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Phase-resolved emission spectroscopy of a hydrogen rf discharge for the determination
of quenching coefficients
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Collisional effects can have strong influences on the population densities of excited states in gas discharges
at elevated pressure. The knowledge of the pertinent collisional coefficient describing the depopulation of a
specific level(quenching coefficientis, therefore, important for plasma diagnostics and simulations. Phase-
resolved optical emission spectroscdPAROES applied to a capacitively coupled rf discharge excited with a
frequency of 13.56 MHz in hydrogen allows the measurement of quenching coefficients for emitting states of
various species, particularly of noble gases, with molecular hydrogen as a collision partner. Quenching coef-
ficients can be determined subsequent to electron-impact excitation during the short field reversal phase within
the sheath region from the time behavior of the fluorescence. The PROES technique based on electron-impact
excitation is not limited—in contrast to laser techniques—by optical selection rules and the energy gap be-
tween the ground state and the upper level of the observed transition. Measurements of quenching coefficients
and natural fluorescence lifetimes are presented for several heliut®,43S,3%S,3%P,43S), neon
(2p1,2p,,2p4,2pg), argon (3,,3d,,3d; and 33), and krypton (D4, 2ps) states as well as for some states
of the triplet system of molecular hydrogen.
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I. INTRODUCTION The coefficientsk, take into account all inelastic colli-
sional processes by the collision partaesf the leveli under
Low-density plasmas are often characterized by the soeonsideration.(The term *“collisional deexcitation coeffi-
called corona equilibrium, in which excitation takes place bycient” is also in use instead of quenching coefficient, since
collisions, predominantly from the ground state, whereas dethe effect is indeed a deexcitation in most cas€he deex-
excitation is exclusively by radiative transitions. Spectro-citation consists in an excitation energy transfer from one
scopic techniques allow under these conditions to draw corparticle to internal energy of the collision partner and trans-
clusions with respect to various plasma parameterg., lational energy of both particles. A more detailed description
particle temperaturefl], densities[2], and electron energy of the deexcitation processes can be found in Réfs13).
distributions[3]), if the necessary data basis is available. Since the deexcitation cross section is often only
This concept is, however, of rather limited applicability for weakly temperature dependdiid—16, the following tem-
processing plasmas, since already at gas pressures exceedggature dependence of the collisional deexcitation coeffi-
10 Pa, quenching can have a pronounced influence on thaent k, results for a thermal distribution of the collisional
population densities of excited states. The knowledge opartner particlegof average thermal velocity )) [17]:
guenching coefficients is, therefore, essential for the correct
interpretation of experimental data for plasma diagnostics 8kaT
. S [8Kg
based on optical emission spectroscdgy and also laser kg(T)=0q(v) =0y
induced fluorescence spectroscopy, with one- or two-photon T
excitation [5,6], since the measured spontaneous emission
intensities, from which the population densities of excitedk, is the Boltzmann constant and is the reduced mass of
stated are inferred, are influenced by the effective decay ratehe colliding particles. The knowledge of the temperafiire
A that is affected by quenching in the following manner: s, therefore, of decisive importance whenever deexcitation
coefficients in gas discharges are applied or measured.
Ai=2 Aikgik+2 KqNg - (1 Collisional d_eexcitation coefficien_ts Qf excited stat_es are
K q usually determined after pulsed excitation by measuring the

] o . ) o effective decay ratéy;, including collisional deexcitation,
Here k, is the coefficient describing quenching collisions by according to

the specieg) of densityn,; A andg, are the spontaneous
transition rate and the escape factor, respectively.

@
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CCD camera
Repetitively gateable

pulse delay generator @ 13.56 MHz (LaVision)

which will often be impossible with current tunable laser CCRF discharge
systems, e.g., excimer pumped frequency-doubled dye lasel ="l
emitting down toA~200 nm (an energy of about 6.5 gV ;:;:i“:‘:’j;fp'y o
even with two-photon excitation. L i 0 % o

Quenching coefficients of noble gases are of particular L T 2m spectrograph
importance, since these are often used as reference gases - 4
plasma diagnostic applications. It is possible for xenon &
[7,19], krypton [8,19], and argon[20,21] to overcome the = ,;;;;O;; G —;»B’i’ff;—;—;
pertinent energy gaps by two-photon excitation with uv and cofodleydion /5 k
vuv lasers(Xe, 8—12 eV; Kr, 10-14 eV, Ar, 12—-16 gVIn R =)
the cases of neofl7—21 eV} and helium(20—24 eV}, how- T ey
ever, the energy gaps to the ground states are too large. Op-
tical excitation from metastable states may represent an al- i 1. Experimental setup of the discharge chamber and the
ternative. This allows self-quenching coefficients 1o begjectronic and optical components for phase-resolved optical emis-
determined[22]. This method does not allow, however, to g, SpectroscopfPROES.
measure quenching coefficients for excited states of neon or
helium with molecules, e.g., hydrogen, since the population . . .
densities of metastable states of noble gases are very low f/09en with small admixtures of noble gases. The setup is
discharges with molecular componef28]. In this paper, we described in detail elsewh'e[e:_l. The flat cooled stainless-
adopt an alternative approach of using pulsed electron exciteel electrodes, 100 mm in diameter, are 25 mm apart. The
tation to determine collisional deexcitation coefficients. Agas pressure ranges between 20 Pa and 400 Pa; the rf power
special feature of our experiment is the use of a capacitiveljor these experiments is 100 W. Gas flow and gas mixture are
coupled rf(CCRP discharge as an intensive, pulsed electronadjusted by mass flow controllers. The discharge axis is im-
source. The CCRF discharges operating at 13.56 MHz imged onto the entrance slit a 2 m spectrographiJenoptik
hydrogen(24—26 exhibit a field reversal phase resulting in a PGS 2, 1302 mm! grating, see Fig. 1. A fast gated inten-
pulse of electrons through the sheath region. A typical pulssified charge coupled device camefRicostar, LaVision
has a duration of about 15 ns and decays from the half maxiGmbH, 576<384 pixels, 13.X 8.8 mnf) samples spectral
mum to zero in less than 3 ns as shown in R&8]. After intervals of about 4.5 nm with a spectral resolution of 0.03
excitation by the pulsed electron current into the excitedhm and a spatial resolution of about 0.5 mm by averaging
level under consideration, the temporal dependence of thever several pixels. This spectral resolution allows us to
fluorescence is monitored. To analyze the observed fluoreseparate the observed emission lines from numerous molecu-
cence data, we utilize the recently reported electron-impadar emission lines in the hydrogen discharge. Phase-resolved
excitation cross sections of the noble gases measured in aneasurements are possible by locking the gate to a definite
electron beam, apparatus at low pressures. Because of tplase position within the rf cycle. The intensities measured
complexity of the excitation dynamics in a CCRF dischargein the gate time of 3 ns can be integrated over many rf cycles
as compared to the electron beam experiment, we have déor this phase setting. A variable delay between a fixed phase
veloped a model to account for the secondary collisionabnd the gate allows one to cover the complete rf cycle.
processes in a CCRF discharge that contribute to the popu-
lation of the excited states. An advantage of using electron-
impact excitation over laser excitation is that the former is  !ll. MODELING OF EXCITED-STATE POPULATION
capable of accessing, in principle, all excited states without ~ DYNAMICS DURING THE DISCHARGE CYCLE
restrictions to opt!cal select|or_1 rgles or excitation energy e cCcRrF hydrogen discharge is characterized by several
[27]. However, unlike laser excitation, electron-impact exci- o icjarities regarding the excitation processes and the re-
tation produces atoms in numerous high-lying eXC"e‘?' Ieve.lssulting optical emission. Understanding the excitation dy-
so that the population qf the excited state under Cc.’ns'derat'.?i:amics[24,2?ﬂ in the discharge is essential for the measure-
by cascade from the higher levels must be taken into consi

ment of quenching coefficients by phase-resolved optical

eration. In this paper, we show how one can apply thenmission spectroscopyPROES. Figure 2 displays the
electron-impact cross sectiorisom electron-beam experi- space-time evolution of the Hine emission. The abscissa

mentg t_o the C.CRF discharges in order to determine thecomprises of two rf periods, 74 ns each. The transverse axis
guenching coefficients from the temporal fluorescence me

X . i 3hdicates the distance from the powered electrode located at
surements. The CCRF discharge is operated with hydrog e bottom of the figure. Several emission structufesV)
gas, a direct application is to study quenching of excite

. can be distinguished. Structures | and Il can be explained on
states of H by ground-state hydrogen molecules. By addingy, ¢ hasis of-field measuremen{@5]. Structure | is caused
a small amount of noble gases to the discharge, we have al

e ; . . a field reversal across the space-charge sheath—typical
measured the coefficients of quenching various excited states, hydrogen rf discharges. It is explained by the relatively
of the noble gases by Hmolecules.

large mobility of the ions and relatively small mobility of the
electrons in this dischard®6]. Electrons are accelerated to-
wards the powered electrode inducing strong impact excita-
The measurements are performed in an asymmédrie  tion. This excitation in front of the electrode is exploited for
electrode groundedCCRF discharge at 13.56 MHz in hy- the measurement of quenching coefficients, since, when the

II. EXPERIMENT
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FIG. 3. Phase-resolved emission in front of the powered elec-

UsheathW trode of the Kr 2, line.

the field reversal, the fluorescence decay influenced by
FIG. 2. Space and time resolved emission gfftbm the CCRF  quenching with molecular hydrogen can be observed. With
hydrogen discharge operating at 141 Pa and 100 W, (U the known[19] quenching coefficient and natural lifetime of
=750 V). Alsp shown is a sketch of the sheath voltage as measuregha Ky 2p, line, the excitation functioi; (t) of the observed
by Czametzkiet al. [25] level i can be calculated from the emissi¢uroportional to

. . ) the population density;) in the following manner:
sheath potential becomes negative again, electrons are

pushed out of the sheath towards the plasma bulk. Note that dn;(t)
there is no electron-impact excitation for the rest of the rf NoEi (1) = —g— TAIM(D). (4)
cycle in front of the powered electrode. The characteristic
decay rate of the subsequent fluorescence is influenced by
quenching. It allows us, therefore, to infer the pertinent co-The excitation out of the ground state is proportional to both
efficient. Structure Il is related to the sheath expansion heathe ground-state density, and the excitation functiog; (t).
ing of the electrons moving to the p|asma bulk. Structure |||The term “excitation function” is sometimes used differently
results from fast secondary electrons created by ion impacty the literature. We will, however, use the definition given
whereas structure IV is related to fast hydrogen atoms creabove throughout the paper. The excitation function in Fig. 4
ated at the electrode surface by the impact of hydrogen ion&xhibits a weak contribution related to heavy particle colli-
These fast hydrogen atoms can excite the background gas Biens of fast hydrogen atomémax. at ~30 ns), after
heavy-particle collisions. Due to the small mass of hydroger® strong excitation due to the field reversahax. at
ions they are able to follow the applied electric field with ~—25 ns) and a weak excitation due to the sheath expan-
only a short delay24]. Thus, this time-dependent ion bom- sion(max. at~ —10 ns). The time behavior of the density of
bardment of the electrode determines the time dependence energetic atoms corresponds to that of the ions, since they
secondary electrons and fast hydrogen atoms related to struate generated at the driven electrode by ion bombardment.
ture 1l and structure |V, respectively. The hydrogen ions are able to follow the applied rf voltage
The determination of the effective decay rates after the
strong excitation by electron collisions during the field rever- 4 o[ o
sal phase requires to take into account also the influence a o/ —O— Kr 2p, excitation
excitations by heavy-particle collisions and by cascading / \ heavy particle collisions
/O
O

processes from higher electronic states. This can be done o8
the basis of a time-dependent model for the population den-<
sity, which is explained in the following.

citation

05|
A. Heavy-particle collisions and cascade processes

Cascade transitions from higher levels are often small in [
comparison to the collisional excitation of the radiating level. °'0~0-o’ O'O'O‘O M
The situation is then considerably simplified. We consider ool v \0 oY
the Kr 2p, line as an example of these conditid28]. Fig- ) 40 30 20 -10 0 10 20
ure 3 shows one period of the phase-resolved emission ir time (ns)
front of the powered electrode. The zero of the time scale

was chosen to be at the end of the electronic collisional ex- FIG. 4. Excitation function of the Kr @, level in front of the
citation. After the strong electron-impact excitation due topowered electrode.

normalized ex
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with only a ;mall delay because of their rglat?vely small in-n_ is the population density of the uppé&rascading level
ertia. The time dependence of the excitation by heavyandA; is the pertinent transition rate into the level under
particle collisions consideration. The meaning of the other quantities are the
same as above for the case without cascading contributions
Hfast+ X—> Hfast+ X* (5) [Eq (4)] g

(whereX represents the observed speriean, therefore, be 1 he Population densitp. obeys the following rate equa-

described by a sinusoidal function including the aforementon:
tioned delay with respect to the applied voltage. The excita- dng(t)
tion function E;(t) of the level under consideration can, dct =ngE.(t) —Ang(t). €:))

therefore, be separated in the following manner:

The designation of the quantities in this expression is analo-
(6) gous to Eq.(4). The coupled differential equations for the
level under consideratidrEq. (7)] and the cascade levitqg.
(8)] can be solved, in a general manner, for the periodic
boundary conditions of the present rf discharge.
We will discuss in the following a more intuitive approach
th respect to the determination of quenching coefficients.

... E 2m
Ei(t) =Ef(t)+ | 1+co (t—theavy)_l_—rf :

E7(t) describes the excitation by electron collisions and
EiH(t) that by collisions with energetic hydrogen atoriiis;
is the rf period. The time of maximum excitation by heavyWi
particle collisionsty,,y can easily be inferred from the ex-
citation function of atomic hydrogen since this mechanism
has a strong influence on the latter. The temporal behavior
described by Eq(6) is represented for>0—i.e., after the A detailed knowledge of the temporal behavior of the
electronic excitation—in Fig. 4, together with the measuredelectronic excitation is not necessary for the determination of
excitation function. It is obvious that the time characterisiticthe effective decay rate since only the population history
of the heavy-particle collisional excitation is well repro- after the excitation matters. The only basic information re-
duced. quired is that no further electronic excitation will take place
In contrast to the Kr B, level discussed above, cascading after the sheath expansion. This is wiyO is chosen at the
effects can be, however, of great importance for the populaend of the electronic excitation, which is at the same time the
tion of other levels. Including these effects out of a lewel beginning of the interval, during which the effective deexci-
leads to an additional population term in the rate equation fotation can be determined. The onset of the electronic excita-
the densityn; of an excited leveli, so that the following tion is, therefore, at= —t,.

B. Deexcitation processes

equation results: For the time interval under consideratior<®@<T, —tg,
dn (0 we find for the excitation function described by E§), the
nt) R _ following behavior of the population density(t) by solving

dt MoEi(1) = Aini () + Acine(t). @ the system of Eqq7) and(8):

_ NoEF(0A) Aty Aci

. NoEc(0A:) oA NoEG(0A)
1—e AT Ai—A;

1—efAcTrf 1—efAiTrf

ni(t)

271-1/2

H

PRLLEIN P P il (t—tpem) o + (A
2A, AT, sin| ( hea;y)T_rf+¢i( i)
JrnOECHACi 10{] 1422 2 14| 2T N 2m Ac,A 9
2AiAc AiTrf ACTrf sin (t_thea;y)T_rf+¢ci( c i) . ()
|
EY stands for the excitation amplitude of the lexdby col- B¢ (0.A )= o .., Nt
lisions with fast hydrogen atomé, is the effective deexci- x(0,Ay) = 7tOEx(t JexpAt’)dt’. (10)

tation rate for the levey, and both the levelg andy cover
the fluorescence leveli and the cascading levet.
noEi(O,Ay) is the population of the state—depending on
Ay—which has been accumulated during the cycle by elec-

. .. . . AT
f/:/(i)tﬂlc collisions out of the ground state until the tirtee O ¢i=arctar6 2|Trrf) (11)

The following abbreviations have been used in addition:
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T 20 In the plasma case, however, the excitation functions for
¢ci=arcta 1 1) T.A+A) | (120 electronic collisionsEf (t) of the cascade levet and the
2m| o+ e level i, respectively, have to be taken into account. Their
i c

ratio can be expressed by the electron-impact excitation cross

] ) . sectionso; ((E) at an effective energiq¢¢, in view of their
The first term of Eq.(9) describes the purely exponential jgentical time dependencies:

decay without heavy-particle collisions and cascade pro-

cesses. This is the leading term in view of the comparatively

weak heavy-particle excitation and often small cascading . =

contribution. The initial value of the exponential decay is f o(E) /—F(E t)dt

proportional to the ground-state densityand the amplitude ES(t) 0o ° Mg ’ o Eets(t)]
of the electronic excitation. The denominator is determined o = o [EorfD]
by the rf period and describes, as a function of the effective Ei(t) J‘”U_(E) ; /2—EF(E t)dt L ett

deexcitation rateéy;, the amount of population that is saved o ! Mg ’

for the next rf cycle. The following term takes account of the (14
population by cascading out of higher states that are, in turn,

also populated by electronic collisions. The influence ofF is the electron energy distribution function. Since the en-
heavy-particle excitations is described by the third term. Theergy dependencies of both levels are similar in the situation
periodicity leads to a contribution constant in time in addi-considered in this work29—33, the ratio will exhibit only a

tion to the sinusoidal dependence. The latter is phase shiftadeak energy dependence, so that a time-independent ap-
relative to the sine of the excitation as a consequence of thgroximate value folE.¢; is sufficient.

finite decay rate of the level under consideration. The last Equations(13) and (14) allow us to express the relation

term describes cascade processes as a consequence of he@\@fweergg(o, A) andE?(O, A;) [second term of the second

particle excitation of the upper cascading level. This term igjne in Eq.(9)] by the cascade contribution found in electron-
in fact a second-order correction because of the compargeam experiments:

tively weak heavy-particle excitatiofsee Fig. 4 and often

small cascading contribution. The effective deexcitation rates

of both levels influence both the phase shift and the ratio of

the constant and modulated contributions. _
The relations between the population of the cascade level ENie(o,Ai) oi(Eetr)

and the level under consideration have to be established in

order to take into account the cascade processes in the sec-The comparison of the first term of the second line in Eq.

%d term of Ei(9)- This makes it necessary to express(g) with the population of the observed level can also be
E®(0,A)) and E®(0,A.) in terms of E(0,A;). Optical performed on the basis of Eq4d.3) and(14). The relation is
measurements of electron impact excitation cross sections somewhat more complicated in view of the different effec-
electron-beam experiments yield the necessary link. Cascadize deexcitation rates; andA.,
populations are important in these experiments that have led
to detailed measurements of their influed@9-33. It is
necessary, however, to convert the cascade contributions de-
termined for the optically thin case of continuous beam ex- ~
citations at low particle densities to the present time- AciE(0A) _ E
dependent situation, which is characterized by comparatively Eé(o A) D/ O At
high particle densities and optical thickness for transitions to e f Ei(t')e™ dt
the ground state. ~to

For the stationary case of the beam experiméeB, i.e., (

AGEL(0,A)  Acoc(Eer) ( C
D

= —) AEB. (15
EB

O ’
f Ef(t')elet dt’
R

AZER(A;A,). (16)
EB

for monoenergetic electrons, the rate equations yield for the =

ratio (C/D)gg of the populations by cascade processes and

direct excitation for the cascade lewebnd the level under

consideratiori the following expression: The determination oR(A; ,A;) taking account of the differ-
ent populations due to different deexcitation rates necessi-
tates an assumption on the time behavior of the excitation

C o A function. Figure 4 shows that the excitation by electron col-
(5) =— . (13) lisions in front of the driven electrode between —t, and
s i Ac t=0 is characterized by a strong excitation during the field

reversal phase and a weak excitation during the sheath ex-
0. are the excitation cross sections at the electron-bearpansion phase. The functional dependencies are well de-
energy. Equation(13) shows that the cascade contribution scribed by two triangles with adapted amplitudes and widths.
depends on the effective deexcitation rate of the cascad& comparison with approximations by step addunctions
level, and, therefore, on the experimental conditions. yields differences foR(A;,A;) in all investigated cases of
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less than 5% so that any important influence on the final 200
deexcitation coefficients can be excluded.
In view of lacking information on the ratio of the excita- __

tions by heavy particles, their ratio has been assumed to bg 150 -
the same as for electron-impact collisional excitation: @
©
’A‘CiE'(;| C EB § 1%
P
Ei EB 2 50 e this work
E: —— Burshtein et al.

In the situation considered in this work, the heavy-particle ©
induced cascading is weak, as mentioned above. No signifi 0 . , . , . , .
cant differences in the measured quenching coefficients 0 50 100 150 200
were, therefore, observed between the assumptiqn ifEy. partial pressure of molecular hydrogen (Pa)

and the two extreme cases of no heavy-particle induced cas-

cading and equal cross sections for heavy-particle collisional FIG. 5. Stern-Volmer plot of the Fulcher-(v=2N=1) level.
excitation of the cascading and the investigated state. The . I .
relations(15), (16), and (17) allow us to apply the cascade quenching. The natural lifetime can be determined from the

contributions measured with beam experiments quantit axis intercept of the Stem-Volmer plot at zero molecular-
ahydrogen pressure. Since the natural lifetime of the observed

tively to the PROES presented here. This makes it pOSSIbI%vel is usually known from literature, this result is a good

to determine effective deexcitation rates and quenching €O ack for measurements of levels with unknown auenchin
efficients as will be discussed in more detail in the following. q 9

coefficients.

_ o ) o The gas temperature has to be known for the determina-
C. Experimental determination of quenching coefficients tion of the density of the collision partner gas from its partial
The cascade contribution is calculated, as described in theressure. Its knowledge is also necessary to apply collisional

preceding paragraph, on the basis of electron-beam data figexcitation coefficients published in the literature because
order to obtain the effective deexcitation rate. The time ofof their temperature dependeri¢gg. (2)]. The gas tempera-
maximum heavy-particle excitation can be inferred from theture was determined as a function of the pressure in the
excitation function of hydrogen, since it has a strong influ-chamber and of the distance to the grounded electrode at a
ence on the lattef24]. The natural lifetimes of the cascade power of 100 W. The PROES of the Fulcher bands of mo-
levels—corrected to include reabsorption—can be found idecular hydrogen was applied for this purpddd. A slight
the literature for the levels of interest with exception of kryp- temperature increase has been observed in the pressure range
ton. For a specific cascade level, the effective deexcitatiohetweenp=20 Pa andp=190 Pa, which is relevant for the
rate results for a known density of the collision partner ondetermination of the deexcitation rates. In view of the mea-
the basis of a typical deexcitation coefficient. Lacking infor- surement error, which can be estimated from the scattering of
mation on collisional deexcitation coefficients of cascadethe measurement points, it is justified to neglect this slight
levels represent a limitation on the method presented here ®hange, and to assume a valueTef 400 K throughout.

the cases, where the influence of cascade populations is

smaller than the pure exponential decay. IV. RESULTS
Approximation of the dependence given by E®). to the

measured time-dependent emission allows us to infer the ef-

fective deexcitation rate of the level under consideration and The method described can be validated by measuring and
the pertaining heavy-particle excitation. The height of thecomparing quenching coefficients for the Fulcher-
peak intensity, after electron-impact excitation of the level(3p 31, ,u=2N=1), the krypton 2, and the argon @,

under consideration, is used to perform a normalization. Figstates, respectively, since these have been determined earlier

ure 3 shows the result of such a fit procedure for the emissioalready with conventional metho9-21,38.

of the 2p, level of krypton. Investigations with respect to the determination of gas
The measurement of effective decay rates at various hytemperature$l] have shown that cascade processes are re-

drogen partial pressures allows us to determine the quencBponsible for about 8% of the population of the upper

ing coefficient of the observed level with molecular hydro- Fulcher level—in a good agreement with electron-beam re-
gen from the slope in a so-called Stern-Volmer plot, since thaults[37]. This experiment also yields a lifetime for the cas-
degrees of dissociation (16) [2,34] and ionization (10°) cade contributions of 143 ns. Burshtaihal. [38] have de-

[35,36 are comparatively low in the discharge investigated.termined a natural lifetime of 40 ns for the Fulcher level of

Self-quenching of small<<10%) noble-gas admixtures are interest and found a collisional deexcitation coefficient of

disregarded because the coefficients are, in general, abo#5x 10 % cm® s™* at a gas temperature of 600 K, also in an

one order of magnitude smaller than the quenching coeffielectron-beam experiment. This yields, according to (Ey.

cients with molecular hydrogefl9—21]. Furthermore, the a collisional deexcitation coefficient of 3710~ 1% cn?® s 1

density of admixtures is kept constant—thus only the meaat 400 K. We assume for the effective cascade level the same

sured natural lifetime would be influenced by self- deexcitation coefficient. This has, however, only very little

A. Validation on known quenching coefficients

012707-6



PHASE-RESOLVED EMISSION SPECTROSCOPY OF A. .. PHYSICAL REVIEWSA 012707 (2003

70 70
60 60 |-
T 5l T 5l
g 50 [ g 50 (] < Py * ® g hd
£ 40 £ 40}
> F > F
8 30 , 8 3ot .
° r o thiswork S I e thiswork
2 ool —— Niemi et al. 2 ool —— Francis et al.
B I B I
D D
5 10} % 10
0 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 1
0 50 100 150 200 0 50 100 150 200
partial pressure of molecular hydrogen (Pa) partial pressure of molecular hydrogen (Pa)
FIG. 6. Stern-Volmer plot of the krypton state. FIG. 7. Stern-Volmer plot of the argonp? states.

influence on the result. Figure 5 shows a Stemn-Volmer plofléexcitation coefficient has a very small value —of
with these values taken from the literature and the measurét27< 10 *° cm® s™* as determined by Francist al. in a
data from the PROES. We obtain with these data a naturdfSer experiment at a gas temperature of 300 K. This corre-
lifetime of 40+ 1 ns and a collisional deexcitation coefficient SPonds to a value of 0.3210™ % cm® s™* at 400 K. These

of (41=1)x10 2 cn?® s™1, both in agreement with litera- I|t_erature data are displayed in a _Stern-VoIme_r plot, together
ture. The uncertainty given corresponds to the possible errd¥ith the data from the PROEEFig. 7). We find for the

in the linear approximation in the Stern-Volmer plot. The atural lifetime a value of (20:90.4) ns—in a good agree-
total error that is, in general, clearly higher in view of the ment with literature data. The very small collisional deexci-
approximations made in connection with the determinatiorfation coefficient can only pe determined with difficulties in
of the effective deexcitation rates amounts in this case téh€ pressure range investigated so that the value of+0.8
only about 10% because of the relatively small influence of-3)% 107 *° cm® s™* at 400 K can, however, be considered

the cascade contributions. as an upper limit—in good agreement with the laser experi-
Chilton et al. [31] measured a cascade contribution of ment. _ _ .
(C/D)gg=~0.2 for the krypton P, level. This contribution These comparisons with known data from literature dem-

results mainly from the &, level. No information was found ©nstrate that the PROES in the sheath region of a CCRF
in the literature for this level, so that typical values weredischarge in hydrogen respresents a reliable method to deter-
assumed for the collisional deexcitation coefficient and thenine collisional deexcitation coefficienf27] with molecu-
lifetime—10x 102 cn® s and 100 ns, respectively. We Iar hydrogen. _The meth_od is not I|m|te.d, as already men-
applied these values as well for other levels, where no delioned, by optical selection rules and gives access to high-
tailed information was available. The transition to the groundYing states, e.g., of helium or neon. We will discuss in the
state was assumed as optically thick in view of the relativelyfollowing paragraph its application to determine collisional
large ground-state density. Nierat al. measured a natural deexcitation coefficients that have not been determined so
lifetime of 34.1 ns and a collisional deexcitation coefficient far.

of 8.4x10 *cm® s at 300 K for the krypton B, level.

This corresponds, according to Eg), to a collisional deex- B. Determination of unknown quenching coefficients
citation coefficient of 9. 10 1° cm® s~ at 400 K. Figure 6 _
shows a Stern-Volmer-Plot with these literature values and 1. Helium

the data obtained by the PROES. A natural lifetime of petermination of collisional deexcitation coefficients for
(36.7-2.1) ns and a collisional deexcitation coefficient of helium states (3S,41S,33S,33P,43S) with laser tech-
(8.7£0.6)x 10 *°cm® s™* result from these data at a gas piques is presently not possible, since the energy differences
temperature at 400 K in a good agreement with the lasef20-24 e\ between the ground state and the levels under
experiment. The estimated total error is slightly higher inconsideration are too large to allow direct laser excitation
view of the higher(but still moderatg cascade contribution from the ground state into %5 and 4'S, and the triplet
in comparison to the Fulcher-level and amounts te-15%.  states are spin forbidden for optical excitation. Several rea-
For the argon P, level, Chiltonet al. [29] measured a sons are in favor of the method of the PROES. One reason is
cascade contribution ofd/D)gg~0.2, which results mainly  that for all levels, the contributions by cascading transitions
from the 35 level. Transitions to the ground state can begre small—C/D)gg<0.2[40]—so that the lack of informa-
neglected in this case in view of the very small escape factofion on reliable data for the cascade transitions has no impor-
of (10°°), so that for the 8; level, a lifetime of 56.8 ns tant influence. A second reason is that lifetimes of the states
results[39]. A lifetime of 22.4 ns can be found in the litera- under consideration are comparatively 13§ —98 n$[39].
ture [39] for the investigated @; level. The collisional This leads to a large population density in the interval of
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70 TABLE I. Table of the collisional deexcitation coefficients de-
- termined with the method outlined above. Also shown are measured
60 - lifetimes together with corresponding literature values. The errors
Tf 50 I given are purely statistical. Systematic errors are discussed in the
2 i text. Values in brackets are afflicted by comparatively large system-
% 40| atic errors. The lifetime designated with) refers to the case of
> : complete reabsorption of the radiation emitted in transitions down
g 30 . to the ground state. The lifetime indicated with ) is the lifetime
b - : Ee 212 of the Ar 3d; level.
= e
D L
% 10E Tlit T I(Hz
I Atomic state (n9 (n9 (10 ¥ cemPs™)
0O 50 100 150 200 He 3!s 52 54+1 10.7£0.1
partial pressure of molecular hydrogen (Pa) He 4's 89 895 16.70.3
He 33 37 38+1 9.6+0.3
FIG. 8. Stern-Volmer plot of the singlet statedSand 4'Sof  He 33p 08 105+ 9 13.2+0.5
helium. He 43S 63 61+-3 6.9+0.3
Ne 2p, 15 15+1 2.3+0.7
Ne 2 1 201 14.1+0.
observation after the electron-impact excitation, since th gzgj 12 (Zgil) (12.9;1)_5)
builtup population density decays only slowly. The influencey, 205 29 o4+ 1 74512
of additional population by heavy-particle collisions is ac- 2p (20) 261 6.6+0.7
cordingly small. The comparatively small intensities con-, 5 ! 20 — 1'7+0'5
nected with the small values of the electron-impact excita- foPs (29) L
X ; e H,3s33(v=1) 17 (41+5.0)
tion cross sections and small transition rates can be?.~ .0
overcome, since helium can be admitted in relatively larg 23p "2 (v=1) 44 (32:2.0)
guantities &10%) to the hydrogen discharges without influ- Ar 3d, 62" 609 27.551.0
encing important properties, such as the field reversal phéA-r 3d4, 90+ 9L=24 24.3-15
nomenon, on which this method is based. Ar (3d,and 3,) 121 115+34 19.6-1.0

The cascade contributiold0] and the lifetimes can be
taken from the literatur¢39]. Stern-Volmer plots of the in-
vestigated singlet and triplet states are respresented in Figsa&, Kr, H,, and Ar, which are discussed in the following
and 9. The collisional deexcitation coefficients determinedsections.
from the slopes are listed in Table |, together with the life-
times determined from the ordinate intersections and the data
published in the literature. In all cases, a very good agree- ,
ment of the lifetime with the literature values is observed. FOF the neon levels (2,,2p;,2p,,2pe) in the energy
The error given corresponds to the possible error of the linedi2"9€ of 17-21 eV, a similar situation as for helium applies.
approximation in the Stern-Volmer plot. In view of the fa- | "€ PROES measurements are, however, clearly more diffi-
vorable conditions, we estimate the total error to be nofult in this case because of larger cascade contributions

larger than 10%. Included in Table | are also the results fokC/P)es< 0.4 [32] and, most important, the much smaller
lifetimes (14.5-21.9 np [39], since this leads to smaller

population densities in the observed interval after the

2. Neon

70
60 — 100
N r 9oL
z I
& 40f s nf o *
>’ [ -
8 ool & . % 60 i v
S A vy 5 > 50
o o] s 4 o Hed’s 8 [
= 20+ ¥ = a 3 ® 40FfF
B - e He 3 P © L
& ol o v He4’s £ Ir * NeZp,
s 10r 8 20l v Ne2p,
0 L 1 N 1 L 1 s 1 @ 10 __
0 50 100 150 200 ol . , . , .
partial pressure of molecular hydrogen (Pa) 0 50 100 150

partial pressure of molecular hydrogen (Pa)
FIG. 9. Stern-Volmer plot of the triplet states®3, 3°%P, and

43S of helium. FIG. 10. Stern-Volmer plot of the® and 2p, states of neon.
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100 70
90 [
,:'ET 80 i ~
S 70 <
% 60 i %
> 50 >t
g 40 g 30 e Kr2p,
q>) 30 -— e Ne 2p2 <% 20 I A Kr 2':)5
= I A = -
g 20l Ne 2p, B [
4oL % 10}
0 [ L L L L L 0 I i 1 i 1 i 1 i
0 90 100 150 0 50 100 150 200
partial pressure of molecular hydrogen (Pa) partial pressure of molecular hydrogen (Pa)
FIG. 11. Stern-Volmer plot of the(, and 2p¢ states of neon. FIG. 12. Stern-Volmer plot of the[® and 25 states of krypton.

electron-impact excitation. The relative importance of the ad- . ) )

ditional heavy-particle excitation increases, therefore, sig@llow, only the level D, was investigated with molecular
nificantly. The cascade contributiof82] and lifetimeg[39],  hydrogen as a collision partnéto the best of our knowl-

on the basis of which the collisional deexcitation coefficientsedge. We have, therefore, investigategh,2and 2ps levels

are determined can be found in the literature, whereby trarwith the PROES, whose cascade contributions—together
sitions of the cascade levels into the ground state are conwith the 2p, level—are the smallestq/D)5<<0.3[31]. The
pletely reabsorbed. Pertinent Stern-Volmer plots of the neolifetimes of the cascade states are unknown as already men-
states investigated are shown in Figs. 10 and 11. A gootloned so that we assume a typical lifetime of 100 ns. Stern-
agreement of the lifetimes with the literature data is obtained/olmer plots of the investigated krypton states are displayed
using the literature values for the cascade contribution excepi Fig. 12. The values given in Table | are considered to be
for the 2p, level. Since the lifetimes for neon are very well reliable within 20%. The resulting longer lifetime of th 2
known, the cascade contribution for thpdevel was varied  |evel as compared to the literature df@8,41 is not surpris-

in this case. A cascade contribution @/D)gg~0.9 is nec-  jng pecause also in connection with thp,2evel, we have
essary instead of the value given in the literature ofjoynd—in agreement with recent laser measurenfig®k—

(C/D)gg=0.3 to result in a lifetime with a reasonable agree-gimilar deviations with respect to the same reference. The
ment with literature. Two possible explanations exist for theq|jisional deexcitation coefficient of thep2 level being
increased cascade contribution in comparison to the literatu

r :
data: Excitation energy transfer collisions seem likely for theaearly smaller than those ofpd and 2, levels is remark

thermal energy of 0.035 e\00 K) for the relatively close able. In contrast to neon and argon, where the respecfiye 2
. . éevel plays a particular role having clearly smaller collisional

of several pascals. Thep2 level is located at 18.726 38 eV, deexcitation coefficients, this role is played by thes2evel
whereas the Bs, 2ps, 2ps levels are at 18.71138 eV’ in the case of krypton. Besides the fact that all these states

18.704 07 eV, and 18.693 36 eV, so that excitation transfer t§2Ve & total angular momentum »£0, they are all isolated
the 2p, level is posssible. This is specially true for thp,2 N the energy-level scheme. This is not the case for the kryp-
level since its electron-impact excitation cross section idon 2p: level.
clearly larger than the values for thep2 2p;, and s
levels[32], resulting in a larger population density. A second 4. Hydrogen molecule
possibility consists in an excitation transfer to the dominant In the case of the hydrogen molecule, collisional deexci-
cascade level & so that an increased cascade contributiontation coefficients are only known for the already discussed
would be observed. In view of these uncertainties with theFulchere level. We will discuss in the following, collisional
2p, level, which would lead to a measurement uncertainty ofdeexcitation coefficients of other levels in order to provide a
50%, the results concerning this level are given in brackets ibroader data basis that will also allow us to use other emis-
Table I. sion lines of molecular hydrogen for diagnostic purposes.
The collisional deexcitation coefficients of the remaining The level 3 33 (v=1) is particularly suitable in this context
neon levels can be determined within an accuracy of abousecause of its comparatively longer lifetime of 44 [dg]
20%. It is interesting to note that the neon level Dlays a  leading to sufficient population densities in the time interval
unique role as does the argop2level, since the collisional under investigation. The measurement of this emission line is
deexcitation coefficients are clearly smaller than those of thaggravated, however, because of its small intensity. The life-
other corresponding 2 levels. time of the 333 (v=1) level amounting to 17 nf43] is
comparatively shorter, the corresponding spectral emission
is, however, spectrally well isolated. The measurement is,
Although the krypton P levels are accessible to two- nevertheless, also complicated in this case because the inten-
photon excitation with laserfl9], if optical selection rules sity decays considerably below the maximum value after the

3. Krypton
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200 120
10|
. 100
N N L
T T 90+
= = ]
g £ 7}
> > 60[
g g 50|
o o 40
'§ 5 30 e Ar3d,->2p,
£ £ 20f A A (3d+3d,)->2p,
10 ¢ v Ar3d,->2p,
0 N 1 L 1 . O s 1 L 1 f 1 f
0 50 100 150 0 50 100 150 200
partial pressure of molecular hydrogen (Pa) partial pressure of molecular hydrogen (Pa)
FIG. 13. Stern-Volmer plot of the $*3(v=1)[3al] and FIG. 14. Stern-Volmer plot of the cascade statels,33d, and
3p 33 (v=1)[3b1] states of molecular hydrogen. (3d;+3ds) of argon.

electron collisional excitation during the interval of observa-for the effective cascade level of th@glevel. Stern-Volmer

tion due to the short lifetime. Cascading contributions for theplots of the argon cascade states are represented in Fig. 14.
Fulcher« level are only minor as already mentionidd. We  The values determined in this way are estimated to be correct
will assume this also for the levels considered here as a firgvithin 30% in view of the indirect character of this method.
approximation and will, therefore, disregard cascade pro-

cesses for the determination of collisional deexcitation. The V. CONCLUSIONS

resulting Stern-Volmer plots of the investigated molecular- _ . .

hydrogen states are represented in Fig. 13. The transitions Quenching coefficients of noble-gas states with molecular
3p33(v=1N=2)-2p3M(v=0N=3) and 333(v ydrogen as well as self-quenching co_efﬂments of
=1N=2)—2p3M(v=1N=3) have been measured. The molecular-hydrogen states have been determined by phase-

uncertainties of the inferred effective deexcitation rates aréesolved optical emission spectroscdpyROES at a capaci-

comparably larger due to the small signals. Therefore, lifell V€Y coupled hydrogen rf discharge. The method based on

time values found in literature have been used as decay ratg&citation by electron impact takes advantage of the field

at zero pressure to determine the collisional deexcitation cd€versal phase in this type of discharge and is thus not lim-

efficients. The total error of the collisional deexcitation co- m?d by optical sel_ectpn rules. A comparison of th's. method
efficients is estimated to be of the order of 30% in view ofW'th data found in different way$_|f those are available
the difficulties mentioned. The collisional deexcitation coef-y'e'd3 a very good agreement in all cas¢Sulchera
ficient of the 335 (v=1) level is almost identical with the (3P Il ,v=2N=1), krypton 2, argon 2,]. A number

value found for the Fulches level. The deviation of the ©f helium, neon, krypton, and molecular-hydrogen states, to
3p33(v=1) level is within the experimental error. which laser spectroscopic methods have partly no access,

have been investigated. Collisional deexcitations of some
cascading states of argon have also been determined. The
results of the collisional deexcitation coeﬁicierk;s,2 are

The collisional deexcitation coefficients of the argop 2 symmarized, together with measured lifetimeand litera-
levels are known from detailed laser spectroscopic investigay, e datar;;, in Table I.

tions [20,21). On the basis of these data, the PROES allows  pgsiple influences have been discussed where necessary
a determination of the collisional deexcitation coefficients of3nq are included in the measurement error. The data are re-
cascade levels for the case of thes2 2pe, and g levels  |igple between 10% and 30%. A good agreement with data
that are relatively strongly populated by cascading processgsplished in the literature was also found for cascading con-
(C/D)ep~1[29]. The emission from these cascade levels isyipytions in the cases investigated with exception of the
in the infrared, so that a direct measurement is not straightyeon 2, state, where a collisional excitation transfer from
forward. Cascading processes to the; 2evels result mainly  energetically close states is likely to explain the deviation.
from the 3, level, and those to thep levels from the 8, A common behavior for the®; levels of neon and argon
level [29]. The 2p; level population by cascades originates 55 well as for the Bs level of krypton showing clearly

to equal fractions from thed and 3; levels[29], so that  smaller collisional deexcitation coefficients than the other
these can be treated as one effective cascade level. The lifezspective states was observed and discussed.

times of the &, (62 n9 and 3, (90 n9 levels are found in The PROES is not necessarily restricted to hydrogen
the literaturg 39]; it is assumed for the case of thel3level  CCRF discharges for the determination of collisional deex-
that the radiation down to the ground state is completelyitation coefficients, since similar phenomena are also
reabsorbed. Since the lifetime of thd3level is unknown, a  present in other plasma media of technological relevance.
lifetime corresponding to thed} level (121 ng is assumed One example is chlorine that has also a pronounced time-

C. Argon cascade levels
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