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Phase-resolved emission spectroscopy of a hydrogen rf discharge for the determination
of quenching coefficients

T. Gans,* Chun C. Lin,† V. Schulz–von der Gathen, and H. F. Do¨bele
Universität Essen, Institut fu¨r Laser- und Plasmaphysik, 45117 Essen, Germany

~Received 2 August 2002; published 28 January 2003!

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 coefficient! is, therefore, important for plasma diagnostics and simulations. Phase-
resolved optical emission spectroscopy~PROES! 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 helium (31S,4 1S,3 3S,3 3P,4 3S), neon
(2p1 ,2p2 ,2p4 ,2p6), argon (3d2 ,3d4 ,3d18 and 3d3), and krypton (2p1 ,2p5) states as well as for some states
of the triplet system of molecular hydrogen.

DOI: 10.1103/PhysRevA.67.012707 PACS number~s!: 34.80.My, 33.50.Hv, 34.80.Dp, 52.70.Kz
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I. INTRODUCTION

Low-density plasmas are often characterized by the
called corona equilibrium, in which excitation takes place
collisions, predominantly from the ground state, whereas
excitation is exclusively by radiative transitions. Spect
scopic techniques allow under these conditions to draw c
clusions with respect to various plasma parameters~e.g.,
particle temperatures@1#, densities@2#, and electron energy
distributions @3#!, if the necessary data basis is availab
This concept is, however, of rather limited applicability f
processing plasmas, since already at gas pressures exce
10 Pa, quenching can have a pronounced influence on
population densities of excited states. The knowledge
quenching coefficients is, therefore, essential for the cor
interpretation of experimental data for plasma diagnos
based on optical emission spectroscopy@4# and also laser
induced fluorescence spectroscopy, with one- or two-pho
excitation @5,6#, since the measured spontaneous emiss
intensities, from which the population densities of excit
statesi are inferred, are influenced by the effective decay r
Ai that is affected by quenching in the following manner:

Ai5(
k

Aikgik1(
q

kqnq . ~1!

Here,kq is the coefficient describing quenching collisions
the speciesq of densitynq ; Aik andgik are the spontaneou
transition rate and the escape factor, respectively.
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The coefficientskq take into account all inelastic colli
sional processes by the collision partnerq of the leveli under
consideration.~The term ‘‘collisional deexcitation coeffi-
cient’’ is also in use instead of quenching coefficient, sin
the effect is indeed a deexcitation in most cases.! The deex-
citation consists in an excitation energy transfer from o
particle to internal energy of the collision partner and tra
lational energy of both particles. A more detailed descript
of the deexcitation processes can be found in Refs.@7–13#.

Since the deexcitation cross sectionsq is often only
weakly temperature dependent@14–16#, the following tem-
perature dependence of the collisional deexcitation coe
cient kq results for a thermal distribution of the collisiona
partner particles~of average thermal velocitŷv&) @17#:

kq~T!5sq^v&5sqA8kBT

pm
. ~2!

kB is the Boltzmann constant andm is the reduced mass o
the colliding particles. The knowledge of the temperatureT
is, therefore, of decisive importance whenever deexcita
coefficients in gas discharges are applied or measured.

Collisional deexcitation coefficients of excited states a
usually determined after pulsed excitation by measuring
effective decay rateAi , including collisional deexcitation
according to

ni}exp~2Ait !. ~3!

The excitation can be performed, in principle, by laser ir
diation with suitable photon energy or by electron collision
Laser excitation is subject to optical selection rules@18# and
has the additional limitation that the photon energy has
bridge the energy gap between the ground and excited st

:
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which will often be impossible with current tunable las
systems, e.g., excimer pumped frequency-doubled dye la
emitting down tol'200 nm ~an energy of about 6.5 eV!
even with two-photon excitation.

Quenching coefficients of noble gases are of particu
importance, since these are often used as reference gas
plasma diagnostic applications. It is possible for xen
@7,19#, krypton @8,19#, and argon@20,21# to overcome the
pertinent energy gaps by two-photon excitation with uv a
vuv lasers~Xe, 8–12 eV; Kr, 10–14 eV; Ar, 12–16 eV!. In
the cases of neon~17–21 eV! and helium~20–24 eV!, how-
ever, the energy gaps to the ground states are too large.
tical excitation from metastable states may represent an
ternative. This allows self-quenching coefficients to
determined@22#. This method does not allow, however,
measure quenching coefficients for excited states of neo
helium with molecules, e.g., hydrogen, since the populat
densities of metastable states of noble gases are very lo
discharges with molecular components@23#. In this paper, we
adopt an alternative approach of using pulsed electron e
tation to determine collisional deexcitation coefficients.
special feature of our experiment is the use of a capacitiv
coupled rf~CCRF! discharge as an intensive, pulsed electr
source. The CCRF discharges operating at 13.56 MHz
hydrogen@24–26# exhibit a field reversal phase resulting in
pulse of electrons through the sheath region. A typical pu
has a duration of about 15 ns and decays from the half m
mum to zero in less than 3 ns as shown in Ref.@25#. After
excitation by the pulsed electron current into the exci
level under consideration, the temporal dependence of
fluorescence is monitored. To analyze the observed fluo
cence data, we utilize the recently reported electron-imp
excitation cross sections of the noble gases measured i
electron beam, apparatus at low pressures. Because o
complexity of the excitation dynamics in a CCRF dischar
as compared to the electron beam experiment, we have
veloped a model to account for the secondary collisio
processes in a CCRF discharge that contribute to the p
lation of the excited states. An advantage of using electr
impact excitation over laser excitation is that the former
capable of accessing, in principle, all excited states with
restrictions to optical selection rules or excitation ene
@27#. However, unlike laser excitation, electron-impact ex
tation produces atoms in numerous high-lying excited lev
so that the population of the excited state under considera
by cascade from the higher levels must be taken into con
eration. In this paper, we show how one can apply
electron-impact cross sections~from electron-beam experi
ments! to the CCRF discharges in order to determine
quenching coefficients from the temporal fluorescence m
surements. The CCRF discharge is operated with hydro
gas, a direct application is to study quenching of exci
states of H2 by ground-state hydrogen molecules. By addi
a small amount of noble gases to the discharge, we have
measured the coefficients of quenching various excited st
of the noble gases by H2 molecules.

II. EXPERIMENT

The measurements are performed in an asymmetric~one
electrode grounded! CCRF discharge at 13.56 MHz in hy
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drogen with small admixtures of noble gases. The setu
described in detail elsewhere@1#. The flat cooled stainless
steel electrodes, 100 mm in diameter, are 25 mm apart.
gas pressure ranges between 20 Pa and 400 Pa; the rf p
for these experiments is 100 W. Gas flow and gas mixture
adjusted by mass flow controllers. The discharge axis is
aged onto the entrance slit of a 2 m spectrograph~Jenoptik
PGS 2, 1302 mm21 grating!, see Fig. 1. A fast gated inten
sified charge coupled device camera~Picostar, LaVision
GmbH, 5763384 pixels, 13.238.8 mm2) samples spectra
intervals of about 4.5 nm with a spectral resolution of 0.
nm and a spatial resolution of about 0.5 mm by averag
over several pixels. This spectral resolution allows us
separate the observed emission lines from numerous mol
lar emission lines in the hydrogen discharge. Phase-reso
measurements are possible by locking the gate to a defi
phase position within the rf cycle. The intensities measu
in the gate time of 3 ns can be integrated over many rf cyc
for this phase setting. A variable delay between a fixed ph
and the gate allows one to cover the complete rf cycle.

III. MODELING OF EXCITED-STATE POPULATION
DYNAMICS DURING THE DISCHARGE CYCLE

The CCRF hydrogen discharge is characterized by sev
particularities regarding the excitation processes and the
sulting optical emission. Understanding the excitation d
namics@24,25# in the discharge is essential for the measu
ment of quenching coefficients by phase-resolved opt
emission spectroscopy~PROES!. Figure 2 displays the
space-time evolution of the Ha-line emission. The absciss
comprises of two rf periods, 74 ns each. The transverse
indicates the distance from the powered electrode locate
the bottom of the figure. Several emission structures~I–IV !
can be distinguished. Structures I and II can be explained
the basis ofE-field measurements@25#. Structure I is caused
by a field reversal across the space-charge sheath—ty
for hydrogen rf discharges. It is explained by the relative
large mobility of the ions and relatively small mobility of th
electrons in this discharge@26#. Electrons are accelerated to
wards the powered electrode inducing strong impact exc
tion. This excitation in front of the electrode is exploited f
the measurement of quenching coefficients, since, when

FIG. 1. Experimental setup of the discharge chamber and
electronic and optical components for phase-resolved optical e
sion spectroscopy~PROES!.
7-2
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PHASE-RESOLVED EMISSION SPECTROSCOPY OF A . . . PHYSICAL REVIEW A67, 012707 ~2003!
sheath potential becomes negative again, electrons
pushed out of the sheath towards the plasma bulk. Note
there is no electron-impact excitation for the rest of the
cycle in front of the powered electrode. The characteris
decay rate of the subsequent fluorescence is influence
quenching. It allows us, therefore, to infer the pertinent
efficient. Structure II is related to the sheath expansion h
ing of the electrons moving to the plasma bulk. Structure
results from fast secondary electrons created by ion imp
whereas structure IV is related to fast hydrogen atoms
ated at the electrode surface by the impact of hydrogen i
These fast hydrogen atoms can excite the background ga
heavy-particle collisions. Due to the small mass of hydrog
ions they are able to follow the applied electric field wi
only a short delay@24#. Thus, this time-dependent ion bom
bardment of the electrode determines the time dependen
secondary electrons and fast hydrogen atoms related to s
ture III and structure IV, respectively.

The determination of the effective decay rates after
strong excitation by electron collisions during the field rev
sal phase requires to take into account also the influenc
excitations by heavy-particle collisions and by cascad
processes from higher electronic states. This can be don
the basis of a time-dependent model for the population d
sity, which is explained in the following.

A. Heavy-particle collisions and cascade processes

Cascade transitions from higher levels are often smal
comparison to the collisional excitation of the radiating lev
The situation is then considerably simplified. We consid
the Kr 2p2 line as an example of these conditions@28#. Fig-
ure 3 shows one period of the phase-resolved emissio
front of the powered electrode. The zero of the time sc
was chosen to be at the end of the electronic collisional
citation. After the strong electron-impact excitation due

FIG. 2. Space and time resolved emission of Ha from the CCRF
hydrogen discharge operating at 141 Pa and 100 W (pp

5750 V). Also shown is a sketch of the sheath voltage as meas
by Czarnetzkiet al. @25#
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the field reversal, the fluorescence decay influenced
quenching with molecular hydrogen can be observed. W
the known@19# quenching coefficient and natural lifetime o
the Kr 2p2 line, the excitation functionEi(t) of the observed
level i can be calculated from the emission~proportional to
the population densityni) in the following manner:

n0Ei~ t !5
dni~ t !

dt
1Aini~ t !. ~4!

The excitation out of the ground state is proportional to b
the ground-state densityn0 and the excitation functionEi(t).
The term ‘‘excitation function’’ is sometimes used different
in the literature. We will, however, use the definition give
above throughout the paper. The excitation function in Fig
exhibits a weak contribution related to heavy particle co
sions of fast hydrogen atoms~max. at '30 ns), after
a strong excitation due to the field reversal~max. at
'225 ns) and a weak excitation due to the sheath exp
sion~max. at'210 ns). The time behavior of the density o
energetic atoms corresponds to that of the ions, since
are generated at the driven electrode by ion bombardm
The hydrogen ions are able to follow the applied rf volta

ed

FIG. 3. Phase-resolved emission in front of the powered e
trode of the Kr 2p2 line.

FIG. 4. Excitation function of the Kr 2p2 level in front of the
powered electrode.
7-3
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with only a small delay because of their relatively small
ertia. The time dependence of the excitation by hea
particle collisions

Hf ast1X→Hf ast1X* ~5!

~whereX represents the observed species! can, therefore, be
described by a sinusoidal function including the aforem
tioned delay with respect to the applied voltage. The exc
tion function Ei(t) of the level under consideration ca
therefore, be separated in the following manner:

Ei~ t !5Ei
e~ t !1

Ei
H

2 F11cosS ~ t2theavy!
2p

Tr f
D G . ~6!

Ei
e(t) describes the excitation by electron collisions a

Ei
H(t) that by collisions with energetic hydrogen atoms.Tr f

is the rf period. The time of maximum excitation by hea
particle collisionstheavy can easily be inferred from the ex
citation function of atomic hydrogen since this mechani
has a strong influence on the latter. The temporal beha
described by Eq.~6! is represented fort.0—i.e., after the
electronic excitation—in Fig. 4, together with the measu
excitation function. It is obvious that the time characterisi
of the heavy-particle collisional excitation is well repr
duced.

In contrast to the Kr 2p2 level discussed above, cascadi
effects can be, however, of great importance for the pop
tion of other levels. Including these effects out of a levec
leads to an additional population term in the rate equation
the densityni of an excited leveli, so that the following
equation results:

dni~ t !

dt
5n0Ei~ t !2Aini~ t !1Acinc~ t !. ~7!
lec

01270
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nc is the population density of the upper~cascading! level
and Aci is the pertinent transition rate into the level und
consideration. The meaning of the other quantities are
same as above for the case without cascading contribut
@Eq. ~4!#.

The population densitync obeys the following rate equa
tion:

dnc~ t !

dt
5n0Ec~ t !2Acnc~ t !. ~8!

The designation of the quantities in this expression is an
gous to Eq.~4!. The coupled differential equations for th
level under consideration@Eq. ~7!# and the cascade level@Eq.
~8!# can be solved, in a general manner, for the perio
boundary conditions of the present rf discharge.

We will discuss in the following a more intuitive approac
with respect to the determination of quenching coefficien

B. Deexcitation processes

A detailed knowledge of the temporal behavior of t
electronic excitation is not necessary for the determination
the effective decay rate since only the population hist
after the excitation matters. The only basic information
quired is that no further electronic excitation will take pla
after the sheath expansion. This is whyt50 is chosen at the
end of the electronic excitation, which is at the same time
beginning of the interval, during which the effective deex
tation can be determined. The onset of the electronic exc
tion is, therefore, att52t0.

For the time interval under consideration 0,t,Tr f 2t0,
we find for the excitation function described by Eq.~6!, the
following behavior of the population densityni(t) by solving
the system of Eqs.~7! and ~8!:
ni~ t !5
n0Ei

ẽ~0,Ai !

12e2AiTr f
e2Ai t1

Aci

Ai2Ac
Fn0Ec

ẽ~0,Ac!

12e2AcTr f
e2Act2

n0Ec
ẽ~0,Ai !

12e2AiTr f
e2Ai tG

1
n0Ei

H

2Ai
H 11F11S 2p

AiTr f
D 2G21/2

sinS ~ t2theavy!
2p

Tr f
1f i~Ai !D J

1
n0Ec

HAci

2AiAc
X11H F11S 2p

AiTr f
D 2GF11S 2p

AcTr f
D 2G J 21/2

sinS ~ t2theavy!
2p

Tr f
1fci~Ac ,Ai !D C. ~9!
Ex
H stands for the excitation amplitude of the levelx by col-

lisions with fast hydrogen atoms,Ay is the effective deexci-
tation rate for the levely, and both the levelsx andy cover
the fluorescence leveli and the cascading levelc.

n0Ex
ẽ(0,Ay) is the population of the statex—depending on

Ay—which has been accumulated during the cycle by e
tronic collisions out of the ground state until the timet50
with
-

Eẽ
x~0,Ay!5E

2t0

0

Ex
e~ t8!exp~Ayt8!dt8. ~10!

The following abbreviations have been used in addition:

f i5arctanS AiTr f

2p D , ~11!
7-4
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fci5arctanS TrF

2pS 1

Ai
1

1

Ac
D 2

2p

Tr f ~Ai1Ac!D . ~12!

The first term of Eq.~9! describes the purely exponenti
decay without heavy-particle collisions and cascade p
cesses. This is the leading term in view of the comparativ
weak heavy-particle excitation and often small cascad
contribution. The initial value of the exponential decay
proportional to the ground-state densityn0 and the amplitude
of the electronic excitation. The denominator is determin
by the rf period and describes, as a function of the effec
deexcitation rateAi , the amount of population that is save
for the next rf cycle. The following term takes account of t
population by cascading out of higher states that are, in t
also populated by electronic collisions. The influence
heavy-particle excitations is described by the third term. T
periodicity leads to a contribution constant in time in ad
tion to the sinusoidal dependence. The latter is phase sh
relative to the sine of the excitation as a consequence of
finite decay rate of the level under consideration. The
term describes cascade processes as a consequence of
particle excitation of the upper cascading level. This term
in fact a second-order correction because of the comp
tively weak heavy-particle excitation~see Fig. 4! and often
small cascading contribution. The effective deexcitation ra
of both levels influence both the phase shift and the ratio
the constant and modulated contributions.

The relations between the population of the cascade l
and the level under consideration have to be establishe
order to take into account the cascade processes in the
ond term of Eq.~9!. This makes it necessary to expre

Eẽ
c(0,Ai) and Eẽ

c(0,Ac) in terms of Eẽ
i(0,Ai). Optical

measurements of electron impact excitation cross section
electron-beam experiments yield the necessary link. Cas
populations are important in these experiments that have
to detailed measurements of their influence@29–33#. It is
necessary, however, to convert the cascade contributions
termined for the optically thin case of continuous beam
citations at low particle densities to the present tim
dependent situation, which is characterized by comparativ
high particle densities and optical thickness for transitions
the ground state.

For the stationary case of the beam experiments~EB!, i.e.,
for monoenergetic electrons, the rate equations yield for
ratio (C/D)EB of the populations by cascade processes
direct excitation for the cascade levelc and the level under
considerationi the following expression:

S C

D D
EB

5
sc

s i

Aci

Ac
EB

. ~13!

sc,i are the excitation cross sections at the electron-be
energy. Equation~13! shows that the cascade contributio
depends on the effective deexcitation rate of the casc
level, and, therefore, on the experimental conditions.
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In the plasma case, however, the excitation functions
electronic collisionsEi ,c

e (t) of the cascade levelc and the
level i, respectively, have to be taken into account. Th
ratio can be expressed by the electron-impact excitation c
sectionss i ,c(E) at an effective energyEe f f , in view of their
identical time dependencies:

Ec
e~ t !

Ei
e~ t !

5

E
0

`

sc~E!A2E

me
F~E,t !dt

E
0

`

s i~E!A2E

me
F~E,t !dt

5
sc@Ee f f~ t !#

s i@Ee f f~ t !#
.

~14!

F is the electron energy distribution function. Since the e
ergy dependencies of both levels are similar in the situa
considered in this work@29–33#, the ratio will exhibit only a
weak energy dependence, so that a time-independent
proximate value forEe f f is sufficient.

Equations~13! and ~14! allow us to express the relatio
betweenEc

ẽ(0,Ai) andEi
ẽ(0,Ai) @second term of the secon

line in Eq.~9!# by the cascade contribution found in electro
beam experiments:

AciEc
ẽ~0,Ai !

Ei
ẽ~0,Ai !

5
Acisc~Ee f f!

s i~Ee f f!
5S C

D D
EB

Ac
EB . ~15!

The comparison of the first term of the second line in E
~9! with the population of the observed level can also
performed on the basis of Eqs.~13! and~14!. The relation is
somewhat more complicated in view of the different effe
tive deexcitation ratesAi andAc ,

AciEc
ẽ~0,Ac!

Ei
ẽ~0,Ai !

5S C

D
D

EB

Ac
EB

E
2t0

0

Ei
e~ t8!eAct8dt8

E
2t0

0

Ei
e~ t8!eAi t8dt8

5:S C

D
D

EB

Ac
EBR~Ai ,Ac!. ~16!

The determination ofR(Ai ,Ac) taking account of the differ-
ent populations due to different deexcitation rates nece
tates an assumption on the time behavior of the excita
function. Figure 4 shows that the excitation by electron c
lisions in front of the driven electrode betweent52t0 and
t50 is characterized by a strong excitation during the fi
reversal phase and a weak excitation during the sheath
pansion phase. The functional dependencies are well
scribed by two triangles with adapted amplitudes and widt
A comparison with approximations by step andd functions
yields differences forR(Ai ,Ac) in all investigated cases o
7-5
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less than 5% so that any important influence on the fi
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 t
the same as for electron-impact collisional excitation:

AciEc
H

Ei
H

ªS C

D D
EB

Ac
EB . ~17!

In the situation considered in this work, the heavy-parti
induced cascading is weak, as mentioned above. No sig
cant differences in the measured quenching coefficie
were, therefore, observed between the assumption in Eq.~17!
and the two extreme cases of no heavy-particle induced
cading and equal cross sections for heavy-particle collisio
excitation of the cascading and the investigated state.
relations~15!, ~16!, and ~17! allow us to apply the cascad
contributions measured with beam experiments quan
tively to the PROES presented here. This makes it poss
to determine effective deexcitation rates and quenching
efficients as will be discussed in more detail in the followin

C. Experimental determination of quenching coefficients

The cascade contribution is calculated, as described in
preceding paragraph, on the basis of electron-beam da
order to obtain the effective deexcitation rate. The time
maximum heavy-particle excitation can be inferred from
excitation function of hydrogen, since it has a strong infl
ence on the latter@24#. The natural lifetimes of the cascad
levels—corrected to include reabsorption—can be found
the literature for the levels of interest with exception of kry
ton. For a specific cascade level, the effective deexcita
rate results for a known density of the collision partner
the basis of a typical deexcitation coefficient. Lacking info
mation on collisional deexcitation coefficients of casca
levels represent a limitation on the method presented her
the cases, where the influence of cascade population
smaller than the pure exponential decay.

Approximation of the dependence given by Eq.~9! to the
measured time-dependent emission allows us to infer the
fective deexcitation rate of the level under consideration
the pertaining heavy-particle excitation. The height of t
peak intensity, after electron-impact excitation of the le
under consideration, is used to perform a normalization. F
ure 3 shows the result of such a fit procedure for the emis
of the 2p2 level of krypton.

The measurement of effective decay rates at various
drogen partial pressures allows us to determine the que
ing coefficient of the observed level with molecular hydr
gen from the slope in a so-called Stern-Volmer plot, since
degrees of dissociation (1022) @2,34# and ionization (1026)
@35,36# are comparatively low in the discharge investigate
Self-quenching of small (,10%) noble-gas admixtures ar
disregarded because the coefficients are, in general, a
one order of magnitude smaller than the quenching coe
cients with molecular hydrogen@19–21#. Furthermore, the
density of admixtures is kept constant—thus only the m
sured natural lifetime would be influenced by se
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quenching. The natural lifetime can be determined from
axis intercept of the Stern-Volmer plot at zero molecul
hydrogen pressure. Since the natural lifetime of the obser
level is usually known from literature, this result is a goo
check for measurements of levels with unknown quench
coefficients.

The gas temperature has to be known for the determ
tion of the density of the collision partner gas from its part
pressure. Its knowledge is also necessary to apply collisio
deexcitation coefficients published in the literature beca
of their temperature dependence@Eq. ~2!#. The gas tempera
ture was determined as a function of the pressure in
chamber and of the distance to the grounded electrode
power of 100 W. The PROES of the Fulcher bands of m
lecular hydrogen was applied for this purpose@1#. A slight
temperature increase has been observed in the pressure
betweenp520 Pa andp5190 Pa, which is relevant for the
determination of the deexcitation rates. In view of the me
surement error, which can be estimated from the scatterin
the measurement points, it is justified to neglect this sli
change, and to assume a value ofT5400 K throughout.

IV. RESULTS

A. Validation on known quenching coefficients

The method described can be validated by measuring
comparing quenching coefficients for the Fulchera
(3p 3Pu

2 ,v52,N51), the krypton 2p2 and the argon 2p1

states, respectively, since these have been determined e
already with conventional methods@19–21,38#.

Investigations with respect to the determination of g
temperatures@1# have shown that cascade processes are
sponsible for about 8% of the population of the upp
Fulcher level—in a good agreement with electron-beam
sults@37#. This experiment also yields a lifetime for the ca
cade contributions of 143 ns. Burshteinet al. @38# have de-
termined a natural lifetime of 40 ns for the Fulcher level
interest and found a collisional deexcitation coefficient
45310210 cm3 s21 at a gas temperature of 600 K, also in a
electron-beam experiment. This yields, according to Eq.~2!,
a collisional deexcitation coefficient of 37310210 cm3 s21

at 400 K. We assume for the effective cascade level the s
deexcitation coefficient. This has, however, only very lit

FIG. 5. Stern-Volmer plot of the Fulcher-a (v52,N51) level.
7-6
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PHASE-RESOLVED EMISSION SPECTROSCOPY OF A . . . PHYSICAL REVIEW A67, 012707 ~2003!
influence on the result. Figure 5 shows a Stern-Volmer p
with these values taken from the literature and the meas
data from the PROES. We obtain with these data a nat
lifetime of 4061 ns and a collisional deexcitation coefficie
of (4161)310210 cm3 s21, both in agreement with litera
ture. The uncertainty given corresponds to the possible e
in the linear approximation in the Stern-Volmer plot. Th
total error that is, in general, clearly higher in view of th
approximations made in connection with the determinat
of the effective deexcitation rates amounts in this case
only about 10% because of the relatively small influence
the cascade contributions.

Chilton et al. @31# measured a cascade contribution
(C/D)EB'0.2 for the krypton 2p2 level. This contribution
results mainly from the 2s2 level. No information was found
in the literature for this level, so that typical values we
assumed for the collisional deexcitation coefficient and
lifetime—10310210 cm3 s21 and 100 ns, respectively. W
applied these values as well for other levels, where no
tailed information was available. The transition to the grou
state was assumed as optically thick in view of the relativ
large ground-state density. Niemiet al. measured a natura
lifetime of 34.1 ns and a collisional deexcitation coefficie
of 8.4310210 cm3 s21 at 300 K for the krypton 2p2 level.
This corresponds, according to Eq.~2!, to a collisional deex-
citation coefficient of 9.7310210 cm3 s21 at 400 K. Figure 6
shows a Stern-Volmer-Plot with these literature values
the data obtained by the PROES. A natural lifetime
(36.762.1) ns and a collisional deexcitation coefficient
(8.760.6)310210 cm3 s21 result from these data at a ga
temperature at 400 K in a good agreement with the la
experiment. The estimated total error is slightly higher
view of the higher~but still moderate! cascade contribution
in comparison to the Fulcher-a level and amounts to'15%.

For the argon 2p1 level, Chilton et al. @29# measured a
cascade contribution of (C/D)EB'0.2, which results mainly
from the 3s18 level. Transitions to the ground state can
neglected in this case in view of the very small escape fa
of (1025), so that for the 3s18 level, a lifetime of 56.8 ns
results@39#. A lifetime of 22.4 ns can be found in the litera
ture @39# for the investigated 2p1 level. The collisional

FIG. 6. Stern-Volmer plot of the krypton 2p2 state.
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deexcitation coefficient has a very small value
0.27310210 cm3 s21 as determined by Franciset al. in a
laser experiment at a gas temperature of 300 K. This co
sponds to a value of 0.32310210 cm3 s21 at 400 K. These
literature data are displayed in a Stern-Volmer plot, toget
with the data from the PROES~Fig. 7!. We find for the
natural lifetime a value of (20.960.4) ns—in a good agree
ment with literature data. The very small collisional deex
tation coefficient can only be determined with difficulties
the pressure range investigated so that the value of (06
0.3)310210 cm3 s21 at 400 K can, however, be considere
as an upper limit—in good agreement with the laser exp
ment.

These comparisons with known data from literature de
onstrate that the PROES in the sheath region of a CC
discharge in hydrogen respresents a reliable method to d
mine collisional deexcitation coefficients@27# with molecu-
lar hydrogen. The method is not limited, as already m
tioned, by optical selection rules and gives access to h
lying states, e.g., of helium or neon. We will discuss in t
following paragraph its application to determine collision
deexcitation coefficients that have not been determined
far.

B. Determination of unknown quenching coefficients

1. Helium

Determination of collisional deexcitation coefficients f
helium states (31S,4 1S,3 3S,3 3P,4 3S) with laser tech-
niques is presently not possible, since the energy differen
~20–24 eV! between the ground state and the levels un
consideration are too large to allow direct laser excitat
from the ground state into 31S and 41S, and the triplet
states are spin forbidden for optical excitation. Several r
sons are in favor of the method of the PROES. One reaso
that for all levels, the contributions by cascading transitio
are small—(C/D)EB,0.2 @40#—so that the lack of informa-
tion on reliable data for the cascade transitions has no im
tant influence. A second reason is that lifetimes of the sta
under consideration are comparatively long~37–98 ns! @39#.
This leads to a large population density in the interval

FIG. 7. Stern-Volmer plot of the argon 2p1 states.
7-7
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GANS, LIN, SCHULZ–von der GATHEN, AND DO¨ BELE PHYSICAL REVIEW A 67, 012707 ~2003!
observation after the electron-impact excitation, since
builtup population density decays only slowly. The influen
of additional population by heavy-particle collisions is a
cordingly small. The comparatively small intensities co
nected with the small values of the electron-impact exc
tion cross sections and small transition rates can
overcome, since helium can be admitted in relatively la
quantities ('10%) to the hydrogen discharges without infl
encing important properties, such as the field reversal p
nomenon, on which this method is based.

The cascade contributions@40# and the lifetimes can be
taken from the literature@39#. Stern-Volmer plots of the in-
vestigated singlet and triplet states are respresented in Fi
and 9. The collisional deexcitation coefficients determin
from the slopes are listed in Table I, together with the li
times determined from the ordinate intersections and the
published in the literature. In all cases, a very good agr
ment of the lifetime with the literature values is observe
The error given corresponds to the possible error of the lin
approximation in the Stern-Volmer plot. In view of the fa
vorable conditions, we estimate the total error to be
larger than 10%. Included in Table I are also the results

FIG. 8. Stern-Volmer plot of the singlet states 31S and 41S of
helium.

FIG. 9. Stern-Volmer plot of the triplet states 33S, 3 3P, and
4 3S of helium.
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Ne, Kr, H2, and Ar, which are discussed in the followin
sections.

2. Neon

For the neon levels (2p1 ,2p2 ,2p4 ,2p6) in the energy
range of 17–21 eV, a similar situation as for helium appli
The PROES measurements are, however, clearly more d
cult in this case because of larger cascade contribut
(C/D)EB,0.4 @32# and, most important, the much small
lifetimes ~14.5–21.9 ns! @39#, since this leads to smalle
population densities in the observed interval after

FIG. 10. Stern-Volmer plot of the 2p1 and 2p4 states of neon.

TABLE I. Table of the collisional deexcitation coefficients de
termined with the method outlined above. Also shown are measu
lifetimes together with corresponding literature values. The err
given are purely statistical. Systematic errors are discussed in
text. Values in brackets are afflicted by comparatively large syst
atic errors. The lifetime designated with~* ! refers to the case o
complete reabsorption of the radiation emitted in transitions do
to the ground state. The lifetime indicated with (1) is the lifetime
of the Ar 3d3 level.

t l i t t kH2

Atomic state ~ns! ~ns! (10210 cm3 s21)

He 31S 52 5461 10.760.1
He 41S 89 8965 16.760.3
He 33S 37 3861 9.660.3
He 33P 98 10569 13.260.5
He 43S 63 6163 6.960.3
Ne 2p1 15 1561 2.360.7
Ne 2p2 18 (2061) (14.160.8)
Ne 2p4 19 2061 12.961.2
Ne 2p6 22 2461 7.461.2
Kr 2p1 (20) 2661 6.660.7
Kr 2p5 (20) 2261 1.760.5
H23s 3S(v51) 17 (4165.0)
H23p 3S(v51) 44 (3262.0)
Ar 3d2 62* 6069 27.561.0
Ar 3d4 90 91624 24.361.5
Ar (3d18and 3d3) 1211 115634 19.661.0
7-8
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PHASE-RESOLVED EMISSION SPECTROSCOPY OF A . . . PHYSICAL REVIEW A67, 012707 ~2003!
electron-impact excitation. The relative importance of the
ditional heavy-particle excitation increases, therefore, s
nificantly. The cascade contributions@32# and lifetimes@39#,
on the basis of which the collisional deexcitation coefficie
are determined can be found in the literature, whereby tr
sitions of the cascade levels into the ground state are c
pletely reabsorbed. Pertinent Stern-Volmer plots of the n
states investigated are shown in Figs. 10 and 11. A g
agreement of the lifetimes with the literature data is obtain
using the literature values for the cascade contribution ex
for the 2p2 level. Since the lifetimes for neon are very we
known, the cascade contribution for the 2p2 level was varied
in this case. A cascade contribution of (C/D)EB'0.9 is nec-
essary instead of the value given in the literature
(C/D)EB50.3 to result in a lifetime with a reasonable agre
ment with literature. Two possible explanations exist for t
increased cascade contribution in comparison to the litera
data: Excitation energy transfer collisions seem likely for
thermal energy of 0.035 eV~400 K! for the relatively close
2p levels of neon at the comparatively high partial press
of several pascals. The 2p2 level is located at 18.726 38 eV
whereas the 2p3 , 2p4 , 2p5 levels are at 18.711 38 eV
18.704 07 eV, and 18.693 36 eV, so that excitation transfe
the 2p2 level is posssible. This is specially true for the 2p4
level since its electron-impact excitation cross section
clearly larger than the values for the 2p2 , 2p3, and 2p5
levels@32#, resulting in a larger population density. A seco
possibility consists in an excitation transfer to the domin
cascade level 2s2 so that an increased cascade contribut
would be observed. In view of these uncertainties with
2p2 level, which would lead to a measurement uncertainty
50%, the results concerning this level are given in bracket
Table I.

The collisional deexcitation coefficients of the remaini
neon levels can be determined within an accuracy of ab
20%. It is interesting to note that the neon level 2p1 plays a
unique role as does the argon 2p1 level, since the collisiona
deexcitation coefficients are clearly smaller than those of
other corresponding 2p levels.

3. Krypton

Although the krypton 2p levels are accessible to two
photon excitation with lasers@19#, if optical selection rules

FIG. 11. Stern-Volmer plot of the 2p2 and 2p6 states of neon.
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allow, only the level 2p2 was investigated with molecula
hydrogen as a collision partner~to the best of our knowl-
edge!. We have, therefore, investigated 2p1 and 2p5 levels
with the PROES, whose cascade contributions—toge
with the 2p2 level—are the smallest (C/D)EB,0.3 @31#. The
lifetimes of the cascade states are unknown as already m
tioned so that we assume a typical lifetime of 100 ns. Ste
Volmer plots of the investigated krypton states are displa
in Fig. 12. The values given in Table I are considered to
reliable within 20%. The resulting longer lifetime of the 2p1
level as compared to the literature data@39,41# is not surpris-
ing because also in connection with the 2p2 level, we have
found—in agreement with recent laser measurement@19#—
similar deviations with respect to the same reference. T
collisional deexcitation coefficient of the 2p5 level being
clearly smaller than those of 2p1 and 2p2 levels is remark-
able. In contrast to neon and argon, where the respectivep1
level plays a particular role having clearly smaller collision
deexcitation coefficients, this role is played by the 2p5 level
in the case of krypton. Besides the fact that all these st
have a total angular momentum ofJ50, they are all isolated
in the energy-level scheme. This is not the case for the kr
ton 2p1 level.

4. Hydrogen molecule

In the case of the hydrogen molecule, collisional deex
tation coefficients are only known for the already discuss
Fulcher-a level. We will discuss in the following, collisiona
deexcitation coefficients of other levels in order to provide
broader data basis that will also allow us to use other em
sion lines of molecular hydrogen for diagnostic purpos
The level 3p 3S(v51) is particularly suitable in this contex
because of its comparatively longer lifetime of 44 ns@42#
leading to sufficient population densities in the time interv
under investigation. The measurement of this emission lin
aggravated, however, because of its small intensity. The
time of the 3s 3S(v51) level amounting to 17 ns@43# is
comparatively shorter, the corresponding spectral emiss
is, however, spectrally well isolated. The measurement
nevertheless, also complicated in this case because the i
sity decays considerably below the maximum value after

FIG. 12. Stern-Volmer plot of the 2p1 and 2p5 states of krypton.
7-9
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GANS, LIN, SCHULZ–von der GATHEN, AND DO¨ BELE PHYSICAL REVIEW A 67, 012707 ~2003!
electron collisional excitation during the interval of observ
tion due to the short lifetime. Cascading contributions for
Fulcher-a level are only minor as already mentioned@1#. We
will assume this also for the levels considered here as a
approximation and will, therefore, disregard cascade p
cesses for the determination of collisional deexcitation. T
resulting Stern-Volmer plots of the investigated molecul
hydrogen states are represented in Fig. 13. The transit
3p 3S(v51,N52)→2p 3P(v50,N53) and 3s 3S(v
51,N52)→2p 3P(v51,N53) have been measured. Th
uncertainties of the inferred effective deexcitation rates
comparably larger due to the small signals. Therefore, l
time values found in literature have been used as decay
at zero pressure to determine the collisional deexcitation
efficients. The total error of the collisional deexcitation c
efficients is estimated to be of the order of 30% in view
the difficulties mentioned. The collisional deexcitation co
ficient of the 3s 3S(v51) level is almost identical with the
value found for the Fulcher-a level. The deviation of the
3p 3S(v51) level is within the experimental error.

C. Argon cascade levels

The collisional deexcitation coefficients of the argon 2p
levels are known from detailed laser spectroscopic invest
tions @20,21#. On the basis of these data, the PROES allo
a determination of the collisional deexcitation coefficients
cascade levels for the case of the 2p5 , 2p6, and 2p8 levels
that are relatively strongly populated by cascading proce
(C/D)EB'1 @29#. The emission from these cascade levels
in the infrared, so that a direct measurement is not strai
forward. Cascading processes to the 2p5 levels result mainly
from the 3d2 level, and those to the 2p8 levels from the 3d4
level @29#. The 2p6 level population by cascades originat
to equal fractions from the 3d18 and 3d3 levels @29#, so that
these can be treated as one effective cascade level. The
times of the 3d2 ~62 ns! and 3d4 ~90 ns! levels are found in
the literature@39#; it is assumed for the case of the 3d2 level
that the radiation down to the ground state is complet
reabsorbed. Since the lifetime of the 3d18 level is unknown, a
lifetime corresponding to the 3d3 level ~121 ns! is assumed

FIG. 13. Stern-Volmer plot of the 3s 3S(v51)@3a1# and
3p 3S(v51)@3b1# states of molecular hydrogen.
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for the effective cascade level of the 2p6 level. Stern-Volmer
plots of the argon cascade states are represented in Fig
The values determined in this way are estimated to be cor
within 30% in view of the indirect character of this metho

V. CONCLUSIONS

Quenching coefficients of noble-gas states with molecu
hydrogen as well as self-quenching coefficients
molecular-hydrogen states have been determined by ph
resolved optical emission spectroscopy~PROES! at a capaci-
tively coupled hydrogen rf discharge. The method based
excitation by electron impact takes advantage of the fi
reversal phase in this type of discharge and is thus not
ited by optical selection rules. A comparison of this meth
with data found in different ways~if those are available!
yield a very good agreement in all cases@Fulcher-a
(3p 3Pu

2 ,v52,N51), krypton 2p2, argon 2p1]. A number
of helium, neon, krypton, and molecular-hydrogen states
which laser spectroscopic methods have partly no acc
have been investigated. Collisional deexcitations of so
cascading states of argon have also been determined.
results of the collisional deexcitation coefficientskH2

are

summarized, together with measured lifetimest and litera-
ture datat l i t in Table I.

Possible influences have been discussed where nece
and are included in the measurement error. The data are
liable between 10% and 30%. A good agreement with d
published in the literature was also found for cascading c
tributions in the cases investigated with exception of
neon 2p2 state, where a collisional excitation transfer fro
energetically close states is likely to explain the deviation

A common behavior for the 2p1 levels of neon and argon
as well as for the 2p5 level of krypton showing clearly
smaller collisional deexcitation coefficients than the oth
respective states was observed and discussed.

The PROES is not necessarily restricted to hydrog
CCRF discharges for the determination of collisional de
citation coefficients, since similar phenomena are a
present in other plasma media of technological relevan
One example is chlorine that has also a pronounced ti

FIG. 14. Stern-Volmer plot of the cascade states 3d2 , 3d4 and
(3d1813d3) of argon.
7-10
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dependent excitation structure including a field rever
phase@44–46#. In recent years, considerable efforts ha
been made to determine electron collision cross sections
are relevant to the analysis and modeling of discharge p
mas. Due to the vast differences between a single mon
ergetic electron collision process and a much more com
cated discharge plasma, application of the cross section
a single process to the latter is not straightforward. T
analysis presented in Sec. III of this paper provides a bri
between these two systems and allows us to address the
charge problems in terms of fundamental cross sections
.
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Döbele, Contrib. Plasma Phys.42, 596 ~2002!.

@25# U. Czarnetzki, D. Luggenho¨lscher, and H.F. Do¨bele, Plasma
Sources Sci. Technol.8, 230 ~1999!.

@26# U. Czarnetzki, D. Luggenho¨lscher, and H.F. Do¨bele, Appl.
Phys. A: Mater. Sci. Process.72, 509 ~2001!.

@27# T. Gans, Chun C. Lin, V. Schulz–von der Gathen, and H
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