitation, whih is a self-onsistent proess beause it leads to a sharp derease in the energy distributionfuntion of eletrons, whih in turn determines the exitation rate. The exitation rate onstant is alulatedfor the regimes of low and high eletron densities, and in the last ase, it is small ompared to the equilibriumrate onstant where the Maxwell distribution funtion is realized inluding its tail. Quenhing of metastableatom states by eletron impat results in exitation of higher exited states, rather than transition to the groundeletron state for the eletri �eld strengths under onsideration. Therefore, at restrited eletron number den-sities, the rate of emission of resonant photons of the wavelength 58 nm, whih results from the transition fromthe 21P state of the helium atom to the ground state, is lose to the exitation rate of metastable atom states.The e�ieny of atom exitation in ionized helium, i. e., the part of energy of an eletri �eld injeted in ionizedhelium that is spent on atom exitation, is evaluated. The results exhibit the importane of eletron kinetisfor an ionized gas loated in an eletri �eld.DOI: 10.7868/S00444510130100581. INTRODUCTIONAn ionized gas loated in an external eletri �eld,i. e., a gas disharge plasma, is a nonequilibrium systembeause, �rst, the energy is transferred from the ele-tri �eld to eletrons and, seond, it is transferred tothe gas as a result of ollisions of eletrons and atoms.Therefore, this system annot be desribed by a univer-sal thermodynami method, and its properties dependon the properties of a ertain gas and proesses in thisionized gas (see, e. g., [1�4℄). Therefore, types of gas-disharge plasmas are divided into many groups andonditions determined by ertain proesses [5℄. Butalong with elementary proesses, kinetis of eletronsis of importane in an ionized gas under the ation ofan external eletri �eld. The goal of this paper is to�nd the parameters of exitation of metastable atomstates for ionized helium plaed in an eletri �eld atlow eletri �eld strengths where kinetis of eletronsis of importane for atom exitation.*E-mail: bmsmirnov�gmail.om

To demonstrate in what way eletron kinetis mayin�uene the atom exitation in a weakly ionizedplasma loated in an eletri �eld, we analyze a gen-eral formula for the rate onstant of atom exitation byeletron impat in a plasma. We represent the rate ofatom exitation by eletron impat in an ionized gas asdN�dt = Na Z kex(")f0(") dv;where dN�=dt is the number of exited atoms formedper unit volume and per unit time, " is the eletron en-ergy, Na is the atom number density, v is the eletronveloity, f0(") is the distribution funtion of eletrons,whih is normalized to the eletron number density Ne,i. e., Z f0(") dv = Ne;and kex(") is the rate onstant of atom exitation byeletron impat. It is onvenient to express this rateonstant through the rate onstant kq of quenhing ofan exited atom by eletron impat on the basis of thepriniple of detailed balane beause the quenhing rateonstant is independent of the eletron energy for slow58



ÆÝÒÔ, òîì 143, âûï. 1, 2013 Exitation of helium atoms in ollisions : : :eletrons. The priniple of detailed balane gives (see,e. g., [6℄) kex(") = kq g�g0r"��"�" ;where g0 and g� are the respetive statistial weightsfor the ground and exite states and �" is the atom ex-itation energy. In the ase of the Maxwell distributionfuntion of eletrons,f0 / exp�� "Te� ;where Te is the eletron temperature, we obtain theexitation rate as�dN�dt �eq = NaNekq g�g0 exp���"Te � ; (1.1)whih relates to the thermodynami equilibrium ofatoms in the ground and exited states, and the av-erage exitation rate onstant kex is given bykex = kq g�g0 exp���"Te � : (1.2)We analyze the assumptions used in deriving for-mula (1.2) for the exitation rate onstant under equi-librium onditions in a plasma where the average ele-tron energy is small ompared with the exitation en-ergy. The �rst is the assumption of a high rate of forma-tion of fast eletrons on the tail of the distribution fun-tion beause of eletron di�usion in the eletron energyspae due to eletron ollisions and interation with anexternal eletri �eld. Seond, we ignore a dereasein the eletron distribution funtion with an inreasingeletron energy above the exitation threshold owing toatom exitation. We below drop these assumptions andaurately take the indiated fators into aount forthe exitation of helium atoms in metastable states 23Sand 21S by eletron impat in weakly ionized uniformhelium.2. KINETICS OF ATOM EXCITATION BYELECTRON IMPACT IN A GAS LOCATEDIN AN EXTERNAL ELECTRIC FIELDWe �rst determine the rate of formation of fasteletrons that are able to exite atoms. We assume inthis onsideration that eah eletron that reahes theexitation threshold exites an atom and beomes slow.In other words, these fast eletrons are absorbed nearthe exitation threshold, i. e., the distribution funtionis zero,

f(�") = 0;at this boundary. To �nd the exitation rate underthese onditions, it is neessary to analyze eletron ki-netis in the spae of eletron energies. The kinetiequation for the eletron distribution funtion f belowthe exitation threshold has the formeEme � �f�v = Iee(f) + Iea(f); (2.1)where E is the eletri �eld strength, v is the ele-tron veloity, me is the eletron mass, and Iee(f) andIea(f) are the ollision integrals for eletron�eletronand eletron�atom elasti ollisions. Depending on theeletron number density, there are two regimes of ele-tron motion in the energy spae of eletrons. In theregime of a high eletron number density, Eq. (2.1) hasthe form Iee(f) = 0 and its solution is the Maxwelldistribution funtion (as it was used above)f0 = Ne� me2�Te�3=2 exp��mev22Te � ; (2.2)where v is the eletron veloity. In another limit ase,one eletron moves in an atomi gas, and a small pa-rameter me=M (M is the atom mass) allows expandingthe distribution funtion over spherial harmonis andrestriting by two harmonis, whenef(v) = f0(v) + vxf1(v):This problem was solved both for eletrons of a semi-ondutor [7�10℄ and for a weakly ionized gas [11�16℄,and the results were summarized in [17℄. The set ofequations for spherial harmonis takes the formadf0dv = ��eavf1; a3v2 ddv v3f1 = Iea(f0); (2.3)where a = eE=me, the rate of eletron�atom olli-sions is �ea = Nav��ea(v), and ��ea(v) is the di�usionross setion of eletron�atom sattering. The olli-sion integral from the isotropi part of the distributionfuntion Iea(f0) has the form of the right-hand sideof the Fokker�Plank equation beause of a small en-ergy variation in a single ollision with atoms. Thisollision integral is zero for the Maxwell distributionfuntion [18, 19℄.Thus, beause of a small energy hange in elet-ron�atom ollisions, the veloity distribution of elet-rons moving in a gas in an external eletri �eld isnearly symmetri with respet to diretions of eletronmotion and an be represented in the formIea(f0) = 1v ��" �vBea(")��f0�" + f0T �� ; (2.4)59



B. M. Smirnov ÆÝÒÔ, òîì 143, âûï. 1, 2013and the analog of the di�usion oe�ient in the spaeof eletron energies is given byBea(") = T m2ev2M �ea; (2.5)where " = mev2=2 is the eletron energy.In onsidering elasti eletron sattering on a he-lium atom, we use the fat that the di�usion elet-ron�atom ross setion [20℄ is almost onstant at lowollision energies, and it is onvenient to approximatethe measured ross setion [20℄ with an auray ofabout 20% as��ea(") = 8>>><>>>: (6� 1)Å2; " < 10 eV;� A" ; A � 60 eV�Å2;10 eV < " < 40 eV: (2.6)The eletron�eletron ollision integral, or the Landauollision integral [21℄, has a nonlinear form. But ifwe extrat fast eletrons from thermal eletrons withthe Maxwell distribution funtion, i. e., divide the ele-tron subsystem into two, the ollision integral for fasteletrons has the di�usion form similar to ollision in-tegral (2.4) beause of the relatively small variationof the eletron energy in single eletron�eletron olli-sions. Correspondingly, in the regime of a high eletronnumber density, the eletron�eletron ollision integralis (see, e. g., [22℄)Iee(f0) = 1v ��" �vBee(")��f0�" + f0Te�� ;Bee(") = 4�3 e4vNe ln �; (2.7)where ln � is the Coulomb logarithm; below, we use itstypial value for a glow gas disharge plasma ln � = 7.The regime of low eletron number densities or-responds to the Druyvesteyn ase [23, 24℄, where theeletron�atom di�usion ross setion is independent ofthe eletron energy, and the distribution funtion, as asolution of the set of equations (2.3) in the regime oflow eletron number densities, has the formf0 = C exp��"2"20� ; "0 =r M3me eE�: (2.8)Here � = 1Na��ea ;C is the normalization oe�ient, and in the heliumase, "0 = 0:82x; (2.9)

where the harateristi energy "0 is measured in eVand the redued eletri �eld strength x = E=Na isalways expressed in Td (1 Td = 10�17 V � m2).We now determine the rate of atom exitation underthe assumption that eah eletron transferred throughthe exitation threshold loses its energy as a result ofatom exitation and beomes slow. This orrespondsto the boundary onditionf0(�") = 0:In the regime of a high eletron number density, thisorresponds to the distribution funtion [25℄f0 = C �exp�� "Te�� exp���"Te �� (2.10)instead of formula (2.2). Reduing the kineti equa-tion to the isotropi part of the distribution funtion,we have �f0�t + 1v ��"(vJ) = 0;J = m2ev2a23�ea �f0�" +Bee ��f0�" + f0T � (2.11)and hene the eletron �ux in the veloity spae is thesum of two parts due to the eletri �eld and elet-ron�eletron ollisions. We note that beause of a smalleletron onentration in ionized helium, we assumethat variation of the eletron momentum results fromeletron�atom ollisions. This gives the exitation ratedue to eletron di�usion in the spae of eletron ener-gies in the formdN�dt = 1Z"0 4�v2dv �f0�t = Ne 2p� "1=20T 5=2e �� exp�� "0Te��4�e43 v0Ne ln � + 2me"0a23�ea � ; (2.12)where we use formula (2.10) for the distribution fun-tion. We an introdue the exitation rate onstant k<as dN�dt = k<NeNa: (2.13)Taking ��ea = 6Å2, aording to [20℄, in the basi partof the eletron distribution, we have the eletron tem-perature Te = 0:41x; Te � T: (2.14)Beause ��ea(�") = 2:7Å2, these results lead to the rateonstant of exitation of the metastable state 23S60



ÆÝÒÔ, òîì 143, âûï. 1, 2013 Exitation of helium atoms in ollisions : : :k< = 7:6 � 10�3x5=2 �� exp��48x � (e + 2:0 � 10�7x2); (2.15)where e = Ne=Na is the onentration of eletrons.We now analyze the harater of exitation of themetastable state for the helium atom by eletron im-pat above the exitation threshold, assuming that theexitation a�ets the distribution funtion and leads toits strong derease in the ourse of removal from theexitation threshold. Then the eletron distributionfuntion f0 of eletrons satis�es the kineti equationa3v2 ddv �v2� df0dv �+ meM 1v2 ddv (v3�eaf0)�� �exf0 = 0: (2.16)We use the semilassial solution of this equation thatis based on a sharp derease of the distribution funtionat removal from the exitation threshold; the distribu-tion funtion is then taken in the formf0 = A exp(S)and in the semilassial approah, we have (S0)2 � S00.Near the exitation threshold, Eq. (2.16) thenyields [26℄ f0(v) = f(v0) exp(�S);S = ��"��"�" �5=4 ;� = 2v05a r3g�g0 �q�ea; (2.17)where v0 is the eletron veloity at the exitationthreshold, the quenhing rate is �q = Nakq , and g�and g0 are statistial weights of the helium atom inthe ground and exited states. This regime is valid at� � 1, and in the ase of exitation of the metastable23S state, this parameter is � � 270=x, and this regimeis realized in the region x < 12 Td under onsideration.Introduing the exitation rate onstantk> = 1NaNe dN�dt ;we obtain hene this exitation rate ask> = 1Ne Z kex(v)f0(v) � 4�v2dv == 4:6NaNe g�g0 �qv30f0��1:2; (2.18)

k< = aϕ0

k′

< = af0

k> = bf0

Fig. 1. The harater of eletron �uxes near the atomexitation threshold. The �ux of eletrons toward theexitation boundary k< is proportional to the deriva-tive of the eletron distribution funtion at the exita-tion threshold and is hene expressed through the dis-tribution funtion '0 with the absorption proess forfast eletrons ignored. The re�eted eletron �ux k0<is proportional to the eletron distribution funtion atthe absorption boundarywhere f0 = f0(v0) is the eletron distribution fun-tion at the exitation threshold. We note that for-mula (2.18) for the exitation rate onstant is validboth for regimes of low and high eletron number densi-ties. In this formula, we substitute the Maxwell distri-bution funtion of eletrons, whih applies in the regimeof a high eletron number density and is onserved atthe distribution funtion tail at k< � k>, to obtainthe atom exitation rate by eletron impat for elet-ron energies above the exitation threshold,k> = 0:83g�g0 kq ��"Te �3=2 exp���"Te ���1:2; (2.19)where the eletron distribution funtion at the exita-tion threshold f0 oinides with the Maxwell distribu-tion funtion '0. Formula (2.19) gives the rate onstantk> of exitation of the metastable 23S state by eletronimpat in the regime of a high eletron number density:k> = 3:1 � 10�9x0:3 exp��48x � : (2.20)We thus obtain formula (2.15) for the rate onstantk< of eletrons traveling in the spae of eletron ener-gies to the exitation threshold in the limit where theeletron �ux to the exitation threshold is relativelysmall and hene the eletron distribution funtion atthe exitation threshold is zero. This rate onstant k<61



B. M. Smirnov ÆÝÒÔ, òîì 143, âûï. 1, 2013is determined by the distribution funtion '0 near theexitation threshold, where absorption on this bound-ary is not essential, and therefore the seond term informula (2.10) for the eletron distribution funtion isrelatively small. In addition, in the expression for theexitation rate onstant, we neglet the re�etion ofeletrons in the eletron energy spae from the absorp-tion boundary. The exitation rate onstant k> is pro-portional to the urrent distribution funtion f0 of ele-trons at the exitation threshold. We an ombine therate onstants k< and k> into the total exitation rateonstant as is shown in Fig. 1; the parameters in this�gures are a = k<'0 ; b = k>f0 :Evidently, from the onservation of the exitation rate,we have k< = k0< + k>:This gives the onnetion between the nondistorted dis-tribution funtion '0 and the urrent distribution fun-tion f0 at the exitation threshold, and the exitationrate onstant kex = k<k>k< + k> ; (2.21)where the exitation rate onstant k< is taken underthe boundary ondition f0 = 0, whereas the evaluationof the rate onstant k> orresponds to the boundaryondition f0 = '0. This formula shows that the meh-anisms of eletron traveling to the exitation rate andthe exitation rate above the exitation threshold donot ompete, but they determine the distribution fun-tion at the exitation threshold, and the ombinationof these mehanisms gives the total exitation rate on-stant. We use formula (2.21) to �nd the exitation rateonstant kex of the metastable state He(23S) by ele-tron impat in an external eletri �eld on the basis offormulas (2.15) and (2.20) in the regime of high eletronnumber densities:kex = 3:1 � 10�9(e + 2:0 � 10�7x2)x0:3(e + 2:0 � 10�7x2 + 4:2 � 10�7x2:2) �� exp��48x � : (2.22)The same an be done to �nd the exitation rate on-stant of atoms by eletron impat in the regime of alow eletron number density. Based on formulas (2.18)and (2.8), we obtain the rate onstant of exitation ofthe metastable 23S helium atom by eletron impat in

an external �eld in the regime of a low eletron numberdensity: k> = 1:6 � 10�9x0:3 exp��580x2 � : (2.23)For simpliity, we ontinue the nonperturbed distribu-tion funtion (2.8) up to the exitation threshold.To �nd the rate onstant k< in the limit of higheletron number densities, we use the nonstationary ki-neti equation in the regime of a low eletron numberdensity, whih has the form�f0�t = Iea(f0) + a23v2 ��v �v2� �f0�v � == �v2�v �meM v3� �f0 + �f0mev�v �T + Ma23�2 ��� :From this, in the limit �"� T and with the boundaryondition f0 = 0, we �nd the exitation rate onstantowing to eletron di�usion in the eletron energy spaefrom small eletron energiesk< = 1NaNe dN�dt = 4�meM v30 �ea(v0)'(v0)NaNe : (2.24)For the exitation of metastable helium atoms in the23S state in the regime of a low eletron number den-sity, formula (2.24) givesk< = 3:8 � 10�9 1x3=2 exp��580x2 � : (2.25)From the above formulas, it follows that the total exi-tation rate onstant for metastable 23S helium atomsin the regime of a low eletron number density is givenby kex = 1:6 exp(�580=x2)x0:3(1 + 0:43x1:2) : (2.26)We note that the transition from the regime of loweletron number densities to the regime of high eletronnumber densities for exitation of the lowest metastablestate He(23S) proeeds at the eletron onentration [3℄e = Ne=Na � 10�7:The above results orrespond to the assumptionthat the di�usion ross setion of the eletron�atomross setion is independent of the eletron veloity. Wenow drop this assumption and use approximation (2.6)for this ross setion. We start from the regime of loweletron number densities where a typial eletron en-ergy exeeds a typial atom energy signi�antly, and62



ÆÝÒÔ, òîì 143, âûï. 1, 2013 Exitation of helium atoms in ollisions : : :hene the solution of Eq. (2.3) with the use of relations(2.4) and (2.5) has the formf0(") = C exp0�� "Z0 6meM "d"�2eae2x2 1A :Using expression (2.6) for the eletron�atom ross se-tion �ea, we redue this formula to the formf0(") = '(") �exp��6meA2Mx2 ln� ""��� ;where we set " = 10 eV and A = 60 eV � Å2 in a-ordane with formula (2.6), and the eletron distri-bution funtion '(") is determined by Druyvesteynformula (2.8). This gives the distribution funtion ofeletrons in helium loated in an eletri �eld at theexitation threshold �" in the formf0(�") = Ne��(3=4) �me2"0�3=2 �� exp��"2"20 �1 + 2 ln �"" �� ;"0 = eE�r M3me ; (2.27)and this distribution funtion di�ers from the Druyve-steyn one (2.8). Based on this distribution funtion,we obtain the exitation rate onstantsk< = 3:8 � 10�9 1x3=2 exp��350x2 � ;k> = 1:6 � 10�9x0:3 exp��350x2 � ;kex = 1:6 exp(�350=x2)x0:3(1 + 0:43x1:2) (2.28)instead of those given by formulas (2.25), (2.23),and (2.26). Figure 2 ontains the exitation rate on-stants in the regime of low number densities aordingto formulas (2.28).In the regime of a high eletron number density, theseond term in expression (2.6) for the eletron�atomross setion a�ets the eletron temperature, in on-trast to the regime of a low eletron number densitywhere it hanges the tail of the distribution funtion.Therefore, formulas (2.20), (2.15), and (2.22) remainvalid at small eletri �eld strengths where the ele-trons predominantly have an energy below " and theeletron temperature Te is related to the redued ele-tri �eld strength x by Eq. (2.14). In the general ase,

4 6 8 10 12x; Td10�1910�1810�1710�1610�1510�1410�1310�1210�1110�10k; ñm3=s

Fig. 2. Rate onstants of the exitation of themetastable state He(23S) by eletron impat in a on-stant eletri �eld in the regime of low eletron num-ber densities in aordane with formula (2.28). Filledsquares orrespond to k<, �lled irles orrespond tok>, and open irles orrespond to kexthe eletron temperature Te in a gas is related to theeletri �eld strength x as [27℄Te = Ma23 hv2=�eaihv2�eai ; (2.29)where an averaging in brakets is done with theMaxwell distribution funtion, �ea is the rate of elet-ron�atom ollisions, and Te � T . Using ross setion(2.6) in formula (2.29), we redue it to the formx2 = 300z2 2� e�z(z + 2)1 + e�z(1 + 2=z) ; (2.30)where z = "=Te = 10 eV=Te:This formula is transformed into formula (2.14) in thelimit z � 1. Aording to this relation, formulas (2.14)and (2.30) oinide for x � 6 Td; Te = 6 eV at x == 10 Td, and Te depends on x sharply at larger x. Asa result, in the general ase, instead of formulas (2.20),(2.15), and (2.22), we obtaink< = 8:1 � 10�4T 5=2e exp��19:8Te ��� (e + 2:0 � 10�7x2);k> = 8:3 � 10�10 x1:2T 1:5e exp��19:8Te � : (2.31)
63
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x; Td10864210�1810�1910�1710�1610�1510�1410�1310�1210�11kex; ñm3=s

Fig. 3. Rate onstants of the helium atom exitationto the metastable state He(23S) by eletron impatin a onstant eletri �eld in the regime of a higheletron number density at the eletron onentratione = 10�6 evaluated based on formulas (2.31), wherethe relation between the eletron temperature and theeletri �eld strength is given by (2.30). Closed squaresorrespond to k<, losed irles orrespond to k>, andopen irles orrespond to kex

x; Td10864210�1910�1810�1710�1610�1510�1410�1310�1210�11kex; ñm3=s

Fig. 4. Rate onstants kex of the helium atom exita-tion to the metastable state He(23S) by eletron im-pat in a onstant eletri �eld. Filled squares orre-spond to the regime of low eletron number densities inaordane with formula (2.28), the rate onstants forthe regime of high eletron number densities are deter-mined by formula (2.31). Filled irles orrespond tothe eletron onentration e = 10�6 and open irlesorrespond to e = 10�5

10�1810�1710�1610�1510�1410�1310�1210�1110�1010�9

2 Te; eV1 3 4 5 6 7 8

kex; ñm3=s

Fig. 5. Rate onstants kex of the helium atom exita-tion to the metastable state He(23S) by eletron im-pat in a onstant eletri �eld. Open irles orre-spond to thermodynami equilibrium aording to for-mula (1.2). The exitation rates for the regime ofhigh eletron number densities in aordane with for-mula (2.28) are represented by �lled squares for theeletron onentration e = 10�6 and by �lled irlesfor e = 10�5For eletron temperatures below (2�3) eV, whereformula (2.14) for the eletron temperature is valid, for-mulas (2.31) are onverted into formulas (2.20), (2.15),and (2.22). Figure 3 ontains the exitation rate on-stants of helium atoms by eletron impat under theation of an external eletri �eld on weakly ionizedhelium in the regime of a high eletron number densityin aordane with formulas (2.31). In addition, theexitation rate onstants kex are ompared in Fig. 4in the regimes of low and high eletron number densi-ties. These rate onstants in the regime of high ele-tron number densities are ompared in Fig. 5 with ther-modynami rate onstant (1.2), where along with theequilibrium inside the eletron system, eletrons estab-lish thermodynami equilibrium between atoms in theground and exited states.3. ATOM QUENCHING BY ELECTRONIMPACT IN A GAS LOCATED IN ANEXTERNAL ELECTRIC FIELDTo �nd the onentrations of metastable heliumatoms in a given �eld, it is neessary to inlude thequenhing of exited atoms by eletron impat into on-sideration. This parameter is known su�iently wellfor atom transition 23S ! 11S and its averaging over64
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Fig. 6. The lowest exited states of a helium atomand the rates of transitions involving these states [28℄,where the rate onstants k of atom quenhing by elet-ron impat are given in m3/s
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Fig. 7. The ratio of the total rate onstant of quenhingof the metastable state He(23S) of the helium atomby eletron impat in a helium gas disharge plasma tothe rate onstant in the absene of transitions betweenexited states as a funtion of the eletron tempera-ture Tesome measurement gives kq = 3:1 � 10�9 m3/s [29℄.But quenhing of metastable states may also proeedthrough exited states, and Fig. 6 gives the sheme ofproesses involving lower exited states of the heliumatoms with the rates of these proesses. We onsiderthe number densities of eletrons if the deay of 21Pstate results from its radiation rather than quenhingby eletron impat, and then the number density ofatoms in this state is small ompared with that underthermodynami equilibrium.Using the parameters in Fig. 6, we obtain the e�e-tive rate of quenhing of the metastable state 23S byeletron impat in m3/s as

kef = 3 � 10�9 + 5 � 10�7 exp(�1:398=Te)3 + 5 exp(�0:602=Te) : (3.1)Figure 7 gives the ratio of the e�etive quenhing rateonstant kef of the metastable atom He(23S) by elet-ron impat to the quenhing rate onstant kq with tran-sition into the ground atom state. As an be seen, ex-itation of the metastable atom He(23S) by eletronimpat in higher exited states with subsequent ra-diation of the He(21P ) gives the leading ontributionto the quenhing of an He(23S) atom at temperaturesTe � 1 eV that are of interest for gas disharge plasma.From this, we an determine the onentration ofmetastable atoms He(23S) in the regime of high ele-tron number densities if exitation and quenhing ofmetastable atoms in weakly ionized helium result fromollisions with free eletrons and exitation of this gasproeeds due to the ation of a onstant eletri �eld.The onentration of metastable 23S helium atoms isgiven by (23S) = kexkef : (3.2)In this ase, formation of metastable atoms He(23S)is determined by ollision with fast eletrons whoseenergy exeeds the exitation threshold, and the ex-itation rate onstants kex are determined by for-mula (2.31). Beause the energy distribution funtionof eletrons dereases sharply as the eletron energy in-reases above the exitation threshold of the metastablestate 23S, exitation of other exited states proeeds ina stepwise way through the metastable state 23S. Inpartiular, aording to the sheme of transitions be-tween exited states given in Fig. 6, the onentrationof helium atoms (21S) in the metastable state 23S isgiven by(21S) = (23S) exp(�0:796=Te)3 + 5 exp(�0:602=Te) : (3.3)Figure 8 shows the onentrations of metastable atomsin an ionized helium aording to formulas (3.2)and (3.3).4. RESONANT RADIATION OF IONIZED GASWe onsider the regime of exitation of metastablehelium states for ionized helium in an external eletri�eld where quenhing of metastable states results fromexitation of the resonantly exited He(21P ) state anda subsequent atom transition to the ground He(11S)state owing to radiation of a resonant photon of the5 ÆÝÒÔ, âûï. 1 65
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Fig. 8. Conentrations of metastable helium atoms inan ionized helium plaed in an external eletri �eldas a funtion of the redued eletri �eld at the ele-tron onentration e = 10�6. Open irles orre-spond to (23S), Eq. (3.2), �lled squares orrespond to(21S), Eq. (3.3). For omparison, the onentrationsof metastable atoms He(23S) (�lled irles) where theontribution to the deay of metastable atoms as a re-sult of their ionization in ollisions with eletrons takeninto aountwavelength about 58 nm. Then the number of reso-nant photons reated per unit time and unit volumeis dN(21P )dt = NeNakex kef � kqkef � NeNakex; (4.1)where the total rate onstant kef of quenhing of themetastable 23S state is given by formula (3.1) andgreatly exeeds the rate onstant of metastable atomquenhing kq with a transition to the ground stateunder appropriate eletron temperatures, as is shownin Fig. 7. Formula (4.1) means that eah formedmetastable atom is subsequently transformed into aresonantly exited atom and produes a resonant pho-ton. Below, we estimate the onditions for this ase,being guided by a glow gas disharge plasma with theparameters [2℄ Ne � 1010�1012 m�3, Na � 1016�1017 m�3 and the plasma size L � 1 m.We �rst estimate the lifetime of a resonant photoninside an ionized gas. The broadening of the spetralline for the transitionHe(21P )! He(11S) + ~! (4.2)has the Lorenz harater for large frequeny shifts andis determined by the dipole�dipole interation of atoms.The spetral line width � is given by [30℄

� = 12hNav�ti; (4.3)where �t is the total ross setion of atom ollision,and the average is taken over the atom distributionfuntion. The total ross setion of ollision for atomsin states 1S and 1P due to the dipole�dipole atom in-teration is given by [31℄�t = 4:8�d2~v ; (4.4)where d is the matrix element of the atom dipole mo-ment that is taken between the states of ollided atoms.It is onneted with the osillator strength f of the ra-diative transition between these states asf = 2med2�"e2~2 ; (4.5)and �" is the transition energy between 1S and 1Pstates. As a result, we �nd the absorption oe�ientfor resonant photons in the line enter of the transi-tion (4.2): k0 = 1:8 � 106 m�1: (4.6)It is important that the absorption oe�ient at theline enter is independent of both the number density ofatoms and the eletron temperature. We assume herethat the riterion of the Lorenz broadening of spetrallines holds.The probability of propagation of resonant radia-tion at a distane L for the Lorenz shape of the spetralline is given by [32℄P (L) = 1p�k0L (4.7)and a typial lifetime �r of resonant photons inside agas is �r / �P (L) :Here, � = 0:56 ns is the radiative lifetime of an isolatehelium atoms in the state 21P . From this, we havethat for helium with the indiated parameters, the ra-diation lifetime of resonant photons inside a uniformgas inreases by three orders of magnitude omparedto an isolated atom and is estimated as �r � 1 �s.The riterion of the above regime of atom exitationby eletron impat in weakly ionized helium loated inthe eletri �eld is given by [26℄NekQ�r � 1; (4.8)where kQ = 5 � 10�7 m3/s is the rate onstant ofquenhing of He(21P ) state with the transition into66



ÆÝÒÔ, òîì 143, âûï. 1, 2013 Exitation of helium atoms in ollisions : : :the 21S state. Under the above onditions, this ri-terion has the form Ne � 2 � 1012 m�3, and thereforethe above desription is suitable for a glow dishargeplasma.We note that this regime resembles the apillarydisharge (see, e. g., [33℄), whih is the soure of reso-nant radiation when an ionized gas is loated inside a�lament of a diameter of hundreds mirons. But theapillary disharge plasma is haraterized by highernumber densities of atoms and eletrons ompared withthose parameters, and hene orresponds to anotherplasma regime.5. PROPERTIES OF IONIZED GAS LOCATEDIN ELECTRIC FIELDThe above analysis allows disussing the haraterof exitation of an ionized gas under the ation of aneletri �eld. It follows that a helium gas dishargeplasma exists in the regime under onsideration in arestrited range of eletri �eld strengths that orre-sponds to typial eletron energies approximately be-tween 1 and 5 eV. At lower eletri �eld strengths, pro-esses of atom exitation and ionization are weak andare not able to support this system, while these pro-esses proeed fast at larger eletri �eld strengths andlead to the ionization instability of an ionized gas.We estimate the onditions under whih an ionizedgas is a thermodynami system and the exitation rateonstant of atoms is given by formula (1.2). This holdsif k< � k>; (5.1)and hene the exitation does not disturb the eletrondistribution funtion at the exitation threshold. Inaddition, for the onservation the eletron distributionfuntion above the exitation threshold, the riterion�� 1 (5.2)is required, where the parameter � is given by for-mula (2.17). As an be seen, riteria (5.1) and (5.2)are not ful�lled in the helium ase under onsideration.We now evaluate one more parameter of the exi-tation proess, the e�ieny of the exitation proess�, i. e., the part of energy that is introdued into theionized gas and is onsumed for the exitation proess.This quantity is given by� = �"kexNapel +�"kexNa ; (5.3)
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Fig. 9. E�ieny of the exitation of the metastablestate 23S in ionized helium loated in an external ele-tri �eld. Filled squares orrespond to the regime of loweletron number densities; open and �lled irles orre-spond to the regime of high eletron number densitieswith the respetive eletron onentration e = 10�5and e = 10�6where �" is the atom exitation energy, pel = eEweis the power per eletron that is onsumed on elastieletron sattering on atoms, and we is the eletrondrift veloity in the gas under the ation of the ele-tri �eld. Using the expressions for the eletron driftveloity (see, e. g., [27℄), in helium in the regime of loweletron number density, we havepelNa = 5:3 � 10�12x3=2; (5.4)and in the regime of high eletron number density,pelNa = 3:7 � 10�12 x2pTe : (5.5)Here the redued power pel=Na for the eletron elas-ti sattering on helium atoms is given in eV � m3=s.Formulas (5.4) and (5.5) are based on the assumptionthat the di�usion ross setion of the eletron�atomelasti sattering is independent of the eletron energy.Figure 9 ontains the values of the e�ieny � of theexitation of helium atoms in ionized gas under the a-tion of an eletri �eld.6. CONCLUSIONWe are based on the position that an ionized gasloated in an eletri �eld, i. e., a gas disharge plasma,67 5*



B. M. Smirnov ÆÝÒÔ, òîì 143, âûï. 1, 2013is a nonequilibrium system. Therefore, universal meth-ods of the desription of a gas disharge plasma [5℄ havea qualitative harater, and the analysis of its proper-ties requires the rate onstants for proesses involvingatoms in the ground and exited states. In reality, wefae the absene of suh information, but in the ase ofhelium, these rate onstants are known, we enountersome auray and the analysis of the properties of he-lium exited by an external eletri �eld gives us a use-ful experiene to understand the physis of this objet.We note that an ionized gas supported by an ele-tri �eld exists in a restrited range of eletri �eldstrengths. Low eletri �elds annot support this sys-tem, whereas high eletri �elds lead to the ionizationinstability. In the ase of helium, we are restritedby a range of eletri �eld strengths with typial ele-tron energies 1�5 eV. We assume the rate onstants ofquenhing of exited atom states by eletron impat tobe independent of the eletron energy. This latent as-sumption is important for the alulations ful�lled. Wenote that the approximation (2.6) for the elasti rosssetion of eletron�atom sattering is not of priniplein the above evaluations and may be replaed by nu-merial omputer alulations, but this approximationallowed us to obtain the results in a vivid and trans-parent form.We disuss the above results from the standpointof the general approahes of a gas disharge plasma.We analyze exitation of helium in an external eletri�eld for both regimes of low and high eletron numberdensities, with a typial eletron energy being smallompared to the atom exitation energy. Then an ele-tron energy variation in a single ollisions is relativelysmall and formation of fast eletrons has a stepwiseharater. In this ase, the universal thermodynamidesription of the exitation proess is not valid for tworeasons. First, the eletron energy distribution fun-tion above the exitation threshold drops sharply be-ause the exitation proess leads to a derease in thedistribution funtion and this in turn dereases the ex-itation rate, making the atom exitation above theexitation threshold a self-onsistent proess. Seond,after the atom exitation, fast eletrons beome slowand must be replaed by eletrons aelerated in theeletri �eld, but this proess is not fast beause thederease in the eletron energy proeeds in small steps.As a result, the exitation rate onstant is lower by oneto two orders of magnitude than that in (1.2) for anequilibrium system (see Fig. 5).One more experiene of this analysis is that thequenhing of metastable atoms does not make themtransfer to the ground state, but follows from their sub-

sequent exitation (see Fig. 7). This may lead to di�er-ent regimes of quenhing depending on the eletron andradiative proesses involving exited atoms. The num-ber of plasma regimes inreases with additional pro-esses involving exited atoms, for example, the Pen-ning proess that ours if other atoms are present inhelium with a small onentration or the ionization pro-ess results from ollisions of two metastable atoms.Thus, the omplexity of the gas disharge plasma on-sists in a large number of regimes for this nonequilib-rium system, and our analysis of the exitation rateonstants for helium atoms by eletron impat orrob-orates this statement.It should be noted that although we do not onsiderhere ionization proesses that support a weakly ionizedgas, the exitation proesses under onsideration areimportant for this. Indeed, if the deay of metastableatoms proeeds in ollisions with eletrons, whose on-entration is shown in Fig. 8, the subsequent forma-tion of eletrons results in the ionization of metastableatoms. This proess ours at the redued eletri �eldstrengths 2 Td < x < 10 Td, and we used above justthis range of eletri �eld strengths. In this regime, theeletron distribution funtion dereases sharply as theeletron energies inrease above the exitation thresh-old, and diret ionization of atoms by eletron im-pat is impossible. On the ontrary, the lassial di-ret mehanism of atom ionization by eletron impatfor self-maintaining of gas ionization [34℄ ours in therange of eletri �elds strengths 10 Td < x < 1000 Td,and the lifetime of metastable atoms is small in thisregime. This stresses one more a variety of regimesfor a gas disharge plasma and the omplexity of theirdesription. REFERENCES1. B. M. Smirnov, UFN 179, 591 (2009) [Phys. Usp. 52,519 (2009)℄.2. A. A. Kudryavtsev, A. A. Smirnov, and L. D. Tsendin,Physis of Glow Disharge, Lan'Petersburg (2009) (inRussian).3. B. M. Smirnov, Properties of Gas Disharge Plasma,Politeh. Univ. Press, Petersburg (2010) (in Russian).4. L. D. Tsendin, UFN 180, 113 (2010) [Phys. Usp. 53,133 (2010)℄.5. Y. P. Raizer, Gas Disharge Physis, Springer, Berlin(1991).6. B. M. Smirnov, Plasma Proesses and Plasma Kinet-is, Wiley, Weinheim (2007).68
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