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Quantitative two-photon laser-induced fluorescence measurements
of atomic hydrogen densities, temperatures, and velocities
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~Received 9 August 2001; accepted for publication 15 October 2001!

We report on quantitative, spatially resolved density, temperature, and velocity measurements on
ground-state atomic hydrogen in an expanding thermal Ar–H plasma using two-photon excitation
laser-induced fluorescence~LIF!. The method’s diagnostic value for application in this plasma is
assessed by identifying and evaluating the possibly disturbing factors on the interpretation of the
LIF signal in terms of density, temperature, and velocity. In order to obtain quantitative density
numbers, the LIF setup is calibrated for H measurements using two different methods. A commonly
applied calibration method, in which the LIF signal from a, by titration, known amount of H
generated by a flow-tube reactor is used as a reference, is compared to a rather new calibration
method, in which the H density in the plasma jet is derived from a measurement of the two-photon
LIF signal generated from krypton at a well-known pressure, using a known Kr to H detection
sensitivity ratio. The two methods yield nearly the same result, which validates the new H density
calibration. Gauging the new ‘‘rare gas method’’ by the ‘‘flow-tube reactor method,’’ we find a
krypton to hydrogen two-photon excitation cross section ratiosKr

~2!/sH
(2) of 0.56, close to the reported

value of 0.62. Since the H density calibration via two-photon LIF of krypton is experimentally far
more easy than the one using a flow-tube reactor, it is foreseen that the ‘‘rare gas method’’ will
become the method of choice in two-photon LIF experiments. The current two-photon LIF detection
limit for H in the Ar–H plasma jet is 1015m23. The accuracy of the density measurements depends
on the accuracy of the calibration, which is currently limited to 33%. The reproducibility depends
on the signal-to-noise~S/N! ratio in the LIF measurements and is orders of magnitude better. The
accuracy in the temperature determination also depends on the S/N ratio of the LIF signal and on the
ratio between the Doppler-width of the transition and the linewidth of the excitation laser. Due to the
small H mass, the current linewidth of the UV laser radiation is never the accuracy limiting factor
in the H temperature determination, even not at room temperature. Quantitative velocity numbers
are obtained by measuring the Doppler shift in the H two-photon excitation spectrum. Both the
radial and axial velocity components are obtained by applying a perpendicular and an antiparallel
excitation configuration, respectively. The required laser frequency calibration is accomplished by
simultaneously recording the I2 absorption spectrum with the fundamental frequency component of
the laser system. This method, which is well-established in spectroscopic applications, enables us to
achieve a relative accuracy in the transition frequency measurement below 1026, corresponding to
an accuracy in the velocity of approximately 200 m/s. This accuracy is nearly laser linewidth
limited. © 2002 American Institute of Physics.@DOI: 10.1063/1.1425777#
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I. INTRODUCTION

When a thermal plasma created by a cascaded arc
pands through a nozzle into a low pressure region, a vers
high-quality particle beam is obtained that has been dem
strated to have many interesting features.1,2 Such an expand
ing thermal plasma~ETP! has important applications in
plasma processing, as, for instance, in plasma enha
chemical vapor deposition, surface passivation, and etch

a!Corresponding author; electronic mail: p.j.w.vankan@tue.nl
730034-6748/2002/73(1)/73/14/$19.00
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Particularly the application in thin layer deposition of hydr
genated amorphous silicon (a-Si:H) and carbon (a-C:H),
where deposition of good quality material has been dem
strated at rates up to 10 nm/s,2,3 is very efficient. In many of
these plasma processing applications, atomic hydrogen p
a key role as a chemical agent, and it is, therefore, often
important constituent of the plasma beams that are gener
for those applications.

True control and optimization of the applications of a
expanding plasma beam demands a thorough knowledge
understanding of the gas-phase plasma composition and
© 2002 American Institute of Physics
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netics as well as of the processes taking place at the inter
between plasma and condensed material. The study o
ETP features, and of low-temperature plasmas in gene
requires a technique that is nonintrusive,in situ, and species-
selective. In addition, the technique should give quantita
results, and when it is applied for the detection of react
~and thus short-lived! species, it should have a sensitivi
that is sufficiently high to detect the consequently low de
sity of such species. Optical/spectroscopic techniques ge
ally are nonintrusive,in situ ~and remote!, and species-
selective, and the laser-induced fluorescence~LIF! technique
adds an extreme sensitivity and an excellent spatial and
poral resolution to that. Numerous publications show
high diagnostic value of LIF as a probe for small molecul
molecular radicals, and atoms in their ground or exci
states, in which easy concepts are used to interpret the
signal in terms of density, temperature, and velocity of
probed species. Consequently, the technique has found w
spread application in many research areas including l
temperature plasma research.4

When applying LIF ~and any other active optica
spectroscopic technique! for the detection of ground-state a
oms, one has to deal with the large energy spacing betw
the ground state and any excited electronic state in th
atoms. In the case of atomic hydrogen, the energy differe
between then51 ground state and then52 state is 10.2 eV,
corresponding to a 121.6 nm Lyman-a photon, which is well
in the vacuum ultraviolet~VUV ! wavelength range. The us
of a single-photon excitation LIF scheme for ground-st
atoms has some serious drawbacks. First of all one ne
experimentally demanding techniques for the generation
the necessary VUV photons. Moreover, many of the inve
gated media will be optically thick for these VUV photon
due to a large single-photon absorption cross section and
relatively high ground-state atom density. These proble
can be avoided by using a two-photon excitation scheme

Such a two-photon excitation scheme was first dem
strated for atomic hydrogen and deuterium by Bokoret al. in
1981.5 In a short period of time two-photon excitation lase
induced fluorescence detection of ground-state atoms
also reported for nitrogen,6 oxygen,6–8 chlorine,9 sulfur,10

carbon,11 and fluorine.12,13 After this pioneering work in
which the measurement principle for these species was d
onstrated, the two-photon LIF technique has been succ
fully applied to study a variety of reactive environments.
the field of low-temperature plasma research, where the t
nique is also referred to as ‘‘two-photon absorption laser
duced fluorescence~TALIF !,’’ there has been a considerab
effort on atomic hydrogen detection, with important cont
butions from the group of Miller14–18 and many others.19–23

In these studies, the H LIF signal from the plasma
used to determine the hydrogen concentration, assuming
the LIF signal intensity is proportional to the ground-sta
density. The valuable density information gained in the
experiments, however, is usually only qualitative in natu
due to one of the few disadvantages of the LIF techniq
Unless an analytical expression for the relation between
LIF signal intensity and the density of the probed species
be derived that can be evaluated from first principles, qu
Downloaded 21 Mar 2005 to 131.155.111.63. Redistribution subject to A
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titative density measurements require a calibration of the
setup. In the case of stable neutral atoms or molecule
calibration is easily accomplished with, e.g., a gas cell c
taining a well-known pressure of the probed species. In
case of short-lived species like radicals or ions, calibration
less trivial.

The urgent need of quantitative data in this and ot
research fields has led to the proposal and/or demonstra
of a few calibration methods for~two-photon! LIF measure-
ments of ground-state atom densities. These methods ca
distinguished by their different approach. The most comm
approach is to use a known amount of the probed spe
from an independent source as a reference that is su
quently measured in the same measurement setup. In
approach often a ‘‘flow-tube reactor’’ is used as a source
ground-state atomic radicals, in which the concentration
these radicals is determined by a chemical titration. T
method is based on well-established flow reactor and ti
tion techniques in chemistry24 and has been applied for th
calibration of LIF density measurements of several atom
radicals in plasmas, including atomic hydrogen17,25 and
atomic oxygen.26

Another approach is to also use an independent qua
tative measurement technique to determine the density o
probed species. An example of such an approach is to c
pare the LIF measurements on a line through the investig
medium with the line-of-sight integrated absorption by t
medium. Since this approach requires the availability of t
independent accurate measurement techniques, it is
commonly reported.20

A third and rather new approach is to generate a L
signal from a known amount of a different, stable species
an excitation scheme that is very close to the one applied
the atomic radical. The atomic radical density in the plas
can then be determined from the ratio of the LIF sign
when the relative detection sensitivity for the two species
known. This approach avoids the cumbersome generatio
a known amount of atomic radicals from an independ
source. The method has recently been demonstrated fo
calibration of ground-state H densities27 as well as of
ground-state N densities27,28using a two-photon transition in
krypton. The method has also been applied to calibrate
fluorescence yield of oxygen atoms via a two-photon tran
tion in xenon.29 This method is quite elegant and experime
tally easy compared to others, but it relies on critical exci
tion cross section data not yet confirmed by oth
experiments.

The LIF technique also enables the determination of
temperature of the probed species, which is an impor
parameter in plasma research since it characterizes
plasma and it determines the plasma kinetics. In the cas
molecules, the internal~rotational and/or vibrational! tem-
perature can be derived from the relative distribution o
internal quantum states. In the case of atoms, this con
can only be used to determine an ‘‘electronic temperatur
which often has a poor correlation with the kinetic tempe
ture. The kinetic temperature can instead be derived from
velocity spread of the atoms, which is reflected in the Do
pler width of the laser-induced transition. Of course th
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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simple measurement concept only applies when the l
width of the exciting radiation is of the same order or sma
than the Doppler width. For light atoms in reactive enviro
ments~like H in plasmas! this is often the case, thus enablin
a reasonably accurate determination of the kinetic temp
ture of these atoms.16

Besides determining the velocity spread, and from t
the temperature, of the particles from the Doppler width,
Doppler shift of the center frequency of the laser-induc
transition can be used to determine the average velocit
these particles. The Doppler shift can be determined eithe
an absolute way, i.e., on an absolute frequency scale
which case the laser frequency needs to be calibrated, or
relative way by comparing the signal of the moving partic
to that of a nonmoving reference. In the field of low
temperature plasma research, the velocity and the co
sponding kinetic energy of plasma particles is an import
parameter, for instance, to determine particle and/or ene
fluxes in plasma processing. Nevertheless, only a few stu
exist in which the LIF technique is applied to measure
locities of particles in plasmas,30,31 and to the best of ou
knowledge our group was the first to report velocity me
surements of ground-state atoms using the two-photon
technique.32

In this study, two-photon excitation laser-induced flu
rescence is applied to perform quantitative and spatially
solved measurements of the density, temperature, and v
ity of ground-state hydrogen atoms in an expanding ther
Ar–H plasma created by a cascaded arc. The excitation
detection scheme for ground-state H applied in this work
the scheme that was originally demonstrated by Bokoret al.
in 1981.5 In this scheme H is excited with two 205 nm ph
tons from then51 ground state to then53 state. The re-
sulting nonresonant laser-induced fluorescence on
Balmer-a transition between then53 andn52 state is de-
tected at 656 nm. After a description of the experimen
setup in Sec. II, this scheme and its suitability for applicat
in the ETP is discussed in detail in Sec. III. Next, the appl
LIF measurement concept is described, and the determ
tion of the local density, temperature, and velocity of H fro
the acquired LIF signal is discussed separately in the su
quent sections IV, V, and VI, respectively. Since we aim
accurate quantitative measurements, these sections g
careful analysis of the phenomena that~could! affect the in-
terpretation of the LIF signal in terms of these quantities

Quantitative velocity measurements are obtained by c
brating the laser frequency. This is accomplished by usin
part of the output of the laser system at the fundame
frequency around 615 nm for the simultaneous recording
the molecular iodine absorption spectrum. In this region,
I2 spectrum shows many absorption lines that are tabul
in frequency to a high accuracy.33 This frequency calibration
method is widely used in spectroscopic applications an
allows us to reach an accuracy in the velocity measurem
that is sufficient to gain valuable information about the flo
pattern in the ETP.

For the calibration of the LIF setup for the H densi
measurements, two different approaches are used. Se
VII A describes the density calibration via the ‘‘classica
Downloaded 21 Mar 2005 to 131.155.111.63. Redistribution subject to A
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approach of a measurement of the H LIF signal from a flo
tube reactor. This method is experimentally quite elabor
and needs careful execution. Therefore we also performe
calibration via the above mentioned ‘‘new’’ approach of ge
erating a two-photon LIF signal from krypton at a fixed pre
sure, which is the subject of Sec. VII B. The subsequ
comparison between the two calibration methods enable
first validation of the previously reported excitation cro
section data.27

The two-photon LIF technique has been used to co
pletely map the H density, temperature, and velocity~along
two independent axes! in the ETP. A lot of effort has been
spent to quantify the data and to assess its reliability. Amo
others a time-resolved study has been performed, both
perimentally and computationally, to investigate the occ
rence and the effect of collisional quenching of the tw
photon LIF signal in our experiments. All this resulted in
large data set from which a lot of physical information c
be extracted. It enables, for instance, a detailed study of
expansion properties of the plasma jet. Here we focus on
basic measurement method, its applicability in the type
plasma we are studying, and on the techniques to quan
the data. The time-resolved study on collisional quenching
the two-photon LIF signal from low-temperature plasmas
reported in a separate paper,34 as is the in-depth physica
discussion of the expansion properties of the plasma jet.32,35

II. EXPERIMENTAL SETUP

A scheme of the experimental setup is depicted in Fig
The cascaded arc plasma source has already been desc
in detail elsewhere.36 In the experiments described in th
article it is operated on a 40 A dc current with a typic
corresponding voltage of 100 V between the three catho
and the anode plate. The plasma expands from the 3
diameter arc channel, where the pressure is typically 0.6
into a roots-blower pumped vacuum vessel with a ba
ground pressure of 14 Pa. For the atomic hydrogen meas
ments a 6 to 1 Ar–H2 gas mixture with a 50 sccs Ar flow an
a 8.3 sccs H2 flow is fed into the cascaded arc. These expe
mental conditions are close to those used for the fast de
sition of a-Si:H.2 The cascaded arc plasma source
mounted on a translation stage. Spatial scans through
expanding plasma are performed by moving the cascaded
relative to the intersection of the laser beam and the de
tion volume.

The laser system that is used to produce the tunable
radiation is based on a pulsed Nd:YAG/dye-laser combi
tion. The frequency-doubled output~300 mJ pulse energy a
532 nm! of a 50 Hz injection-seeded Nd:YAG laser~Spectra-
Physics/Quanta-Ray, GCR-230! is used to pump a tunabl
dye laser~Spectra-Physics/Quanta-Ray, PDL-3!. The dye la-
ser has a bandwidth of 0.07 cm21 and is used around 61
nm. The output of the dye laser~typically 60 mJ! is
frequency-tripled in two stages. First, the fundamental d
laser frequency is doubled in a KD*P crystal and then this
frequency-doubled UV light is mixed with the residual re
dye-laser output in a BBO crystal for sum-frequency gene
tion. In between the KD*P and the BBO crystal a wave plat
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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~l/4 for the blue beam! is used to match the polarizatio
angles of the fundamental and the frequency-doubled ligh
each other again. The tripled frequency component is se
rated from the others and directed towards the vacuum ve
using high-power, high-reflective dielectric mirrors for 20
nm ~45°! that are transparent for the other wavelengths~La-
serOptik GmbH!. Wavelength separation is in this way le
perfect compared to, for instance, using Pellin-Broca pris
but due to absorption losses with the latter method, the us
the mirrors is found to easily enhance the 205 nm out
energy by a factor of 2. This procedure results in typically
mJ of tunable UV light around 205 nm, with an estimat
bandwidth of 0.2 cm21. Both crystals are automaticall
tracked while tuning the wavelength of the dye laser.

The frequency-tripled laser light is directed into the ve
sel either perpendicular to the plasma expansion axis
counterpropagating with respect to the expansion, depen
on the required velocity measurement. In the default perp
dicular configuration, where radial velocities can be m
sured, the UV laser light is focused into the plasma with a

FIG. 1. Scheme of the experimental setup. The cascaded arc plasma s
is mounted on a translation stage that enables spatially resolved mea
ments. The laser beam is directed either perpendicular to the expansion
~as in the front view! or counterpropagating with respect to the expans
~as in the top view!, depending on the required velocity measurement. T
fluorescence is detected under right angles. Part of the dye-laser outp
used for the simultaneous recording of the I2 absorption spectrum for wave
length calibration.
Downloaded 21 Mar 2005 to 131.155.111.63. Redistribution subject to A
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cm lens. When axial velocities are to be measured, a 1 m
focusing lens is used in combination with a quartz rig
angle prism which is at a distance of at least 65 cm from
cascaded arc nozzle. The prism directs the light antipara
to the plasma jet. In this way only the prism is exposed to
plasma, and the combination of its relatively large distan
from the plasma source with its mounting in a water-coo
protection cylinder ensures a few hours of measurement t
before cleaning of the prism is necessary.

The laser-induced fluorescence originating from the
cus is imaged onto a slit mask, in a direction perpendicula
the plane formed by the laser beam and the symmetry ax
the expansion. This is done by two 10 cm diameter pla
convex lenses with focal lengths of 40 cm. The 40 cm d
tance of the first lens from the laser focus is imposed by
geometry of the vessel. As a consequence, the solid ang
the detection is limited to 4.931022 sr. The slit mask, which
is 0.35 mm wide and has a variable length up to 10 mm
placed parallel to the laser beam and defines the spatial r
lution. The width of the slit mask ensures that all H fluore
cence will pass the mask up to the highest observed H
locity. For a velocity of 4500 m/s~see Sec. VI!, the transit
time through the detection volume is'80 ns, which is nearly
one order of magnitude longer than the H(n53) fluores-
cence lifetime~10 ns, see Sec. IV!. The laser-induced fluo-
rescence that passes the slit mask is detected by a photo
tiplier tube ~PMT!. For almost all LIF measurements
highly sensitive, gated PMT is used~Hamamatsu, R928!.
The continuous background light emitted by the plasma
strongly reduced by a Balmer-a (Ha) bandpass filter with a
10 nm bandwidth@full width at half maximum~FWHM!#
centered around 656 nm in front of the PMT. However, t
suppression of the plasma emission by the optical filter is
always sufficient to allow the PMT to be used with max
mum gain. This is, for instance, the case in the Ar–H plas
close to the nozzle orifice where the plasma emits m
Balmer-a radiation. This is a well-known problem in th
application of the LIF technique in light emitting media lik
those encountered in plasma and combustion research, w
is usually solved by gating the detection. The Hamama
PMT R928 is equipped with a gate unit that enables trigge
operation of the PMT during a short time interval with
preset duration between 0.8 and 10ms. This further reduces
the continuous background by a factor of 23104, in prin-
ciple enabling operation of the PMT with maximum gain
all circumstances. In the case of the Kr LIF measureme
~see Sec. VII B! a long-pass filter that cuts off below 700 n
is used to reduce the laser stray light impinging onto
PMT.

For time-resolved fluorescence measurements a very
‘‘metal package’’ photomultiplier tube~Hamamatsu R5600P
01! is used.34 This rather new type of PMT combines a 1.5
FWHM single photon response time with a gain of up to 106.
The PMT signal is recorded by a 500 MHz 1 Gs/s 8-
digital sampling oscilloscope. The signal trace is transfer
to a PC where it can be analyzed. This enables both ti
integrated and time-resolved measurements. In the cas
time-integrated measurements, it allows for baseline cor
tions and a precise signal integration over time, yielding
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signal-to-noise ratio better than those of analog integra
devices, especially in the case of a high background sig
The PC also controls the wavelength scanning of the
laser.

The laser wavelength is calibrated by recording simu
neously the I2 absorption spectrum, of which the line pos
tions are tabulated to a high accuracy.33 For this, part of the
red dye-laser output is directed through a I2 absorption cell.
This glass cell has a 2.5 cm diameter and a 60 cm length
contains only iodine~solid and vapor!. The transmitted light
intensity is measured behind the cell with a photodiode. T
length of the cell is chosen to ensure easily measurable
sorptions at room temperature. The absorption can be o
mized by adjusting the I2 vapor pressure with a heating wir
around the cell.

III. EXCITATION AND DETECTION OF GROUND-STATE
ATOMIC HYDROGEN

The excitation and detection scheme for ground-s
atomic hydrogen applied in this work is the one that was fi
demonstrated by Bokoret al. in 1981.5 In this scheme~de-
picted on the left in Fig. 2! H is excited with two 205.14 nm
photons from the 1s 2S1/2 ground state to then53 level. The
n53 fine-structure sublevels cannot be resolved within
bandwidth of the 205 nm laser radiation~'0.2 cm21!. As a
result, in a spectral scan over the two-photon transition b
the 3s 2S1/2 and the 3d 2D j states will be excited, accordin
to the two-photon selection rulesD l 50,62. The excitation
is monitored by detection of the nonresonant fluorescenc
the Balmer-a transition at 656.3 nm from the 3d and 3s
states to the 2p 2Pj states. Usually it is mentioned that th
3d←1s transition dominates over the 3s←1s transition due
to a 7.56 times higher two-photon absorption cro
section,5,19,20but actually it depends on the degree of satu
tion of the transition whether the relative population of 3d
and 3s is determined by the relative transition strength
rather by the ratio of the statistical weights of the respec
quantum states. Moreover, we found evidence for a pure
tistical distribution of the population over all then53 sub-
levels from an accurate measurement of the lifetime of
excited state,34 even though the applied laser intensity a
sures that the transition is far from saturation~see Fig. 3!.
This can be explained by a completel mixing of the quantum

FIG. 2. Energy level schemes for the two-photon excitation laser-indu
fluorescence measurements of ground-state hydrogen atoms~left! and
ground-state krypton atoms~right!.
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states in an electric field. Thus far we have not been abl
unambiguously establish the origin of this electric field, b
since then53 lifetime and thus the degree ofl mixing does
not vary within the plasma jet, it is likely to be the electr
field associated with the propagating laser beam.

The scheme described here has some distinct advant
over various other schemes that have been proposed a
demonstrated. First of all, two-photon excitation avoids so
of the problems connected with single-photon excitation,
was mentioned in the Introduction. In addition, when exc
ing to n53 or higher, fluorescence detection can be p
formed on a transition back to a state other than the gro
state, which will significantly relax the need for suppressi
of stray light from the laser beam. Several schemes for tw
photon excitation of H ton53 andn54 with detection of
nonresonant fluorescence have been directly compare
each other.19 These schemes differ in the number of las
beams and the wavelength combinations used for excitat
the intensity, polarization, and bandwidth of the laser bea
and the wavelength of the fluorescence light. This deta
comparison shows that the above described scheme for
photon excitation of H with a pulsed, narrow-band 205 n
laser beam gives the largest average number of fluoresc
photons per incident laser photon.

Another characteristic of the applied H excitatio
scheme is that only one additional laser photon is needed
ionization of the excited atom, as is indicated in Fig. 2. Wh
the laser intensity is increased, this ionization pathway w
eventually limit the fluorescence yield, as the rate ofn53
depopulation via this process starts to compete with the
diative depopulation rate. This picture can be quantified
applying a rate-equation model for the laser-excited s
population, as is, for instance, done in Ref. 19. This sho
that for the H excitation scheme described here ‘‘the aver
number of fluorescence photons emitted per ground-s
atom’’ saturates at'0.1 for a laser intensity around
109 W/cm2. Usually, as is the case in the experiments d
scribed in this article, the laser intensity is kept at least o

d

FIG. 3. Two-photon excitation laser-induced fluorescence signal of ato
hydrogen as a function of the 205 nm laser pulse energy. The solid line
fit to the experimental data. It clearly shows that in our experimental se
the H LIF signal depends quadratically on the laser intensity over the en
range of used laser pulse energies.
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order of magnitude lower, thereby limiting the total numb
of particles that emit fluorescence photons to a few perc
Figure 3 shows the two-photon LIF signal of atomic hydr
gen from the expanding Ar–H plasma as a function of
laser intensity. For low laser intensities a quadratic dep
dence of this signal on the laser intensity should be obser
saturating to a lower order dependence for higher intensi
The slope of the data points in the log-log plot indeed equ
2 within the experimental accuracy, from which it can
concluded that the H two-photon excitation does not re
saturation in our experiment and that the LIF signal rema
in the quadratic regime over the entire range of laser pu
energies used in our measurements.

Although keeping the laser intensity low, and there
keeping the LIF signal in the quadratic regime, seems to b
safe situation at first sight, it needs a closer look. Avera
fluorescence photon numbers per ground-state atom of a
percent indicate relative excited state populations of
same order or higher, and a significant part of this popula
will end up as an ion–electron pair. In fact, one addition
laser photon is sufficient to ionize not only the laser-exci
atoms, but all atoms in excited states. Depending on the
of plasma and the ionization degree, these laser-induced
cited state, ion, and electron densities can be several or
of magnitude higher than the respective stationary densi
In such a case, the applied laser diagnostic method
hardly be qualified as ‘‘nonintrusive.’’ A more complet
model is then needed to quantitatively assess the effect o
pulsed laser excitation on the local plasma parameters.
has been investigated in another study concurrently
formed in our group.34 In this study, a time-resolved ‘‘colli-
sional radiative model~CRM!’’ for H has been developed
that models the response of a system of levels to a tempo
disturbance of the level population distribution by, for i
stance, pulsed laser excitation of one of the levels. The s
also deals with the implications for the observed signals
their interpretation. One of the conclusions is that, for co
ditions typically encountered in the ETP, the ion and elect
densities can indeed temporarily increase easily by a fa
of 5. Consequently, depending on the exact local plasma
ditions, the two-photon LIF signal might suffer from ‘‘self
quenching,’’ i.e., quenching of the laser-excited states
electrons that were created through laser-induced ioniza
The issue of fluorescence quenching in the ETP is addre
in Sec. IV.

The above described H excitation and detection sche
is used to map the ground-state H distribution in the expa
ing plasma jet. To achieve this, two-photon LIF measu
ments are performed at various axial and radial positions.
LIF measurements are acquired by tuning the excitation la
and recording the resulting spectral profile of the two-pho
absorption. In the case of velocity measurements, the I2 ab-
sorption spectrum is recorded simultaneously. This will
described in more detail in Sec. VI. As an example, Fig
shows a spectral scan that is recorded in the expanding A
plasma at an axial positionz550 mm on the centerline of th
expansion~radial position r 50 mm!. The H fluorescence
signal is for all spectral scans fitted to a Gaussian profile.
non-Gaussian profiles have been observed. From these
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three local quantities are obtained. The local~relative! den-
sity is obtained from the integrated intensity~i.e., the area
under the curve!, while the local temperature is derived from
the Doppler width of the spectral profile. In addition, th
component of the velocity in the direction of the laser
determined from the absolute shift of the center frequency
the spectral profile. In the following sections the determin
tion of each of these quantities will be discussed in m
detail.

IV. DENSITY MEASUREMENTS

More important than being truly nonintrusive, a diagno
tic method should give representative and reproducible
sults. In a general pulsed LIF experiment, the observed fl
rescence light intensity will be proportional to the lase
created upper state density after the laser pulse, which in
will be proportional to the initial lower state density befo
the laser pulse. The pulse-integrated fluorescence signaSf

will therefore be proportional to the densityNi of particles in
this lower statei, and the LIF technique can effectively prob
this density. These general characteristics of the relation
tweenSf andNi can be expressed in the following way:37

Sf5Ni•hexc•qf•hdet. ~1!

In this equation the detection efficiencyhdet is the signal
generated per fluorescence photon. This factor is only de
mined by the characteristics of the experimental setup,
its value can be estimated from the solid angle that is c
tured by the detection optics, the transmission of these
tics, the quantum efficiency and gain of the photon detec
etc.

The fluorescence quantum yieldqf is given by the
Stern–Vollmer factor:

FIG. 4. Example of a spectral scan with simultaneous recording of th
two-photon LIF signal~PMT signal, lower trace! and the I2 absorption sig-
nal ~diode signal, upper trace!. The scan is recorded in the Ar–H plasma j
at an axial positionz550 mm on the centerline of the expansion~radial
position r 50 mm!. The horizontal axis is in units of the fundamental dy
laser frequency. This axis is calibrated by the position of the I2 absorption
lines. To obtain the H transition frequency this scale has to be multiplied
a factor of 6. The H LIF signal is fitted to a Gaussian profile and from t
fit the local H density, temperature, and velocity are determined.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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qf5
Akl

Ak1Q
5Akl•tk . ~2!

This factor is the ratio between the spontaneous emis
rate Akl of level k on the transition to levell where the
fluorescence is monitored, and the total depopulation rat
the excited state, which is the sum of the total spontane
emission rateAk and the nonradiative depopulation~quench-
ing! rateQ of level k. The total depopulation rate determin
the lifetime tk of this state. The excitation efficiencyhexc

generally contains the excitation cross section and the l
photon fluence~derived from the laser beam intensity!, and it
depends on the temporal and spectral profile of the la
pulse as well as on the~existence of! couplings of the excited
upper state with other states.38,39 The derivation of an ana
lytical expression forhexc involves the solution of a set o
coupled rate equations for the population of all the lev
involved. The value of the proportionality constants can
ternatively and more reliably be obtained from a calibratio
This is the usual approach to get quantitative density in
mation from a LIF experiment. The calibration procedure
the LIF detection of ground-state hydrogen atoms is the s
ject of Sec. VII.

The linear correspondence~1! between the LIF signa
and the probed lower state density holds not only in
so-called linear limit, i.e., for low laser power and low pa
ticle density, but also for higher laser power~as is quite
common in two-photon excitation LIF experiments!, as long
as the excitation laser conditions do not change. The da
of the LIF technique is in the Stern–Vollmer factor. Whe
uncontrolled depopulation pathways for the laser-excited
per state exist, the value of this factor will change and
observed signal will no longer be proportional to the dens
of the probed state. This is a serious threat to the diagno
value of the method.

The most common uncontrolled depopulation mec
nism is the collisional quenching of the upper state, wh
occurs when numerous collisions take place during the ra
tive lifetime of the excited state, i.e.,Q.Ak . This is a well-
known problem in the application of LIF in experiments a
high density, as, for instance, encountered in combustion
search, but in the field of~low-temperature! plasma research
where the quenching by electrons can be very efficient,
importance of fluorescence quenching is easily undere
mated. As already addressed in Sec. III, the mere applica
of an intense UV laser for two-photon LIF experiments
plasmas can create a significant~extra! electron density
which potentially leads to a ‘‘self-quenching’’ of th
fluorescence.34

The occurrence of quenching can be readily checked
time-resolved LIF experiment, where the effective lifetim
tk of the upper statek is measured. This lifetime is directl
related to the quenching as can be seen from Eq.~2!. In fact,
a measurement of the lifetime will establish the value of
Stern–Vollmer factor, which potentially allows one to corre
the density values accordingly. Time-resolved measurem
of the fluorescence decay of H in then53 state require a
special fast PMT and a careful deconvolution of the recor
signal with the response function of the detection system
Downloaded 21 Mar 2005 to 131.155.111.63. Redistribution subject to A
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be able to determine the decay time with sufficient accura
These time-resolved LIF measurements on H in the expa
ing thermal Ar–H plasma are reported in detail and co
pared with model calculations in the above mention
paper.34 From that study we conclude that quenching of t
H fluorescence from the ETP does not occur. A decay time
~10.060.5! ns has been observed over the entire range
plasma parameters encountered in the Ar–H plasma
Summarizing the discussion in Ref. 34, this is exactly
decay time expected in the case of a statistical distribution
the population over then53 sublevels. Arguments that th
10 ns decay time is the result of quenching of the 15.5
3d→2p natural decay time can be discarded, since the sa
decay time has been found for a large range of ground-s
H and electron densities. Notice that a pressure-depen
measurement, normally performed to generate a Ste
Vollmer plot in a collisional quenching study, is in this ca
experimentally very difficult, since a change in backgrou
pressure will affect the characteristics of the expand
plasma jet all together.

Another uncontrolled depopulation mechanism th
might occur is the amplified spontaneous emission~ASE! of
the laser-excited state. The ASE will propagate within
small solid angle around the laser beam axis, and con
quently, the upper state population lost in this way will n
be observed by the LIF detection branch. ASE of Balmea
radiation~Ha , 656 nm! in a two-photon LIF experiment for
detection of ground-state H has been reported both for m
surements in a flame,40 as well as for measurements in
glow discharge plasma.20 In these studies the possibility o
explicitly using the ASE signal for the detection of H
investigated. In the experiments on the ETP reported here
ASE of Ha light has been observed.

A further phenomenon that can disturb the proportion
ity between lower-state density and an observed LIF signa
the production of the measured atoms by the UV laser it
via photodissociation of molecules. In that way, the la
generates its own signal. This is commonly recognized
described in a number of papers.16,21,23The effect can even
be turned into an advantage by using it to identify an imp
rity and measure its density via a careful analysis of the l
profile in the excitation spectrum16,21~see also Sec. V!. In the
expanding thermal plasma generated from a mixture of
and H2, the only species that could produce H atoms fro
photodissociation is molecular hydrogen. We checked
possibility of 205 nm photodissociation of H2 by filling the
vessel with pure molecular hydrogen at room temperatu
For the highest laser intensity used in our experiments,
did not observe any H LIF signals for pressures up to 100
This does not fully exclude that photodissociation of H2 oc-
curs in the plasma, as was also pointed out by Miyaz
et al.23 While the effect is negligible for room-temperatu
H2 , it could still be noticable for hot molecules when th
photodissociation cross section is sufficiently enhanced
vibrationally excited molecules. The relative importance
the contribution of photodissociation to the H LIF sign
depends in that case among others on the amount of2

present in the plasma jet.
Probably the best way to check for photodissociation
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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to measure the laser-intensity dependence of the two-ph
LIF signal from the plasma jet. From Fig. 3 we have alrea
seen that the H LIF signal shows a quadratic dependenc
the laser intensity over the entire range of laser pulse e
gies used in our measurements. When photodissociatio
the UV laser occurs, a higher order dependence should
observed, since one extra photon is needed to first gene
the atom to be detected.16 We therefore conclude that in thi
plasma there is no contribution to the H LIF signal fro
photodissociation by the UV laser.

Figure 5 gives the atomic hydrogen density in the e
panding Ar–H plasma as a function of the distancez from
the nozzle, i.e., along the symmetry axis of the plasma
(r 50). The measurements have been performed with
laser perpendicular to the plasma jet axis. Notice that
density profile~i.e., its shape! is determined from the LIF
measurements as described above, while the absolute
for the densities is obtained from a separate calibration
described in Sec. VII A. The H density on the expansion a
starts at'531020m23 at 1 mm behind the nozzle and drop
more than two orders of magnitude in the supersonic par
the expansion (0,z&20 mm). It then further decays at
slower rate in the region of the shock front (20 mm&z
&100 mm) and in the subsonic part of the expansionz
*100 mm). This axial density profile was quite a surprise
us since it seems to deny the existence of a stationary s
wave structure in the expansion. All the peculiar expans
properties of the Ar–H plasma jet are discussed in a sepa
paper.32

V. TEMPERATURE MEASUREMENTS

The local atom temperature is derived from the width
the spectral profile of the two-photon transition. The expe
mentally observed linewidth is the result of the convoluti
of all contributions to the width. The main contributio
comes from the Doppler broadening that results from
velocity distribution of the ground-state atoms. The gene

FIG. 5. Atomic hydrogen density in the Ar–H plasma jet as a function
the distance from the expansion nozzle. The axial density profile is der
from spectral scans taken with the laser beam perpendicular to the expa
~z! axis ~perpendicular configuration in Fig. 1!. The density scale is cali-
brated via a titration of H generated in a flow-tube reactor, as describe
Sec. VII A.
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expression for the Doppler widthDnD ~FWHM! of a two-
photon transition, induced by the absorption of one pho
with frequencyn1 and one photon with frequencyn2 with an
angleu between theirk vectors, is39

DnD52~n1
21n2

212n1n2 cosu!1/2
• v̄/c, ~3!

wherev̄ is the average velocity of the atom or molecule a
c is the speed of light. In the case of absorption of tw
photons from one single laser beam with a frequency of h
the transition frequencyn0 ~n15n25n0/2, u50!, and with a
Maxwellian velocity distribution (v̄5A2 ln 2•kT/m), this ex-
pression reduces to the well-known relation between
Doppler width and the temperatureT:

DnD5n0 /c•A8 ln 2•kT/m57.1631027n0•AT/M , ~4!

with k the Boltzmann constant,m the mass of the atom o
molecule, andM its weight in amu. The Doppler widthDnD

is convoluted twice with the linewidthDnL('0.2 cm21) of
the UV laser radiation. Assuming a Gaussian spectral pro
for the latter, the experimentally observed linewidthDn is
simply given byDn5ADnD

2 12DnL
2. In the case of atomic

hydrogen, the error inDnD , and thus in the temperature
introduced by this squared summation when the laser s
tral profile is non-Gaussian, is expected to be small since
observed linewidths are typically one order of magnitu
larger than the laser linewidth.

When the above expressions are applied for the dete
nation of the kinetic temperature from the observed lin
width, one has to ascertain that there are no other effects
have a significant contribution to this width. One effect th
can be safely neglected is saturation broadening. The de
of saturation of a transition is given by the saturation para
eter, which is basically the ratio between the induced and
spontaneous emission rate of the excited level.37 Since the
induced emission rate is directly proportional to the exci
tion cross section, the saturation parameter for a two-pho
transition will generally be small. More direct evidence th
we can neglect saturation broadening in our H measurem
comes of course from Fig. 3, which shows that the H tw
photon excitation remains in the quadratic regime under
present experimental conditions.

Another effect that should be seriously considered wh
determining temperatures from LIF measurements in p
mas is Stark broadening. In the plasma investigated in
work it will not significantly contribute to the experimentall
observed linewidth, since the Stark broadening of the 3←1
transition in atomic hydrogen, which is mainly determin
by the Stark coefficients of then53 level, is negligible for
the range of electron densities and temperatures encoun
in the expanding thermal Ar–H plasma~ne<1019m23, Te

'0.3 eV!.41

There is, however, one effect that could seriously dist
the temperature determination, and that is the photodisso
tion of molecules by the UV laser by which atoms are p
duced that are subsequently measured in the same
pulse. This effect is already mentioned in the density sec
~IV ! since it also affects the proportionality between the i
tially present lower-state density and the observed LIF s
nal. The UV photon energy~'6 eV! is sufficient to dissoci-
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ate a large variety of molecules. Depending on the exc
energy, the atomic fragments end up with more than th
thermal share of kinetic energy. This gives rise to a la
Doppler width and an apparent high atom temperature.
servations of high atomic hydrogen temperatures in rf,
crowave, and dc discharges have been associated with
tolysis of NH3, H2S, C2H2 , C2H4 , and Si2H6 .16,21,23In fact,
‘‘the photolytically produced atoms bear a spectral pro
signature characteristic of their precursor molecule,’’ and
Doppler width can be used to determine the excess tran
tional energy enabling an identification of the precurs
molecule.16 As already pointed out in Sec. IV, the contrib
tion of photolytically produced atoms to the H LIF sign
from the expanding Ar–H plasma is negligible. Special ca
however, is needed in the case of H LIF measurements ta
from the flow-tube reactor that is used for the calibration
the H LIF signals~see Sec. VII A!. The flow-tube reactor
uses a remote microwave plasma to produce H atoms,
these plasmas are prone to produce ammonia with only s
quantities of N2 present in the plasma.16

The atomic hydrogen temperature profile along the
pansion axis of the Ar–H plasma jet is presented in Fig
The temperature data in this figure have been derived f
the same spectral scans as the density data in Fig. 5.
accuracy in the temperature determination depends on
signal-to-noise~S/N! ratio of the LIF signal, and on the rati
between the Doppler width of the transition and the lin
width of the excitation laser. Due to the small H mass,
current linewidth of the UV laser radiation is never the a
curacy limiting factor in the H temperature determinatio
not even at room temperature. The profile clearly shows
rapid cooling of the plasma from'4000 K to,800 K in the
supersonic part of the expansion, and the subsequent
perature rise over the shock region of the expansion du
the conversion of directed kinetic energy into random kine
energy when the plasma particles collide with the ba
ground gas. In contrast to the density profile in Fig. 5,
temperature profile does exhibit a stationary shock w
structure, thereby constituting a scientific puzzle that is f
ther discussed in Refs. 32 and 35.

FIG. 6. Axial temperature profile of atomic hydrogen in the expand
Ar–H plasma. The temperature data are derived from the same spe
scans as the density data in Fig. 5.
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VI. VELOCITY MEASUREMENTS

Besides determining the velocity spread, and from t
the temperature, of the particles in the plasma jet from
Doppler width, the Doppler shift of the center frequency
the transition can be used to determine the average velo
of these particles. The Doppler shift can be determined ei
in a relative or in an absolute way. To determine the Dopp
shift in a relative way, a Doppler-shifted signal must be co
pared to a nonshifted signal, which usually requires two la
beams. An absolute determination of the Doppler-sh
‘‘only’’ requires an absolute frequency scale, and then
shift is obtained from a comparison of the center frequen
with the literature value, but obviously in that case the la
frequency needs to be accurately calibrated. In our case,
is accomplished by using a part of the red dye-laser ou
for the simultaneous recording of the absorption spectrum
molecular iodine, as is described in Sec. II.

An example of such a simultaneous recording is given
Fig. 4. In the region of the fundamental dye-laser frequen
the I2 spectrum shows many absorption lines that are ta
lated in frequency to an accuracy of 0.015 cm21.33 The width
of the I2 absorption lines, which is at room temperatu
mainly determined by the underlying hyperfine structu
amounts to'0.03 cm21. The medium is therefore very we
suited for the frequency calibration of pulsed dye las
whose bandwidth is usually in the same order of magnitu
~in our case 0.07 cm21!, and the method is widely used i
spectroscopic applications.

Since the Doppler-shift method determines velocit
relative to the velocity of light (dn/n05v/c), accurate re-
sults are not to be expecteda priori, and it is worthwhile to
address the topic of accuracy into somewhat more detai
the applied method, the error in the velocity has seve
sources. The error in the calibrated frequency scale depe
on the stepsize in the spectral scan, the signal-to-noise~S/N!
ratio in the I2 absorption spectrum, and is ultimately limite
by the bandwidth of the laser. The attainable minimum er
in the ~fundamental! frequency scale is'0.01 cm21. A fur-
ther error comes from the determination of the center po
tion of the two-photon transition from the Gaussian fit to t
H LIF signal. The error in the observed center frequen
depends again on the stepsize in the spectral scan and o
S/N ratio of the H LIF signal. In practice, the overall error
the velocity is mainly determined by this contribution.

A last uncertainty concerns the literature value for t
transition frequency. Accurate values for the energies of
individual n53 sublevels can, for instance, be found in R
42, but since the maximum energy separation between th
levels is smaller than the bandwidth of the 205 nm la
radiation~and much smaller than the Doppler width!, these
levels are not resolved and the resulting center freque
will be at an averaged value. This leaves some room for
exact reference value to take for the velocity determinati
A reference transition frequency could, for instance, be
tained by taking an average that accounts for the selec
rules and the relative excitation cross sections of the tw
photon transition. The reference value used in this wo
however, is obtained from the experiment itself. In a me

ral
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surement of the radial velocity in a radial cross sect
through the ETP, symmetry arguments are used to put
radial velocity on the symmetry axis of the expansion
zero. This leads to the valuen0597 492.315 cm21. This
value is very close to the averaged literature value that
counts for a pure statistical distribution of the populati
over all the n53 sublevels, which is consistent with th
observed lifetime of the excited state,34 as is discussed in
Sec. IV.

The resulting maximum accuracy that can be attained
the determination of the velocity of atomic hydrogen fro
the Doppler shift of the transition frequency in the tw
photon LIF measurements in the Ar–H plasma jet is'200
m/s, which is a fraction of less than 1026 of the speed of
light. This value is consistent with the S/N ratio that w
experimentally observe in our velocity measurements. T
accuracy is nearly laser linewidth limited and is certain
sufficient to gain valuable information about the flow patte
in the expanding plasma jet, where H atom velocities in
range 0 to'4500 m/s are observed.

Figure 7 shows a measurement of the atomic hydro
axial velocity component in the expanding Ar–H plasma a
function of the distancez from the nozzle. Notice that thes
measurements require a laser beam that is~anti-!parallel to
the expansion axis, i.e., counterpropagating with respec
the expansion~see Sec. II!. As a reference, we plotted in th
same figure the local acoustic velocity of the Ar–H mixtu
as it has been determined from the H temperature data f
Fig. 6 using simple gas-dynamic formulas. The H axial v
locity profile clearly shows the last part of the rapid sup
sonic acceleration in the expansion region up to a maxim
velocity of '4200 m/s, and the subsequent deceleration
the shock region due to the increasing interaction with
background gas, until the velocity becomes subsonic aga
z'100 mm. From the combined density~Fig. 5! and velocity
~Fig. 7! data it is concluded that the forward flux of H is n

FIG. 7. Axial component of the atomic hydrogen velocity in the Ar–
plasma jet as a function of the distance from the nozzle. The velocit
determined from the Doppler shift in the spectral scans that are taken
the laser beam counterpropagating with respect to the expansion~antiparal-
lel configuration in Fig. 1!. The laser frequency is calibrated by simult
neously recording the I2 absorption spectrum. The local acoustic velocity
the Ar–H mixture that is derived from the temperature data in Fig. 6
plotted as a reference.
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conserved over the shock region in the expansion of a t
mal Ar–H plasma, which is a clear deviation of ‘‘norma
supersonic expansion behavior as described by supers
expansion theory.43–45 The in-depth physical discussion o
the expansion properties of the plasma jet is left to a sepa
paper.32,35

VII. DENSITY CALIBRATION

The density information gained in a LIF experiment, a
though in principal quantifiable, is in practice qualitative
nature. It was already mentioned above that, in order to
quantitative results from a LIF experiment, the setup usua
needs to be calibrated. In the case of short-lived species
radicals or ions, calibration is not trivial. In the Introductio
three different calibration approaches have been mentio
Here, two of these approaches are used to calibrate the s
for the atomic hydrogen measurements. The first appro
uses a ‘‘flow-tube reactor’’ as a source of ground-state
atoms, in which the atomic hydrogen concentration is de
mined by a titration. This method is based on we
established flow reactor and titration techniques
chemistry,24 and is commonly accepted for LIF measur
ments of ground-state atomic radical densities in plasm
The method, though, is experimentally quite elaborate
needs careful execution. Of course, one needs to have a
able a flow-tube reactor specifically adapted to the plas
chamber in which the LIF measurements are performed,
one should attain proper control of the chemistry in this
actor for a reliable calibration result.

The second approach avoids the cumbersome gener
of a known amount of atomic hydrogen radicals from
independent source. Instead, a LIF signal is generated fro
fixed pressure of a different, stable species by a compar
two-photon excitation scheme. The H density in the plas
jet can then be determined from the ratio of the LIF sign
when the ratio of the two-photon excitation cross section
known. This method is more elegant and experimentally
more easy than the first one, but it relies on critical cro
section data not yet confirmed by other experiments.

We will first address both methods separately, and m
an assessment based on their comparison afterwards.

A. Titration in a flow-tube reactor

A scheme of the flow-tube reactor is depicted in Fig. 8
has been designed to allow implementation in the setup
Fig. 1 without changing any of the other components.
small amount of molecular hydrogen that is diluted in heliu
flows through a quartz tube that is mounted through the c
ter of a Beenakker-type microwave cavity.46 Atomic hydro-
gen is produced in the flow-tube by dissociation of H2 in the
microwave discharge~typical power of 50 W! that is sus-
tained in the cavity. The main flow continues down t
quartz tube and a 0.5 m long teflon tube, transporting
atoms to a position 60 cm downstream from the discha
and only 1 or 2 mm away from the scattering volume of t
laser where they are detected with identical excitation a
detection geometry and efficiency as in the ETP. The tu
material has been chosen to minimize the H atom loss
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tween the microwave discharge and the point where H
detected. The length of the tube, or better the transport ti
ensures that no excited H atoms arrive at the scattering
ume of the laser.

The amount of H present in the scattering volume a
responsible for the observed signal is determined via a t
tion with NO2. The NO2 comes from a calibrated mixture o
2.11% NO2 in He that can be added to the main flow via
small insert that enters the main transport tube near the
of it. The end of the small titration tube is perforated arou
its perimeter to enhance the mixing with the main flow. T
titration actually determines the H density in the mixing r
gion. To ensure that this density is as close as possible to
H density responsible for the LIF signal in the laser scat
ing volume, the mixing region should be as close to the e
of the main tube as possible. The 3.5 cm distance betw
the end of the titration tube and the exit of the main tu
however, is the minimum distance needed for the titrat
reaction to be complete, as will be discussed below. T
distance is small compared to the length of the main tu
and it can therefore be safely assumed that the ground-
H density is constant over the last 3.5 cm of the flow tu
All flows in the flow-tube reactor are accurately controll
with mass flow controllers.

Upon addition of NO2, H atoms are lost in the fast re
action:

H1NO2→OH1NO, ~5!

with a rate constantk of 1.3310210cm3/s.47 Solving the
symmetric set of rate equations

FIG. 8. Scheme of the flow-tube reactor that is used for the calibratio
the atomic hydrogen fluorescence signal. H is produced from a He–H2 flow
in a ~Beenakker-type! microwave cavity and transported via inert quartz a
teflon tubes to the laser excitation volume. The original amount of H pre
in this volume is determined via a titration with an accurately control
NO2 flow that can be admixed to the main flow just before the excitat
volume.
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dnH

dt
52knHnNO2

5
dnNO2

dt
~6!

for the densitiesnH and nNO2
of H and NO2, respectively,

shows that whent→`, i.e., when the reaction is complete
the remaining H density depends linearly on the initial NO2

density. Figure 9 shows a typical titration curve, i.e., a m
surement of the H fluorescence signal from the flow-tu
reactor as a function of the admixed NO2 flow. The depen-
dence is recorded both in a series with increasing flow~up!
and in one with decreasing flow~down!. The H LIF signal
decreases linearly with increasing NO2 flow, as it should,
until it becomes indistinguishable from the background~end
point of titration!. Given the 1:1 stoichiometric ratio of th
titration reaction, the NO2 densitynNO2

(T) at thex intercept in

Fig. 9, which is necessary to remove all H atoms, equals
original H densitynH at the beginning of the titration tha
gives rise to the LIF signal at they intercept, or

nH5nNO2

~T! 5ntot•

FNO2

~T!

F tot
5

p

kT
•

FNO2

~T!

F tot
, ~7!

with p and T the pressure and temperature in the ves
respectively,k Boltzmann’s constant,FNO2

(T) the NO2 flow

rate, and the subscript ‘‘tot’’ denoting the total density
flow. During the titration, the total flowF tot is kept constant
in order to keep the pressurep in the vessel constant. Th
increasing flow of the calibrated NO2–He mixture is bal-
anced by a decreasing additional pure He flow in the sm
titration tube.

The first equality in Eq.~7! only holds under certain
conditions. First of all, the titration reaction should be co
plete, i.e., there should be enough time for all the particle
react before they reach the laser scattering volume. This c
dition can be quantified by evaluating the solution of the
of equations~6! for the case that the initial NO2 density
nNO2,0 ~at t50! approaches the initial H densitynH,0, i.e.,
near the end point of titration. This yields

f

nt

FIG. 9. H fluorescence signal from the flow-tube reactor vs the admi
NO2 flow. The dependence is recorded both in a series with increasing
~up! and in one with decreasing flow~down!. The linear fits to these serie
both intersect the ordinate at a value for the NO2 flow of ~0.6960.04! sccm.
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nH~ t !5
nH,0

11knH,0t
. ~8!

The end point of titration (nNO2,05nH,0) is only sharply de-
termined@nH(t)50# if knH,0t@1. This is the condition for
linearity and complete titration.

In addition, the@NO2#/@H# stoichiometry should be 1:1
Other reactions that could change the stoichiometry sho
only play a minor role. The secondary reactio
OH1OH→H2O1O and O1OH→O21H are significantly
reduced at the low H concentrations in the flow-tu
reactor,17,48 and other interfering reactions such
O1NO2→O21NO and OH1H2→H2O1H are made negli-
gible by diluting both NO2 and H2 in He.17 The second
equality in Eq.~7! implies the assumption of efficient mixin
between the NO2/He flow from the titration tube and th
main flow.

A proper density calibration furthermore avoids a ‘‘se
generated signal.’’ As already stated in Sec. IV, the photo
sis of H containing molecules by the UV laser, producing
atoms that are subsequently measured in the same
pulse, disturbs the proportionality between the initia
present lower-state density and the observed LIF signal. T
effect is likely to occur in the flow-tube reactor since it us
a microwave plasma for the production of H atoms, a
these plasmas are known to produce, for instance, amm
with only small quantities of nitrogen present in th
plasma.16 The occurrence of UV photolysis of impuritie
from the flow-tube reactor can be easily checked by exa
ining the Doppler width of the H LIF signal. This shoul
yield a temperature close to room temperature. As alre
pointed out in Sec. V, impurities can be identified by
apparent high atom temperature. The Doppler width of th
LIF signal from the flow-tube reactor corresponded to a te
perature of'400 K, which is slightly elevated above room
temperature. We strongly believe, however, that this is
the result of photolysis of impurities. It is more likely th
residual temperature from the microwave plasma in wh
the H atoms are produced.

In the titration shown in Fig. 9, the end point of titratio
is not very sharply determined and is therefore derived fr
a linear fit to all the data points except for the ones at the
highest NO2 flow rates, yieldingFNO2

(T) 50.6960.04 sccm.

The corresponding initial H density can now be derived fro
Eq. ~7! using the settingsp52.43102 Pa, T5300 K, and
F tot5504 sccm, resulting innH5~7.862.6!31019m23. The
accuracy innH is mainly determined by the relatively larg
uncertainty in the value for the vessel pressurep that was
read from a mechanical manometer. This is currently sub
to improvement.

We can now evaluate the condition for linearity a
complete titration, i.e., the value ofknH,0t. The reaction time
t is determined by the 3.5 cm distance between the end o
titration tube and the exit of the main tube and by the fl
velocity. Using the above values yieldst52.1 ms and
knH,0t521. This shows that the condition for linearity an
complete titration is only just fulfilled. According to Eq.~8!,
the remaining H density at the end point of titration is'5
31022nH,0, which corresponds to a signal value of abou
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mV in Fig. 9. This is in agreement with the measured sig
at the end point of titration that is determined from the line
fit.

The H fluorescence signal in Fig. 9 is expressed as
amplitude of the PMT signal on the oscilloscope. This sig
value sensitively depends on the laser pulse energy~120 mJ
for this case!, the laser frequency, and the degree of over
of the excitation volume with the detection volume. The d
ference between the signal value at the beginning of the
measurement series~up! and at the end of the second seri
~down! is indicative of the reproducibility of the measure
ment. It is therefore of upmost importance to change as li
as possible when switching between the recording of the
LIF signal from the flow-tube reactor and that from the e
panding thermal plasma. In practice this means that the
measurements should be performed directly after each o
Finally, when converting H LIF signal values from the ET
to H densities one should take into account that the la
linewidth is smaller than the width of the induced transitio
Since the H atom temperature in the two recordings w
generally be different, this demands one to compare o
spectrally integrated signal values. Thus by scaling the ab
found H density with the ratio between the spectrally in
grated LIF intensity from the plasma jet and that from t
flow-tube reactor, we are able to determine the spatially
solved absolute H density in the ETP.

Now that we have quantitative H density values, we c
estimate the detection limit of the two-photon excitati
laser-induced fluorescence technique for ground-state ato
hydrogen in the plasma jet. From the density measurem
we infer a noise-equivalent two-photon LIF detection lim
for H in our experimental setup of 1015m23. Notice that the
solid angle of detection is limited to 4.931022 sr by the
geometry of our experimental setup. In smaller setups
detection limit can be smaller by a factor proportional to t
increase in solid angle. The absolute accuracy of the den
measurements depends on the accuracy of the calibra
which is currently limited to 33%. The relative accuracy~re-
producibility!, however, depends on the signal-to-noise ra
in the LIF measurements and can be orders of magnit
better~see, for instance, Fig. 5!.

B. Two-photon excitation of krypton

The basic idea behind a radical density calibration us
a known density of a stable species is to find and use
excitation and detection scheme in a stable species as sim
as possible to that of the radical. This warrants a compara
response@Eq. ~1!# to the laser excitation, especially when~in
addition! the excitation wavelengths are close to each oth
which allows the excitation conditions~laser spectral, tem-
poral, and beam profile, intensity, and focusing! to be the
same in the two LIF measurements.

The excitation and detection scheme for krypton tha
used in the atomic hydrogen density calibration is depic
on the right in Fig. 2. In this scheme Kr is excited with tw
204.2 nm photons from the 4p6 1S0 ground state to the
5p8@3/2#2 state. The resulting nonresonant fluorescence fr
this state to the 5s8@1/2#1 state is detected at 826 nm. Figu
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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2 clearly shows the resemblance of the H and Kr excitat
and detection schemes. In both schemes the excitation is
two-photon transition, which gives a quadratic response
the laser intensity in the small signal limit~low laser inten-
sity!. The wavelengths used for excitation are in additi
nearly equal and can actually be generated from the s
dye solution in the tunable dye laser. This means in prac
that we can switch between H and Kr measurements wi
an instant; the laser is tuned to the other wavelength and
the fluorescence filter in front of the PMT has to be replac
In the quadratic regime and under equal excitation con
tions, the ratio of the~temporally and spectrally integrated!
fluorescence signalsSX that are given by Eq.~1!, where
X5Kr or H, reduces to27–29

SKr

SH
5

nKr

nH

sKr
~2!

sH
~2! S I KrnH

nKrI H
D 2 AKrtKr

AHtH

TKr

TH

zKr

zH
. ~9!

Here nX is the ground-state density of X atoms,I X is the
corresponding laser beam energy,nX is the photon frequency
AX is the Einstein transition probability for the detect
spontaneous emission,tX is the lifetime of the excited state
TX is the transmission of the optical detection branch for
detected fluorescence, andzX is the detector quantum effi
ciency at the corresponding wavelength. The solid angle
is captured by the detection optics and the gain of the pho
detector are the same in the two LIF measurements. The
of the two-photon excitation cross sectionssX

(2) has recently
been measured to besKr

~2!/sH
(2)50.62.27

For the Kr LIF measurements the vacuum chamber
been filled with 10 Pa Kr at room temperature which cor
sponds to a Kr density of 2.431021m23. The two-photon
transition in Kr, that is induced here for the H density ca
bration, is easily saturated. The transition is, for instan
known to readily generate ASE, enhanced by its small D
pler width.49 Since Eq.~9! only holds in the quadratic re
gime, special care has been taken to avoid saturation o
transition. Figure 10 shows a measurement of the Kr fluo

FIG. 10. Two-photon excitation laser-induced fluorescence signal of ato
krypton as a function of the 204 nm laser pulse energy. The solid lines
fits to the experimental data. Two separate regimes can clearly be d
guished. The Kr LIF signal depends quadratically on the laser intensity
laser pulse energies below 0.18 mJ.
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cence signal at resonance as a function of the laser p
energy. Two different regimes can be clearly distinguish
At energies below 0.18 mJ the Kr fluorescence yield is
quadratic function of the laser energy. At higher energies
transition starts to saturate and in this regime the Kr L
signal has a lower order response to the laser intensity.
Kr LIF measurements for the H density calibration ha
therefore been performed at a 0.12 mJ laser pulse ene
From Fig. 3 we know that the H two-photon transition do
not saturate for laser pulse energies<1 mJ. For the calibra-
tion measurements on H a 0.4 mJ laser pulse energy has be
used.

As already mentioned in Secs. III and IV, the lifetimetH

of the H n53 excited state has been measured to be~10.0
60.1! ns, which suggests a statistical distribution of t
population over then53 sublevels. This is independent o
the position in the plasma jet and of the plasma paramet
as discussed in Ref. 34. The lifetimetKr of the Kr 5p8@3/2#2

state is found to be~35.462.7! ns, in agreement with the
value recently measured by Niemiet al.27 This value differs
from the previously reported radiative lifetime of this sta
~26.9 ns50!. We obtain the productAKrtKr from the branching
ratio of the observed Kr transition, which is 0.95.50 This
implies a value of 2.73107 s21 for the Einstein coefficient
AKr . Table I summarizes the values of all paramet

FIG. 11. Comparison between absolute atomic hydrogen density pro
along the expansion axis that are calibrated via a titration in a flow-t
reactor~j! and via two-photon excitation of krypton~n!.

ic
re
in-
r

TABLE I. Values of the parameters involved in the H density calibration
two-photon LIF of krypton, using Eq.~9!. The transmissionT of the optical
filters in the detection branch for the respective fluorescence wavelen
has been measured with a FT spectrometer. The PMT quantum efficienz
for the Kr fluorescence wavelength~826 nm! has been measured relative t
the one for the H Balmer-a fluorescence~656.3 nm! with a ribbon lamp.

Kr H

Ilaser~mJ) 0.12 0.39
n ~cm21! 48 972.985 48 746.15
A (s21) 2.73107 4.43107

t ~ns! 35.4 10.0
T 0.95 0.447
z ~relative! 0.088 1.0
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involved in the H density calibration via krypton, usin
Eq. ~9!.

Figure 11 shows two axial profiles of the absolute atom
hydrogen density in the expansion of a thermal Ar–
plasma. One density profile is calibrated via a titration in
flow-tube reactor, the other via a two-photon LIF measu
ment of krypton. The axial profiles are plotted in the regi
between 50 and 100 mm from the cascaded arc nozzle
this supersonic region the plasma jet characteristics
mainly determined by the cascaded arc geometry and pa
eter settings, which were the same for the two density pro
measurements. The comparison shows that the H density
ues determined by the two different methods agree quite
with each other when the two-photon excitation cross-sec
ratio sKr

~2!/sH
(2)50.62 from Ref. 27 is used. Actually, ther

seems to be a small systematic difference between the
profiles. We can alternatively calibrate the new ‘‘rare g
method’’ with the ‘‘flow-tube reactor method.’’ Putting th
two profiles on top of each other givessKr

~2!/sH
(2)50.56. These

values agree with each other within the experimental ac
racy estimated to be around 50% in both cases. This c
parison therefore validates the H density calibration via
two-photon LIF measurement of Kr, which is experimenta
far more easy than the calibration with the flow-tube reac
once the values of the parameters in Eq.~9! are accurately
determined.
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