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Laser-collision induced fluorescence~LCIF! is the emission of light from states that have been
populated by laser excitation and a subsequent collision. By simultaneously measuring the LCIF
from two different states, it is possible to determine both the electron density and temperature of the
low energy bulk electrons within a plasma. This method is described in detail and has been applied
in the determination of the total, temporally averaged, and spatially resolved electron density in a rf
~13.56 MHz! helium discharge in the Gaseous Electronics Conference reference cell. The rf
discharge was operated at pressuresP533.3–133.3 Pa~0.25–1.0 Torr! and peak-to-peak voltages
of Vpp575–300 V were applied. We found the total electron density varied from 1.83108 cm23 at
P533.3 Pa andVpp575 V to 4.031010 cm23 at P5133.3 Pa andVpp5300 V. A comparison of
results from different experiments has been made. ©1996 American Institute of Physics.
@S0021-8979~96!02818-6#
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INTRODUCTION

Recent developments in rf plasma-aided manufactu
have shown a great interest in rf plasma modeling and in
limitations of the plasma diagnostic tools presently us
There is a demand for alternative and complimentary d
nostic methods to get reliable results to fully understa
plasma processes.

Among the many methods for rf plasma diagnostics,
Langmuir probe~LP! and microwave interferometer~MWI !
are well established and have been commonly used for m
years.1–7 Temporally resolved electron densities,ne , can be
obtained with both methods but only the LP yields go
spatial resolution and enables one to measure the ele
energy distribution function~EEDF! as well. But because th
electric probe is immersed in the plasma, the plasma ca
perturbed making the results unreliable. Electron density
change, not only in the vicinity of the electric probe, b
even globally. Thus, measured current–voltage~I–V! char-
acteristics can be easily misinterpreted. This is due to eff
such as ionization near the probe, expansion of the p
sheath, probe contamination or probe circuit impedance,
influence of the rf field. Experimental requirements for t
applicability of the LP method are often difficult to fulfi
especially in discharges at higher pressures where the
tron mean-free-path and ionization length become sma
than dimensions of the probe.

The nonintrusive MWI method, which is reasonab
easy to perform, however, requires the knowledge of
shape of the electron density spatial distribution in orde
determine the value ofne at the center of the discharge d
to the large spatial extent of the method. This fact makes
application of this method limited to axially symmetric m
dium.

The comparisons of these two methods6 indicate that the
results obtained agree well in a dc discharge. In rf discha
agreement within630% has been reached at pressu

a!Permanent address: Jagiellonian University, ul. Reymonta 4, 30-059
ków, Poland.
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P<13.3 Pa while at higher pressures the disagreement
ceeds a factor of 2.

We have applied a nonintrusive method, called the las
collision-induced fluorescence~LCIF! method, as an alterna-
tive for measuring electron density with high spatial resol
tion in helium rf discharges in the Gaseous Electronics Co
ference~GEC! reference reactor. Laser-induced fluorescen
~LIF! methods have been used as a tool to diagnose plas
for many years. Dubreuil and Prigent8 calculatedne measur-
ing the quenching coefficient of the LIF signal in a glow
discharge. Tsuchidaet al.9 used the LIF to measure the spa
tial distribution ofne assuming electron temperatureTe as a
known parameter. Den Hartoget al.10 determined bothne
andTe from the LCIF in combination with kinetic equations
for metastable levels in helium.

In this article we discuss the theoretical principles of th
LCIF method as it applies to our rf plasma. The experimen
setup is described and the results obtained are compared
other measurements of the electron density in GEC refere
cells.

PRINCIPLES OF THE METHOD

When atoms in a plasma are excited by the absorption
laser light, some lose their excitation energy directly as r
diation, which is known as laser-induced fluorescence. So
of the excited atoms make transitions to higher lying stat
by collisions with plasma particles and then radiate, whi
we call laser collision-induced fluorescence. We introdu
the intensity ratioF5I C/I L whereI C and I L are the intensi-
ties of the LCIF and the LIF, respectively. In the case whe
electron collisions are a dominant excitation mechanism
the plasma, the ratioF is a function of electron density and
an averaged electron excitation cross sections̄5^s(ne)&,
wheres, ne and ^& stand, respectively, for the electron exc
tation cross section, electron velocity, and the average o
the EEDF. For a Maxwellian EEDF, the average value is
function of mean electron temperatureTe ,s̄5s̄(Te) and can
be easily calculated. Thus, if the electron excitation cro

Kra-
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sections are known, by measuring the ratiosF for two dif-
ferent electron collision processes,ne andTe can be simul-
taneously determined.

The potential application of LCIF to the measurement
electron temperature and density is not restricted to heli
This technique can be applied to a variety of different atom
and molecular systems, if the electron energy dependanc
the appropriate averaged electron excitation cross sect
are known. Although the electron excitation cross sectio
are well known for excitations from the ground state
metastable states of many atoms, ions and molecules,
electron excitation between higher energy excited state
often not well known. This is probably the most serious lim
tation to the use of LCIF measurements in other atomic a
molecular systems.

If the electron energy dependance of the electron exc
tion cross sections are known, several properties of
plasma must be considered in order to choose approp
transitions for LCIF measurements.~1! The plasma needs to
be optically thin at all observed optical transitions. This is
particular importance at the laser wavelength, since the
tial state is generally a highly populated metastable
ground state atom. If the plasma is optically thick at th
wavelength, significant amounts of resonantly scattered la
radiation would excite atoms outside of the laser beam,
stroying the spatial resolution of the LCIF measurement.~2!
The electron collision rates need to be small compared to
optical transition rate of the LIF signal. Otherwise the L
signal cannot be used to account for spatial variations of
metastable or ground state atom excited by the laser and
variations in the laser intensity.~3! The contribution of ion
collisions to the final state must be negligible compared
the electron excitations. Usually, the average ion energ
much less than the average electron energy. Therefore,
problem can often be avoided by choosing energy gaps
tween the state populated by the laser and those excite
electron collisions to be large compared to the average
energy. On the other hand, the energy gaps cannot be l
compared to the average electron energy or the resulting
nals will be too small to measure due to the low number
high energy electrons.~4! The states being populated b
electron excitation must have average electron excita
cross sections with different electron energy dependanc
order to make an accurate determination ofne andTe .

ELECTRON DENSITY AND TEMPERATURE
DETERMINATION OF A rf HELIUM DISCHARGE
USING THE LCIF METHOD

In our experiment helium atoms are excited to the 43P
state from the highly populated~;1011–1012 cm23! 23S
metastable state7 by the absorption of a 318.7 nm laser ph
ton ~Fig. 1!. The 43D and 53D states are subsequently pop
lated from the 43P state by collisions at collision transfe
ratesR2 andR3, respectively. The LIF from the 43P level
and the LCIF from the 43D and 53D levels are observed a
the wavelengths 318.7, 447.1, and 402.6 nm, respective

The short laser excitation~6 ns! produces an exces
populationN1~0! in the state 43P and the immediate decay i
described by a single exponential
J. Appl. Phys., Vol. 80, No. 6, 15 September 1996
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N1~ t !5N1~0!exp~2t/t1!, ~1!

where t1 is the observed decay time including both col
sional and radiative processes. Similarly, the populat
N2(3)(t) of 43D(53D) level can be described by the rat
equation

dN2~3!~ t !/dt52N2~3!~ t !/t2~3!1R2~3!N1~ t !, ~2!

where t2~3! is the observed decay time of the appropria
state. The first component on the right-hand side descr
all depopulation processes, whereas the second compo
describes population from the lower state 43P by collisions
with the transfer rateR2~3!. SubstitutingN1(t) from Eq. ~1!
the solution forN2(3)(t) is

N2~3!~ t !5
R2~3!N1~0!

1/t2~3!21/t1
@exp~2t/t1!2exp~2t/t2~3!!#.

~3!

For an optically thin medium, the observed fluorescen
intensity I k(t) from level k is proportional toNk(t)Akek/lk

whereAk is a corresponding radiative atomic transition pro
ability, ek is a relative quantum efficiency of a detectio
system andlk is a transition wavelength. The intensity ratio
F j1 of the time-integrated LCIF intensity to the time
integrated LIF intensity is

F j15
*0

`I j~ t !dt

*0
`I 1~ t !dt

5
RjAjl1e j
A1l je1

, j52,3. ~4!

In the case of our low-pressure~P<133.3 Pa! and
weakly ionized~@He1#,1024 @He#! plasma, collisions with
electrons and atoms in a ground state play the dominant r
in population transfer between helium excited states. Hen
the collision transfer rate,Rj can be expressed as

Rj5Rj
at1Rj

el , ~5!

whereRj
at andRj

el are the atom and electron collision transf
rates, respectively. The electron part is a product of elect
density and electron temperature dependent average c
section for the electron collision excitation from state 1 toj ,

FIG. 1. The diagram of helium energy levels and collisional and radiat
transition processes involved in LCIF.
3197Dzierżȩga et al.
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FIG. 2. Experimental setup: BL1 and BL2, beam lifts; BS, beam splitter; CL, calibration lamp; CL1 and CL2, cylindrical lenses; L1 and L2, spherica
M1, M2, and M3, flat mirrors, M4, concave mirror; PD, photodiode; PH, pinhole; PM1 and PM2, photomultipliers; SF, spatial filter; SHG, second ha
generator; SP1 and SP2, spectrometers.
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el5nes̄1 j~Te!. ~6!

For two collisional processes as in Fig. 1, taking into acco
Eqs.~5! and ~6!, we can write

R2
el5R22R2

at5nes̄12~Te!,
~7!

R3
el5R32R3

at5nes̄13~Te!.

For a particular plasma condition,ne andTe can be numeri-
cally calculated from Eq.~7! using experimentally deter
minedRj

el .

EXPERIMENTAL SETUP

The experimental arrangement is shown in Fig. 2. It c
sists of the laser system, the GEC rf cell and the detec
system. A 30 Hz pulsed Nd:YAG-laser-pumped dye la
system with a frequency doubled output beam is used
obtain the required wavelength of 318.7 nm. The spatia
uniform, 2 mm high and 7 mm wide 318.7 nm laser beam
formed using a spatial filter followed by two cylindrica
lenses CL1 and CL2, and a diaphragm DP1. Its uniform
and dimensions have been checked with a CCD camera.
final energy of the 318.7 nm laser pulse is about 200mJ with
a spectral bandwidth less than 0.1 cm21. A system of right
angle prisms and two beam lifts~BL1, BL2! are used to
direct the laser beam into the interaction region of the
discharge. The second beam lift, BL2 is placed in front of
3198 J. Appl. Phys., Vol. 80, No. 6, 15 September 1996
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rf cell and the translation of its upper prism enables the la
to illuminate different plasma zones between the electrod

The rf plasma in helium is generated in the GEC rf re
erence cell.11,12 Briefly, this cell is a rf discharge chambe
equipped with two 10.2 cm diameter parallel-plate electrod
with a spacing of 2.5 cm. Gas is supplied to the plasma b
showerhead arrangement of small holes in the lower e
trode. The flow of helium is maintained at 1.731022 Pa m3/s
~10 SCCM! and the pressures ranged from 33.3 to 133.3
The lower electrode is powered by a 13.56 MHz rf pow
supply, while the upper electrode is grounded. We ap
peak-to-peak voltages,Vpp from 75 to 300 V. The powered
electrode is aluminum and the grounded electrode is stain
steel in this experiment.

The LIF signals are observed at 45° with respect to
laser beam axis. The discharge is imaged onto the slits
two spectrometers SP1 and SP2 by the system of four m
rors M1 through M4. These mirrors act as a periscope, ro
ing the plasma image by 90°. Widths of the spectromete
entrance and exit slits are set to 250mm to measure the tota
intensity of the spectral lines. The spatial resolution is 0
mm vertically and 7 mm horizontally. The spectrometer S
is set to monitor the LIF signal at 318.7 nm, while the SP2
tuned to register the LCIF signal, either at 447.1 or 402.6
wavelength. The spectrometers are equipped with ident
fast photomultipliers and are directly connected to a digi
oscilloscope~350 MHz bandpass!. The scope is externally
Dzierżȩga et al.
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triggered by a fast photodiode illuminated by the 318.7 n
laser beam reflected from the prism surface~Fig. 2!.

The horizontal profiles of LIF signals are accomplish
by translation of the optical table. The axial profiles are m
sured, first illuminating the appropriate plasma region w
the laser beam and then translating the mirror M3 of
periscope to image the same region onto the spectrome
slits. The spectral sensitivity of the experimental system
calibrated using a standard radiometric method with a tu
sten ribbon lamp. The data acquisition system is opera
and controlled by a computer.

RESULTS

For a given plasma conditions and at a specific rad
and axial position, LIF and LCIF signals are simultaneou
collected into two channels of the oscilloscope and avera
over 1000 laser shots. Intensity ratiosF j1 are obtained by
integrating the signals over a time period of 400 ns. The to
collision transfer rates are then determined from Eq.~4! uti-
lizing atomic transition probabilities published by Wies
et al.13 A two exponential fit is applied to the LCIF signals
according to Eq.~3!, to determine the decay timest2 andt3.

The atomic contributionRj
at to the total collision transfer

rateRj is measured in a plasma sheath where there exis
negligible number of free electrons and where the concen
tion of atoms in the metastable state is much higher betw
the electrodes than outside their region so a better signa
noise ratio can be obtained.

Values of decay times, atomic, and total collision tran
fer rates determined for the plasma atP533.3 Pa, 66.6 Pa
and 133.3 Pa andVpp5300 V are listed in Table I. No con-
tribution to the excitation from 43P to 53D by atom colli-
sions has been measured, which results from the fact that
excitation energy is 0.334 eV while the atomic kinetic e
ergy at room temperature is only 0.03 eV. On the other ha
in the case of the 43P–43D transfer the excitation energy i
only 0.028 eV.

The electron collision transfer ratesRj
el are calculated

from Eq. ~5! and then Eqs.~7! are numerically solved forne
andTe . In the case of our rf plasma, the Maxwellian EED
is assumed. This is based on the reports by Godyak
Piejak3 where only a high energy tail shows deviations fro
this distribution. High energy electrons, however, play
role in excitation of closely spaced levels as the cross sec
for this process rapidly decreases with energy. Therefore,
measuredTe corresponds exclusively to thermal electrons

TABLE I. Measured quantitiestj , Rj andRj
at for collisional processes stud

ied at different discharge pressures andVpp 5 300 V. The radiative decay
times are calculated to be 31.5 and 60.7 ns, respectively~see Ref. 12!. The
uncertainties are based on one standard deviation of up to six indepen
measurements.

P ~Pa! R2
at ~105 s21! R2 ~105 s21! t2 ~ns! t3 ~ns!

133.3 7.760.2 40.460.8 20.361.3 5163
66.6 4.860.1 11.360.3 29.360.5 5564
33.3 2.660.1 4.860.2 30.060.7 5864
J. Appl. Phys., Vol. 80, No. 6, 15 September 1996
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The average electron excitation cross sections are cal
lated from a semiempirical formula presented in Sobelman14

Figure 3 ~dashed lines! shows s̄ as a function of electron
temperature for the processes discussed in this paper. W
s̄13 continuously increases up to about 3 eV,s̄12 is only
weakly dependent onTe in the same energy range.

The graphic solution of Eq.~7! is shown in Fig. 3 as an
intersection of two curves~solid lines!. They represent elec-
tron densities as a function of electron temperature calcula
from Eqs.~7! using experimentally determined electron co
lision transfer ratesR2

el andR3
el .

For all plasma conditions~P533.3 Pa through 133.3 Pa
andVpp575 V through 300 V! the electron temperature is
found to be 0.5 eV within the 40% experimental uncertaint
independent on radial and axial positions. Such a large u
certainty arises from the low signal-to-noise ratio for th
LCIF signal detected from the 53D state. This, however
causes only a minor electron density error as one can c
clude from Fig. 3.

Figure 4 is a plot ofne as a function of the radial posi-
tion, r , measured with the LCIF method in the helium dis
charge atVpp5200 V and at pressure of 66.7 Pa. The radi
position r50 corresponds to the axis of symmetry of th
discharge. The charge density is radially uniform in the m
jority of the discharge and drops outside the electrode ed
Unlike argon discharges in the GEC reactor,15 no ne peak at
the electrode edge has been found.

The axial variation of the electron concentration, und
the same discharge conditions as Fig. 4 and forr50, is
shown in Fig. 5. Axial positions at 0 and 25.4 mm corre
spond to the powered and grounded electrode, respectiv
The charge density exhibits a maximum close to the cen
of the discharge gap and drops in the direction of both ele
trodes. This is similar to the axial dependence predicted
various theoretical models of rf glow discharges.16,17

Electron densities, determined by the LCIF method in
helium discharge at 33.3, 66.6, and 133.2 Pa are plotted

FIG. 3. Electron densities~solid curves! vs electron temperature calculated
from experimentally determined electron collision transfer ratesR2

el and
R3
el using theoretical values of average electron excitation cross secti

~dotted curves!. The intersection of two solid curves gives the investigate
ne andTe .

dent
3199Dzierżȩga et al.
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Fig. 6 together with microwave interferometer results fro
other GEC rf reference cells.7,18,19The electron densities ar
plotted as a function ofVpe, the rf voltage amplitude acros
the electrodes at the fundamental frequency.Vpe is deter-
mined with an equivalent circuit model from the voltage a
current wave forms measured at the electrical feed thro
of the powered electrode.20 In this way the influence of the
stray capacitances, which may vary between cell to cell,
be eliminated. Although all these measurements were m
in GEC rf reference cells, none of them were done un
identical circumstances.

FIG. 4. Radial distribution of electron density determined forP566.6 Pa,
Vpp5200 V. Data taken at the center between the electrodes. The error
represent the standard deviation of five independent measurements o
electron density.

FIG. 5. Axial distribution of electron density determined forP566.6 Pa,
Vpp5200 V, radial position,r50. The 0 and 25 mm axial positions corre
spond to the powered and grounded electrode, respectively.
3200 J. Appl. Phys., Vol. 80, No. 6, 15 September 1996
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The measurements by Greenberg and Hebner were ma
in a symmetrically powered cell with aluminum electrodes
All the other cells were asymmetrically powered, bu
Overzet15 used stainless steel electrodes, Bletzinger18 used
aluminum electrodes, and our measurements were made w
an aluminum powered electrode and a stainless ste
grounded electrode. In all measurements, except for Overz
the inferred electron densities scale approximately linear
with applied voltage. While reasonably good agreement b
tween different experiments exists for all applied pressures
lower voltages, the growing discrepancy with increasin
pressure and voltage is evident and reaches one order
magnitude in the worst case. For all plasma conditions inve
tigated in our work, very good agreement has been reach
with Bletzinger. Both Bletzinger’s plasma and our own wer
made with an aluminum powered electrode. The reason f
the discrepancies with two other experiments, we believe
the mechanism by which the discharge is sustained. App
cation of a steel powered electrode instead of an aluminu
electrode would lower the emission of secondary electro
and lead to the transition from ana mode into ag mode at
higher voltages.7,21,22Therefore, Overzet’s plasma would be
expected to have lower electron concentrations at high
voltages. While Overzet and Bletzinger interferometers fille
the entire volume between the electrodes, the Greenberg

bars
f the

-

FIG. 6. Electron densities of rf helium discharge as a function of applie
voltage ~at fundamental frequency!. j, present work,h, Greenberg~see
Ref. 7! s, Overzet~see Ref. 19!, n, Bletzinger~see Ref. 18!.
Dzierżȩga et al.
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terferometer was set to fill only the glow space witho
sheath region so higher electron concentrations can be
pected.

CONCLUSIONS AND REMARKS

The nonintrusive LCIF method was used to measu
both the electron concentration and temperature of rf heliu
discharges in the GEC rf reference reactor. Highly resolv
radial and axial profiles of the electron density were det
mined. The radial profile was uniform over most of the di
charge, while the axial profile had a maximum at the cen
between the electrodes and drops in the direction of b
electrodes. The comparison of different experiments sho
the growing discrepancy with increasing pressure and vo
age. Nevertheless, reasonable agreement of our results
Bletzinger has been achieved, which may indicate that
discrepancies are due mainly to the different materials fro
which the powered electrodes were made.

The potential application of LCIF to the measurement
electron temperature and density is not restricted to heliu
In principle, this technique can be applied to a variety
atomic, ionic, and molecular systems if the laser excitati
~one or more photons! from a highly populated ground state
or metastable state is possible and if the appropriate elec
excitation cross sections are known. The latter is the m
serious limitation to the use of LCIF measurements sin
unlike many ground or metastable states, the electron e
tation cross sections between higher energy excited states
not well known.

To make LCIF results reliable some additional requir
ments have to be met.~1! Plasma needs to be optically thin a
all utilized optical transitions.~2! The contribution of atom
and ion collisions to the final state must be taken into a
count. ~3! The states being populated by electron excitati
must have average electron excitation cross sections w
different electron energy dependence in order to accura
determinene andTe .
J. Appl. Phys., Vol. 80, No. 6, 15 September 1996
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Therefore, if the theoretical electron excitation cross se
tions are accurately known and if the above requirements c
be met, the LCIF method can provide a nonintrusive, sp
tially resolved diagnostic of the electron temperature a
density in a wide variety of atomic, ionic, or molecular sys
tems.
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