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ELECTRON ATTACHMENT TO THE SF6 MOLECULEB. M. Smirnov *, A. V. KosarimJoint Institute for High Temperatures, Russian A
ademy of S
ien
es125412, Mos
ow, RussiaRe
eived January 21, 2015Various models for transition between ele
tron and nu
lear subsystems are 
ompared in the 
ase of ele
tronatta
hment to the SF6 mole
ule. Experimental data, in
luding the 
ross se
tion of ele
tron atta
hment to thismole
ule as a fun
tion of the ele
tron energy and vibrational temperature, the rate 
onstants of this pro
ess inswarm experiments, and the rates of the 
hemionization pro
ess involving Rydberg atoms and the SF6 mole
ule,are 
olle
ted and treated. Based on the data and on the resonant 
hara
ter of ele
tron 
apture into an autode-ta
hment ion state in a

ordan
e with the Breit�Wigner formula, we �nd that interse
tion of the mole
ule andnegative ion ele
tron terms pro
eeds above the potential well bottom of the mole
ule with the barrier height0:05�0:1 eV, and the transition between these ele
tron terms has both the tunnel and above-barrier 
hara
ter.The limit of small ele
tron energies " for the ele
tron atta
hment 
ross se
tion at room vibrational temperaturetakes pla
e at "� 2 meV, while in the range 2 meV� "� 80 meV, the 
ross se
tion is inversely proportionalto ". In 
onsidering the atta
hment pro
ess as a result of the intera
tion between the ele
tron and vibrationaldegrees of freedom, we �nd the 
oupling fa
tor f between them to be f = aT at low vibrational temperaturesT with a � 3 � 10�4 K�1. The 
oupling fa
tor is independent of the temperature at T > 400 K.DOI: 10.7868/S00444510150900111. INTRODUCTIONEle
tron atta
hment to 
omplex or polyatomi
mole
ules pro
eeds via the ele
tron 
apture in an au-todeta
hment term, and the Born�Oppenheimer ap-proximation is appli
able if this pro
ess pro
eeds e�e
-tively, su
h that the nu
lear 
on�guration varies weaklyin the 
ourse of the ele
tron 
apture. Subsequent de-velopment of a formed autodeta
hment state is deter-mined by evolution of a slow nu
lear system. But the
omplexity of mole
ules leads to a spe
i�
 
hara
ter ofthis pro
ess. First, several autodeta
hment states ofthe negative ion with a low ex
itation energy usuallyexist, and these states 
an be responsible for the ele
-tron 
apture. Intera
tion and interse
tions of these au-todeta
hment ele
tron terms with the mole
ular termlead to a high e�
ien
y of the pro
ess of ele
tron 
ap-ture. Se
ond, 
omplex mole
ules have many vibra-tional degrees of freedom, and their ex
itation in the
ourse of evolution of the ele
tron�mole
ule system de-termines an irreversible 
hara
ter of the development ofthis system. Third, ele
tronegative 
omplex mole
ules*E-mail: bmsmirnov�gmail.
om

have stable states of negative ions, and the surplus en-ergy in formation of these states goes to vibration de-grees of freedom and is subsequently transfered to gasmole
ules in 
ollisions with them. All this in
reases therole of measurements in the analysis of ele
tron atta
h-ment pro
esses.Ele
tron atta
hment to mole
ules pro
eeds via for-mation of autodeta
hment states of a negative ion ofthis mole
ule. Various aspe
ts of this pro
ess are stud-ied in detail and are analyzed both in books [1�4℄ andin reviews [5�8℄ as a result of transitions between ele
-tron terms of the initial mole
ule and the forming neg-ative ion. Ele
tron atta
hment to a 
omplex mole
ulein
ludes three stages: the ele
tron 
apture in an au-todeta
hment term of the negative ion, the develop-ment of this autodeta
hment state, and formation ofthe �nal state of this system. Be
ause of the resonant
hara
ter of this pro
ess, it pro
eeds e�
iently at ther-mal and lower ele
tron energies if the autodeta
hmentterm of the negative ion interse
ts the mole
ular ele
-tron term near its bottom. This is more probable for
omplex mole
ules be
ause they have several autode-ta
hment terms of the negative ion that 
orrespond tothe ground ele
tron state of the mole
ule. A high ef-�
ien
y of this pro
ess allows using this mole
ule toprote
t power ele
tri
 systems from breakdown. Be-435
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Fig. 1. Ele
tron terms: (a) the dependen
e of the po-tential energy U of ele
trons on the redu
ed 
oordinateR for a mole
ule A and its negative ion A� in the 
aseof e�e
tive ele
tron atta
hment to the mole
ule and(b ) this pro
ess with a high a
tivation energy Ea. EAis the mole
ule ele
tron a�nity
low, we 
onsider the ele
tron atta
hment pro
ess forthe SF6 mole
ule involving slow ele
trons where thispro
ess is e�e
tive. This 
ase is of interest in pra
ti
eand therefore there is ri
h information about this pro-
ess. Treatment of the results of experiments gives usthe detailed understanding of this pro
ess. This is thegoal of this paper.The rate of ele
tron atta
hment to 
omplexmole
ules and the �nal 
hannel of this pro
ess aredetermined by the parameters of autodeta
hmentele
tron terms through whi
h this pro
ess pro
eeds.A

ording to our experien
e, 
ontemporary 
omputermethods do not allow 
al
ulating reliably, espe
ially as
on
erns the width of autodeta
hment levels. Hen
e,this information may be extra
ted from treatment ofexperimental data; below, we analyze experimentalresults for ele
tron atta
hment to the SF6 mole
ulefrom this standpoint. The behavior of ele
tron termsis represented in Fig. 1 for the two limit 
ases of thispro
ess. In the �rst 
ase, ele
tron 
apture pro
eedse�e
tively and the rate 
onstant of formation ofnegative ions ex
eeds that 
onstru
ted from atomi
parameters. In the se
ond 
ase, on the 
ontrary, ele
-tron 
apture in an autodeta
hment state is hampered,but the formed autodeta
hment state of the negativeion is 
hara
terized by a large lifetime be
ause itsele
tron term is separated from the mole
ular term bya potential barrier. Below, we analyze the two limit
ases separately.

2. BEHAVIOR OF AUTODETACHMENTTERMS OF SF�6We fo
us on the mole
ule that is 
hara
terized byadvantageous parameters of ele
tron terms and, there-fore, by a large 
ross se
tion of the ele
tron atta
hmentpro
ess at small ele
tron energies. In 
onsidering thebehavior of ele
tron terms of this mole
ule and its neg-ative ion, we are guided by the SF6 
ase. As regardsele
tron terms of the negative ion SF�6 , we note that inthe ground state of the SF6 mole
ule, the sulfur atomis lo
ated in the 
enter and �uorine atoms are lo
atedin verti
es of an o
tahedron. The o
tahedral symmetryof the ele
tron wave fun
tion of the SF6 mole
ule in-
ludes the symmetry with respe
t to transformations ofboth re�e
tion with respe
t to three symmetry planespassing through the squares with four �uorine atomsin verti
es, and rotation through �=2 about any of thethree symmetry axes passing through opposite �uorineatoms and the sulfur atom. If we take the total numberof transformations to be the number of 
on�gurationsof the nu
lei with respe
t to a given nu
leus, it is equalto the number of permutations of the other �ve nu
lei,i. e., the number of su
h transformations is 5! = 120.We 
onstru
t the wave fun
tion of the negative ionSF�6 in the form 	 = 6Xi=1 ai i; (2.1)where  i 
orresponds to ele
tron lo
ation on the ith�uorine atom. We 
an make six di�erent 
ombina-tions of the wave fun
tions, and be
ause this numberis smaller than the total number of nu
lear 
on�gu-rations, some ele
tron states of the negative ion aredegenerate. We 
an extra
t the symmetri
 state fromthe ele
tron terms of the negative ion SF�6 resultingfrom addition of an ele
tron to the SF6 mole
ule in theground ele
tron state, and the 
oe�
ients ai are iden-ti
al for this state. The wave fun
tion of this state,Eq. (2.1), is 
onserved under any o
tahedral transfor-mation. Evidently, the ele
tron wave fun
tion of theSF6 mole
ule in the ground state is symmetri
 undero
tahedral transformations, and hen
e the symmetri
state of the negative ion 
orresponds to the addition ofan s-ele
tron to the SF6 mole
ule. The other �ve ele
-tron states of the negative ion are antisymmetri
 un-der some o
tahedral transformations, i. e., wave fun
-tion (2.1) 
hanges sign under some of these transfor-mations. Be
ause the number of these states is lessthan the number of o
tahedral transformations, thesestates are degenerate when �uorine atoms are lo
atedin o
tahedral verti
es. If one �uorine atom is removed436
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tron atta
hment to the SF6 mole
ulefrom the mole
ule 
enter, there are two antisymmetri
states degenerate by energy, and when it is lo
ated farfrom the mole
ule 
enter, the negative ion 
onsists oftwo pairs, SF�5 + F or SF5 + F�, whi
h in
reases thenumber of ele
tron terms.We note the existen
e of a stable state of the SF�6negative ion. Be
ause the symmetri
 state is the low-est state of the negative ion, evidently, an s-ele
tron is
aptured in the autodeta
hment state of SF�6 that isstable under other 
on�gurations of nu
lei. Hen
e, the
apture of a slow ele
tron by the SF6 mole
ule is a
-
ompanied by the development of the forming autode-ta
hment state toward the stable negative ion. Hen
e,the 
apture of an s-ele
tron by the SF6 mole
ule leadsto the formation of the negative ion SF�6 , whereas if theele
tron momentum is higher, the 
hannels of ele
tron
apture are SF�5 + F or SF5 + F�, and these 
hannelsmay be lo
ked at thermal ele
tron energies.Thus, the 
apture of a slow s-ele
tron by the SF6mole
ule leads to the formation of the symmetri
 stateof the SF�6 negative ion a

ording to the s
hemee+ SF6 ! SF�6 ; (2.2)and the subsequent development of this ion goes to-ward a stable negative ion by simultaneous variationof distan
es of all the �uorine atoms from the 
enter.We note that although this motion does not ex
ite an-tisymmetri
 vibrations of �uorine atoms, su
h vibra-tions arise from the intera
tion of this atom motionwith mole
ular rotation. Indeed, the mole
ule rota-tional momentum is 
onserved in the 
ourse of the atommotion, and therefore simultaneous motion of �uorineatoms in the radial dire
tion 
an 
ause both a 
hange ofthe rotational energy of the mole
ule and the ex
itationof antisymmetri
 vibrations.Thus, this analysis exhibits that the negative ion is
hara
terized by two ele
tron terms at least, whi
h aresymmetri
 and antisymmetri
 under o
tahedral trans-formations. The symmetri
 state 
orresponds to a sta-ble negative ion, and the degenera
y of the antisymmet-ri
 state is removed if the �uorine nu
lear 
on�gurationbe
omes nonsymmetri
. In addition, removing one �u-orine atom from the SF5 radi
al leads to a degenera
ydue to formation of two pairs SF5 + F� and SF�5 + F.Hen
e, in the 
ase of ele
tron atta
hment to the SF6mole
ule, many autodeta
hment states of the negativeion SF�6 may be formed.

3. ATTACHMENT OF SLOW ELECTRONS TOTHE SF6 MOLECULE AT ROOMTEMPERATUREWe �rst 
onsider ele
tron atta
hment to the SF6mole
ule in the 
ase where a stable negative ion isformed and the pro
ess pro
eeds with a high rate.A
ounting for the resonant 
hara
ter of the ele
tronatta
hment to a mole
ule, we use a general formulafor the ele
tron atta
hment 
ross se
tion based on theBreit�Wigner formula [9�11℄:�at = �~22me" Z �(R)2 j'(R)j2 dR["� "R℄2 + �2(R)=4 : (3.1)Here, me is the ele
tron mass, " is the ele
tron energy,R is the nu
lear 
oordinate that is responsible for thispro
ess, "R is the autodeta
hment state energy, �(R)is the width of the autodeta
hment term, and '(R) isthe mole
ular wave fun
tion at the beginning. In thelimit of low ele
tron energies, under the assumptionthat �(R) = 
onst and under optimal 
onditions, the
ross se
tion of ele
tron atta
hment to a mole
ule hasthe form �at = A" ; "1 � "� "2: (3.2)Although this dependen
e follows from formula (3.1) inthe 
ase of a strong ele
tron�mole
ule intera
tion, it isjusti�ed by measurements [12�14℄.We assume a strong intera
tion at the ele
tron at-ta
hment to a mole
ule and determine the parametersin formula (3.2) in the SF6 
ase on the basis of exper-imental data. The boundaries of this dependen
e forthe SF6 mole
ule are on the basis [13; 14℄ "1 � 2 meVand "2 � 80meV, and the parameter A in formula (3.2)is A = 5:8Å2 � eV a

ording to measurements [12℄ andA = 7:1Å2 � eV a

ording to [15, 16℄. Hen
e, based onformula (3.2), we have the rate of ele
tron atta
hmentto a mole
ule kat = 2Ap�meTe ; (3.3)where Te is the ele
tron temperature. At low ele
tronenergies, the energy dependen
e for the ele
tron atta
h-ment 
ross se
tion has the form [11, 17℄�at � 1p" ; (3.4)and the rate 
onstant of the ele
tron atta
hment pro-
ess k0 = v�at does not depend on the ele
tron velo
ityv or its energy ". We use the energy dependen
e for the
ross se
tion of this pro
ess in the form�at = Ap"2 + ""1 ; (3.5)437
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h is transformed in the limit 
ases into formulas(3.2) and (3.4). In parti
ular, we hen
e have the rate
onstant at zero ele
tron energyk0 = Ar 2m"1 ; (3.6)and this formula 
onne
ts the parameters that des
ribethe pro
ess rate in the limit 
ases. Averaging the rate
onstant over the Maxwell distribution fun
tion of ele
-trons, we obtainkat = k0p1 + �Te=4"1 : (3.7)This formula 
an be rewritten in the formkat(Te; T ) = A(T )r 8�meTe 1p1 + 4"1=�Te ; (3.8)where T is the nu
lear or vibrational temperature. Inthe limit of high ele
tron temperatures, this formulagiveskat(Te; T ) = A(T )r 8�meTe ; Te � "1: (3.9)Important information about the pro
ess under
onsideration follows from measurements with ultra-slow ele
trons formed in a photoele
tron sour
e of ele
-trons in two-step laser ionization of metastable argonatoms formed in a gas dis
harge plasma. Su
h a s
heme[18, 19℄ provides a high resolution up to 0.1 meV.This method is used for measuring the ele
tron at-ta
hment to the SF6 mole
ule at low ele
tron ener-gies [13, 14, 20, 21℄. In parti
ular, the experimentalrate 
onstant is independent of the ele
tron energy "starting from " � 2 meV; in the zero energy limitand at room vibration temperature, its value is givenby [13, 14℄ k0 = (5:4� 0:8) � 10�7 
m3=s: (3.10)Another information follows from the 
hemionizationpro
ess A� + SF6 ! A+ + SF�6 ; (3.11)where A� is a highly ex
ited (Rydberg) atom state.Taking experiments [22�28℄ with the ele
tron bindingenergy approximately equal to 10 meV, we obtain theresult of statisti
al treatment of these measurements:kat = (4:3� 0:3) � 10�7 
m3=s: (3.12)Be
ause the behavior of a weakly bound ele
tron is sim-ilar to that of a free ele
tron, this rate 
onstant is 
loseto the ele
tron atta
hment rate 
onstant at low ele
tronenergies.

Statisti
al averaging of the experimental data in[16; 29�46℄ for ele
tron atta
hment to the SF6 mole
uleat room temperature leads to the rate 
onstantkat = (2:3� 0:4) � 10�7 
m3=s: (3.13)This 
oin
ides, within the a

ura
y limit, with the pre-
ise measurements [40, 42℄, where kat = (2:27�0:07)��10�7 
m3/s. We note that the rate 
onstant of ele
t-ron atta
hment at the ele
tron energy " = 0:2 eV androom temperature of mole
ular os
illations is kat == (9 � 1) � 10�8 
m3/s if we use the value in (3.2)and expand it to higher ele
tron energies using for-mula (3.2) in a

ordan
e with measurements in [47, 48℄.In addition, measurements in a magnetized plasma atthis ele
tron energy and room vibrational temperatureof mole
ules give kat = (8 � 2) � 10�8 
m3/s [49℄. Ithen
e follows that the higher boundary of formula (3.2)"2 > 200 meV. Evidently, "2 � 300 meV be
ause atthis energy the 
hara
ter of the atta
hment pro
essvaries [50℄.From formula (3.3), we �nd the parameter A in for-mula (3.2): A = 8 � 1Å2 � eV. With the results ofmeasurements [12, 15, 16℄ added to this, we obtainA = 7� 2Å2 � eV: (3.14)The indi
ated measurements of the rate 
onstants forele
tron atta
hment to the SF6 mole
ule allows deter-mining a typi
al energy "1 in formula (3.5), if we useformula (3.6) and rate 
onstant (3.10) in the limit ofzero ele
tron energy at room vibrational temperature.It follows from formula (3.6) with (3.14) taken into a
-
ount that "1 = 6� 2 meV: (3.15)This value of the rate 
onstant justi�es the methodfor determining the parameter "1 be
ause the rate 
on-stant (3.10) 
orresponds to the ele
tron energy " == 2 meV that is below "1, and a

ording to for-mula (3.5) at the ele
tron energy " = 2meV, the atta
h-ment 
ross se
tion di�ers from its asymptoti
 value byapproximately 10%. In addition, we note that the tran-sition from dependen
e (3.2) to (3.4) with a de
reasingele
tron energy pro
eeds in a wide range of ele
tronenergies. Hen
e, the statement that the Wigner lawholds at ele
tron energies below 5 meV has a qualita-tive 
hara
ter.We 
an in
rease the a

ura
y of the value "1 if wein
lude the rate 
onstant (3.12) of the 
hemionizationpro
ess (3.11) into 
onsideration. In this 
ase, a boundele
tron of a highly ionized atom atta
hes to the SF6mole
ule in a region of the Coulomb intera
tion be-tween the ele
tron and the atomi
 
ore. In this region,438
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tron atta
hment to the SF6 mole
ulethe average kineti
 ele
tron energy is equal to the ion-ization potential of this highly ionized atom, whi
h isequal 10 meV on average under the 
onditions of mea-suring the rate 
onstants of the 
hemionization pro-
ess, whose average values at room temperature of SF6mole
ules are given in formula (3.11). Then using for-mula (3.8) and parameters (3.14) and (3.15), we 
an ob-tain the rate 
onstant of 
hemionization pro
ess (3.11)as kat = (4:4 � 1:2) � 10�7 
m3=s in a

ordan
e withmeasured values (3.12).We summarize the results obtained. We are basedon Breit�Wigner formula (3.1) for the 
ross se
tionof ele
tron atta
hment to the SF6 mole
ule, assumingthat the resonan
e is in the a

essible region of nu
learlo
ation. At small ele
tron energies, the 
ross se
tionis given by (3.4) [17℄, and this transition pro
eeds at" � �. We have found the parameters of the atta
h-ment 
ross se
tion (3.5) in the range " � � or " � �at room vibrational temperature of mole
ules.We 
an glan
e at the problem from another stand-point. Indeed, although we pro
eed from the resonant
hara
ter of the ele
tron�mole
ule intera
tion in a

or-dan
e with Breit�Wigner formula (3.1), a model of astrong ele
tron�mole
ule intera
tion is used in realityafter averaging over the nu
lear 
on�guration. Thismodel is similar to the models in [51�55℄, whi
h a
-
ount for a 
ertain 
hara
ter of ele
tron�mole
ule in-tera
tions. But this model is based on experimentalresults that 
orrespond to more general 
onditions. Byrestri
ting to room vibrational temperature only, weobtain that this pro
ess is independent of the mole
u-lar parameters. In this 
ase, the 
ross se
tion dependson the ele
tron energy only. Far from the threshold, theatta
hment 
ross se
tion �at is inversely proportionalto ele
tron energy (3.2) and has a threshold depen-den
e (3.4). Assuming the ele
tron�mole
ule intera
-tion to be separated into ele
tron and mole
ular partsand the mole
ular part to be identi
al at any ele
tronenergies, we use the experimental data to �nd the be-havior of the atta
hment rate 
onstant at room temper-ature in a

ordan
e with formulas (3.7) and (3.8) withparameters (3.14) and (3.15), and k0 in a

ordan
e withformula (3.10).4. TEMPERATURE DEPENDENCE FOR THERATE OF ELECTRON ATTACHMENTIn 
onsidering the ele
tron atta
hment pro
ess tothe SF6 mole
ule at room vibrational temperature andseparating the ele
tron and nu
lear degrees of freedom,we 
annot obtain information about the role of nu
lear

motion in this pro
ess be
ause it is identi
al at di�erentele
tron energies if the pro
ess pro
eeds at room tem-perature. A temperature dependen
e of the rate of thispro
ess allows understanding the role of nu
lear 
on-�gurations in this pro
ess, whi
h 
onsists in both ex
i-tation of mole
ule vibrations and positioning ele
tronterms for the mole
ule and its negative mole
ular ion.We �rst transform formula (3.1) in the 
ase of a strongele
tron�mole
ule intera
tion if the negative ion terminterse
ts the mole
ular term not far from the bottomof the mole
ular potential 
urve (see Fig. 1). Assum-ing the width �(R) of the autodeta
hment level to berelatively small (where R refers to the nu
lear 
on�gu-ration), we 
an 
onsider the autodeta
hment state as abound one. Approximating the autodeta
hment termenergy E(R) by a straight line, after integrating 
rossse
tion (3.1) over nu
lear 
on�gurations, we obtain [2℄�at(") = �2~2me" f;f(") = �(R")dRdE j'(R")j2e�� ;� = R
ZR" �(R0) dR0~vR ; (4.1)where R" is the nu
lear 
oordinate along the rea
tionpath that provides the resonan
e at an ele
tron energy", E(R) is the energy of the autodeta
hment state at agiven nu
lear 
on�guration, '(R") is the nu
lear wavefun
tion of the mole
ule at an indi
ated 
oordinate,R (R0) is the 
oordinate along the rea
tion path, andR
 is the 
oordinate where the ele
tron terms of themole
ule and the negative ion interse
t. Formula (4.1)des
ribes intera
tion of an ele
tron with an absorption
enter, and the possibility to 
onsider an autodeta
h-ment state as a bound state (or a smallness of �(R"))requires the smallness of the 
oupling fa
tor f � 1. Wenote that the 
oupling fa
tor in the SF6 
ase at roomtemperature is f = 0:077 [2℄.We thus 
onsider the pro
ess of ele
tron atta
hmentto a mole
ule as a result of ele
tron s
attering on an ab-sorption 
enter, where ele
tron�mole
ule intera
tion isredu
ed to the 
oupling fa
tor f that a

ounts for prop-erties of an autodeta
hment state of the negative ion.Therefore, the temperature dependen
e of the 
ouplingfa
tor gives information about the parameters of themole
ular and autodeta
hment terms of the negativeion. Below, we take the survival probability exp(��)of the autodeta
hment state during evolution of thenegative ion to the stable state to be one, i. e., we as-sume the ele
tron atta
hment pro
ess to be e�
ient.Using the harmoni
 
hara
ter of the mole
ule os
illa-439
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onstant of theele
tron atta
hment pro
esskat(") = Ar 8�me" �1� exp��~!T ���1 ��Xn j'n(R";n)j2 exp��~!nT � ;E(R";n) = "+ ~!n: (4.2)For simpli
ity, we assume the normal mole
ule os
illa-tion along the rea
tion 
oordinate and the harmoni

hara
ter of these os
illations. Comparison of for-mula (4.2) with experimental data for the ele
tron at-ta
hment rate 
onstant at various mole
ule tempera-tures gives information about the behavior of ele
tronterms for the mole
ule and the negative ion. We �rstrepresent the data for the temperature dependen
e ofthe ele
tron atta
hment rate 
onstant.In analyzing the temperature dependen
e of theele
tron atta
hment rate 
onstant, we note that the ex-perimental data in [41; 56�60℄ relate to identi
al ele
-tron and mole
ular temperatures. In parti
ular, a
-
ording to [41℄, the ele
tron atta
hment rate 
onstantto the SF6 mole
ule is 3:1, 3:1, 4:5, 4:0 in units of10�7 
m3=s at the respe
tive temperatures 205, 300,455, and 590 K. Measurements in [56℄ at the tem-peratures 300, 411, and 545 K give the respe
tiveele
tron atta
hment rate 
onstants 2.3, 3.1, and 2.2in units of 10�7 
m3=s. A

ording to [57℄, we havekat(300 K) = 2:9 � 10�7 
m3=s and kat(73 K) == 1:2 � 10�7 
m3=s. In addition, at high temperatures,we have kat(670K) = 2:0�10�7 
m3=s and kat(700K) == 1:7 � 10�7 
m3=s. The a

ura
y of the above andother measurements of the temperature dependen
e isrestri
ted and does not allow us to determine pre
iselythe parameters of the autodeta
hment ele
tron termwith respe
t to the mole
ular ele
tron term. But theabove information shows an important tenden
y in thebehavior of this rate 
onstant.The main problem in the analysis of the tempera-ture dependen
e for experimental rate 
onstants kat isits high experimental error. Nevertheless, the sum ofexperimental data leads to 
ertain 
on
lusions aboutpositions of the ele
tron terms for the SF6 mole
uleand its negative ion. In Fig. 2, we give the values ofthe 
oupling fa
tor f at di�erent temperatures in a
-
ordan
e with its de�nition in (4.1). Introdu
ing the
oupling fa
tor f , we separate the ele
tron and vibra-tional degrees of freedom in expressions for the 
rossse
tion or the rate 
onstant of ele
tron atta
hment tothe mole
ule, and the 
oupling fa
tor in
ludes vibra-tional degrees of freedom. In parti
ular, the rate 
on-
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Fig. 2. Temperature dependen
e of the 
oupling fa
-tor f in formula (4.1) that a

ounts for the 
ontri-bution of mole
ular os
illations to the rate 
onstantof ele
tron atta
hment to the SF6 mole
ule. Thesolid 
urve is a rough approximation of this dependen
ef = 3 � 10�4T�10�7T 2, where T is expressed in Kstant of ele
tron atta
hment to the SF6 mole
ule a
-
ording to formula (3.8) is given bykat = 2�~2me r 2�meTe 1p1 + 4"1=�Te f: (4.3)In formula (4.3), we thus relate the rate 
onstant ofele
tron atta
hment to the SF6 mole
ule with the 
ou-pling fa
tor f .We 
an analyze the temperature dependen
e for the
oupling fa
tor f . At low mole
ular temperatures T(T < 100 K), if the mole
ule is in the ground vibra-tional state, the 
oupling fa
tor is independent of thetemperature. The same o

urs at high temperatures,where interse
tion of the mole
ular term and the au-todeta
hment negative ion is attained. The 
ouplingfa
tor in
reases as the temperature in
reases be
ausethe terms interse
t outside the region of 
lassi
al lo
a-tion of the nu
lei, i. e., positions of ele
tron terms ofthe SF6 mole
ule and its negative ion in the autode-ta
hment state have the form as shown in Fig. 3.It is 
onvenient to approximate the 
oupling fa
-tor in a

ordan
e with the 
hara
ter of its temperaturedependen
e by the formulaf = f0 1� exp(�E1=T )1� exp(�E2=T ) : (4.4)In this 
ase, the 
oupling fa
tor f is independent ofthe temperature in the limits of low and high tempera-tures, and has a jump at moderate temperatures. The440
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SF6

SF
−

6

E
A

U

RFig. 3. Behavior of ele
tron terms as a fun
tion of theredu
ed mole
ular 
oordinate for ele
tron atta
hmentto the SF6 mole
ulevalue E1 is a typi
al energy of mole
ule vibrations, andthe energy E2 is of the order of the ex
itation energyneeded to rea
h the interse
tion of ele
tron terms of themole
ule and its negative ion, but it is not the a
tiva-tion energy be
ause of the tunnel 
hara
ter of transitionin formulas (4.1) and (4.2).In parti
ular, the following parameters in for-mula (4.4) are suitable for approximating the experi-mental data in Fig. 2: f0 = 0:017, E1 = 70 K, andE2 = 900 K. For these parameters, in a

ordan
e withformula (4.4), we have f(50 K) = 0:02, f(300 K) == 0:08, and f(700 K) = 0:13 whi
h 
orresponds tothe data in Fig. 2. Nevertheless, the a

ura
y of thisapproximation is not satisfa
tory. Indeed, the data ofmeasurements in [41℄ and [56℄ in the temperature range450�550 K di�er by up to a fa
tor of 2. Therefore, theaverage values f of di�erent measurements are 
hara
-terized by an error of 30�50%. In parti
ular, a

ordingto measurements in [41℄ and [56℄, the ele
tron atta
h-ment rate 
onstant has a maximum at a temperaturein the range 400�450 K, whereas the approximatingdependen
e (4.4) with suitable parameters leads to amonotonous temperature dependen
e of the 
ouplingfa
tor. In addition, in the limit of low ele
tron andmole
ule temperatures, the above experimental datayield kat(T ! 0) = (1:4� 0:5) � 10�7 
m3=s.5. CONCLUSIONAs we see, the treatment of experimental data bothgives reliable numeri
al parameters for the ele
tron at-ta
hment pro
ess to the SF6 mole
ule and allows un-

derstanding the relation between various models of thispro
ess. In 
onsidering ele
tron atta
hment to the SF6mole
ule as the intera
tion between a fast (ele
tron)and slow (vibration) subsystems, we 
an obtain a vi-able method to analyze this pro
ess as a result of tran-sition between ele
tron terms (or the potential energysurfa
es) of the SF6 mole
ule and its negative ion SF�6 .Assuming this intera
tion to be weak, we introdu
e the
oupling fa
tor f between these subsystems that is re-sponsible for this intera
tion, and analyzing the exper-imental data 
on�rms the intera
tion weakness. As aresult, the pro
ess of ele
tron atta
hment to the SF6mole
ule 
an be 
onsidered as the ele
tron intera
tionwith an absorption 
enter.In addition, the above analysis of experimentaldata for the ele
tron atta
hment to the SF6 mole
uleallows relating various quantum models for variousaspe
ts of this pro
ess. Indeed, taking this pro
ess asa result of resonant ele
tron 
apture in an autodeta
h-ment level and des
ribing this pro
ess on the basis ofthe Breit�Wigner formula, in the limit of low ele
tronenergies " 
ompared with the width � of the autode-ta
hment level, we obtain the Wigner formula for theele
tron atta
hment 
ross se
tion �at(") / 1=p" afteraveraging over parameters of the ele
tron 
apture. Inthe other limit 
ase " � �, the ele
tron atta
hment
ross se
tion is �at(") / 1=". In addition, for theMaxwell distribution fun
tion of ele
trons, we go tothe 
hemi
al model of ele
tron atta
hment to the SF6mole
ule with the a
tivation energy Ea � 0:05�0.1 eV.The study was supported by the Russian S
ien
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