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Transport of ground-state hydrogen atoms in a plasma expansion

S. Mazouffre, M. G. H. Boogaarts, I. S. J. Bakker, P. Vankan, R. Engeln, and D. C. Schram
~Received 27 November 2000; revised manuscript received 8 March 2001; published 26 June 2001!

The transport of ground-state atomic hydrogen in the expansion of a thermal plasma generated from an
Ar-H2 mixture is studied by means of laser-based diagnostic techniques. The flow of hydrogen atoms is
investigated by two-photon excitation laser-induced fluorescence~LIF!, whereas Ar atoms are probed by LIF
as well as by UV Rayleigh scattering. The transport of Ar atoms can be fully understood in terms of a free jet
flow; H atoms on the contrary exhibit an anomalous behavior. In the course of the plasma expansion, hydrogen
atoms decouple from the argon fluid by a diffusion process as a direct consequence of recombination of H
atoms at the vessel walls. In this contribution it is shown, on the basis of experimental results, how plasma-
surface interactions can strongly influence the flow pattern of an atomic radical fluid.

DOI: 10.1103/PhysRevE.64.016411 PACS number~s!: 52.25.Fi, 52.35.Tc, 47.40.Ki, 52.70.2m
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I. INTRODUCTION

Understanding the transport of atomic radicals in a plas
expansion, i.e., the flow pattern and the interactions with
surrounding gas, is of interest from several aspects. Fro
fundamental point of view, a plasma expansion is a v
general physical phenomenon that covers a broad rang
dimensions, ranging from astrophysical objects@1# to small
laser spots@2#. In comparison with the expansion of a neutr
gas, plasma expansion is a more complex phenomenon
instance, different kind of particles are present~neutral, ion,
electron, photon!, current and electric fields can be gene
ated, and the flow is often not isentropic. From a technolo
cal perspective, due to their high reactivity, atomic radic
play a major role in plasma chemistry and therefore are
relevance for industrial applications like deposition of th
films @3,4,5# and surface modification@6#.

From a practical point of view, it is advantageous to stu
the physics of expanding plasmas on the intermediate s
as then the system is well suited for diagnostics. In this c
tribution, we focus on the transport of ground-state hydrog
atoms in the expansion of a thermal plasma generated f
an Ar-H2 mixture by a dc wall-stabilized arc plasma sourc
Such a plasma jet can serve as an example, and the re
obtained may be generalized to other kind of localiz
plasma expansion, like solar outbursts and laser sp
Atomic hydrogen is of particular interest. Such a light radic
plays an important role in the field of nuclear fusion, e.
Tokamak plasmas@7#, as well as in numerous manufacturin
techniques employing processing plasmas. Furthermore,
one of the main components of both stellar and interste
matter.

In order to clearly understand the dynamics of such
plasma jet, both neutral Ar atoms and H radicals have to
probed in such a way that the plasma flow is not disturb
The local argon atom density is monitored by means of
Rayleigh scattering whereas the Ar velocity and tempera
are measured by means of laser induced fluorescence~LIF!.
The detection of ground-state hydrogen atoms is more c
bersome due to the large energy gap between the elect
ground state and the first excited states. Hydrogen atoms
spatially probed by means of two-photon absorption la
induced fluorescence~TALIF !. By applying this method for
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different positions in the expansion, the H distribution in t
plasma jet in terms of density, temperature, and velocity
been completely mapped.

In a foregoing paper@8#, we have shown that the transpo
of H radicals, contrary to that of argon neutrals, cannot
entirely described in terms of the well-established free
flow picture. Hydrogen atoms exhibit a very specific beha
ior. Whereas the occurence of a stationary shock wave
clearly be identified on both the temperature profile and
velocity profile along the jet centerline, there is no dens
discontinuity throughout the shock front. This leads to a no
conservation of the H atom forward flux. It was stated tha
radicals can escape the core of the plasma jet by a diffu
process induced by the presence of large density gradi
between the jet and its periphery. The latters arise from
recombination of H at the vessel walls that leads to the f
mation of H2 molecules. In this contribution, we will analyz
in detail the atomic radical anomalous shock wave patte
and we will demonstrate that the hypothesis of outward d
fusion controlled by density gradients can fully explain t
measurements. It is also a purpose of this paper to add to
literature detailed measurements of the radical flow cha
teristics in a plasma expansion.

II. PLASMA JET AND EXPERIMENTAL ARRANGEMENT

The cascaded arc@9# is operated at a 40 A dc current, an
with a cathode-anode voltage of 100 V. In normal con
tions, a gas flow of 3.0 standard liters per minute~slm! Ar
and 0.5 slm H2 is used. The diameter of the arc channel is
mm, the stagnation pressure inside the arc is 0.6 atm and
opening angle of the arc nozzle is 45°.

The cascaded arc thermal plasma expands supersoni
into a vacuum vessel~length 3 mm, diameter 0.36 m! where
the background pressure (pback) can be varied almost inde
pendently from the gas flow, from 10 Pa to 1 atm. Beca
the plasma expands from the orifice of the arc into a reg
with a finite pressure, a well-defined free jet shock wa
structure@10–12# is produced due to the interaction of th
supersonic flow with the ambient gas.

In the case of an Ar-H2 mixture, a fast lowering in the
electron density appears soon after the onset of the expan
@13#. At an electron temperature of 1 eV this ionization lo
©2001 The American Physical Society11-1
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is due to the production of hydrogen atoms by the associa
charge exchange reaction

Ar11H2→ArH11H k51.2310215 m3 s21, ~1!

followed by the dissociative recombination reaction@14–16#

ArH11e2→Ar1H* k'10213 m3 s21. ~2!

Thus, using a 6:1 Ar-H2 mixture, at the arc outlet, the plasm
jet turns into almost a gas jet composed of Ar and H ato
and of H2 molecules. Both the amounts of H and H2 depend
on the dissociation degree of the source that is very likely
be close to 1@17#. Beyond the Mach disk, the gas expan
subsonically and mixes with the residual background g
Then the evolution of the flow is determined by the circu
tion pattern in the vessel, which is a direct consequenc
the large residence time~t res'1 s at 20 Pa!. Furthermore, as
the diffusion time is much shorter than the residence ti
(tdiff,H'1 ms at 20 Pa!, there is ample time for plasma-wa
interactions.

In this experiment, ground-state hydrogen atoms are s
tially probed by using two-photon absorption laser-induc
fluorescence~TALIF ! @18–20#. The experimental method i
described elsewhere@20,21#, and only a short overview is
presented here. A simplified scheme of the setup is depi
in Fig. 1. A tunable 20 Hz Nd: yttrium aluminum garn
~YAG! pumped dye laser delivers radiation around 615 n
The output of the dye laser is frequency tripled using n
linear optical crystals resulting in 2 mJ of tunable UV lig
around 205 nm with a measured bandwidth of 0.2 cm21. The
UV laser beam is focused either perpendicular or paralle
the plasma expansion axis.

FIG. 1. Schematic view of the experimental arrangement. T
plasma is created in a cascaded arc and it expands freely from
source nozzle into a vacuum chamber. The jet diameter is aroun
mm in the subsonic domain~depending on the background pre
sure!, and the vessel diameter is 360 mm. The UV laser beam
used to perform both TALIF and Rayleigh scattering measu
ments. It can be directed either perpendicular or parallel to the
axis, which allows for the measurement of (T' ,wr) and (Ti ,wz),
respectively.
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Hydrogen atoms are excited with two 205 nm photo
from the 1s2S ground state to the 3d2D and 3s2S states. The
laser beam intensity is low enough to avoid any paras
effects such as stimulated emission, production of H1, and
dissociation of H2 molecules. The excitation is monitored b
detection of the resulting fluorescence yield on the Balmea
(Ha) line at 656 nm using a gated photomultiplier tub
~PMT!. A narrow-band width interference filter (Dl
510 nm) is used to isolate the Ha line from the plasma emis
sion. A slitmask is used to define the detection volume~,1
mm3! which dimensions are smaller than any gradient sc
length. The PMT signal is recorded by means of an osci
scope connected to a computer. The dye laser frequenc
calibrated by the simultaneous recording of the absorp
spectrum of molecular iodine. From a spectral scan over
two-photon transition, the local H atom density, temperatu
and velocity along the laser beam are measured. Note
the measurements are performed in succession. Abso
number densities are obtained by calibrating the TAL
setup by means of a titration reaction with NO2 in a flow
tube reactor@21,22#. To compensate for the pulse-to-puls
energy fluctuation any data point that composes the spe
profile is an average over 256 laser shots.

The UV laser beam at 205 nm is also employed to m
sure the argon heavy-particle density by means of Rayle
scattering @23,24#. The polarized, scattered radiation
205 nm is detected at an angle of 90° using a gated s
blind PMT, as shown in Fig. 1. A dielectric UV mirror cen
tered on 205 nm (Dl510 nm) is used to filter out the
plasma background light. The amount of stray light is
duced by means of a set of diaphragms and by using w
dows at Brewster’s angle. Although the amount of photon
205 nm is much smaller than the amount of photons that
be generated at for instance, 532 nm with our Nd:YAG las
the differential scattering cross section at 205 nm is ab
60 times larger than at 532 nm@25#: s53.6310230m2 at
205 nm ands55.6310232m2 at 532 nm. The current de
tection limit in an Ar-H2 plasma is around 1020m23: it does
not permit us to accurately measure the Ar density in
shock region at a background pressure below 40 Pa.

III. TRANSPORT OF ATOMS ALONG THE JET CENTER
LINE

A. Argon atoms

In the case of an expanding argon plasma, it has b
demonstrated experimentally@26# that the expansion of neu
tral atoms can be well understood in terms of an adiab
supersonic expansion of an ideal gas@10#. Furthermore, the
entire axial density profile can be described by a quasi-o
dimensional model based on hydrodynamic equations@26#,
despite the fact that the Knudsen numberKn inside the su-
personic domain is rather high. For instance, at a 40 Pa b
ground pressure,Kn50.1 ahead of the stationary shoc
wave. Later, this model has been extended to study the
of an expanding argon plasma seeded with a small amoun
molecular hydrogen@13#.

The development along the jet center line of the Ar hea
particle density, measured by means of UV Rayleigh scat
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TRANSPORT OF GROUND-STATE HYDROGEN ATOMS IN . . . PHYSICAL REVIEW E64 016411
ing for a 6:1 Ar-H2 mixture, is shown in Fig. 2 for two
different background pressures. Our data are in agreem
with foregoing measurements obtained in the case of a p
Ar plasma@13#, see Fig. 2. It implies that the Ar flow is no
disturbed by the presence of H and H2. From the conserva
tion laws in stationary state, and under the assumption
the particles originate from a point source and flow alo
straight stream lines, one can obtain the theoretical exp
sion for the density development along the jet centerline

n~z!5n0

zref
2

~z1zsource!
2 . ~3!

In Eq. ~3!, n0 is the density in the source,zref is a scaling
length equal to the source nozzle radius in the case of a
degrees expansion, andzsource is the position of the virtual
point source. This formula is similar to the one used to
scribe the supersonic expansion of an inviscid gas throug
sonic orifice in the field of gas dynamics@10,27#. The axial
density decay starts at some positionzsourcedepending on the
source nozzle geometry, e.g., several nozzle diameters in
case of a straight orifice. This decrease in density describ
rarefaction effect due to the increase in the jet cross sec

The measured Ar density profiles in Fig. 2, are fitt
according to Eq.~3!. As can be seen, the experimental da
are well described by the theoretical expression. Up
the stationary shock front the density decrease is not affe
by a change inpback, meaning that the supersonic domain
the expansion can be considered as a closed domain
rounded by a shock-wave structure@11,26#. From the fit,
both length parameters can be estimated. We find
zref53.060.2 mm and thatzsource53.060.2 mm. This means
that the virtual point source, i.e., the start of the expansion
located 3 mm inside the nozzle. This is a direct conseque
of the use of a diverging nozzle. The density jump across
normal shock wave, which results from the conservation

FIG. 2. Axial density profile of Ar neutrals at 42 Pa~open
circles! and 100 Pa~solid triangles! background pressure in the ca
of an Ar-H2 mixture. The solid line represents a fit using express
~3!. Also shown is the Ar axial density profile measured in the c
of a pure Ar plasma~star! at pback540 Pa.
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the forward flux, can clearly be seen in Fig. 2. From t
Rankine-Hugoniot relation@28# the compression ratio is
found to be 3 at 20 Pa and 4, i.e., the maximum compres
ratio, at 100 Pa. The slow increase in Ar density in the s
sonic region is due to a cooling of the gas by heat trans
the static pressure being constant. The velocity of Ar ato
in an expanding Ar-H2 thermal plasma jet created by a ca
caded arc, has recently been determined by measuring
Doppler shift in a LIF experiment on metastable Ar@29#. The
development of the Ar axial velocity component along t
plasma jet axis atpback520 Pa is shown in Fig. 3.

The general shape of a velocity profile can be descri
using theory developed in the field of gas dynamics@28#, and
it has been explained elsewhere for both H atoms@8# and Ar
atoms@29#. In short, behind the source exit, the argon gas
first accelerated to supersonic velocities over a few sou
nozzle diameters due to conversion of thermal energy ga
in the source into kinetic energy. If the background press
is low enough, the flow reaches a steady state, the so-ca
frozen regime, in which the velocity stays constant. Suc
velocity plateau is visible in Fig. 3 for the Ar case. As ca
also be seen in Fig. 3, in the supersonic domain, the m
surements are in good agreement with a theoretical calc
tion. Then the expanding gas collides with the residual ba
ground gas that results in the formation of a stationary sh
wave over which the flow experiences a transition from
supersonic to the subsonic regime. Behind the shock,
flow pattern is mainly determined by the geometry of t
vessel. The flow velocity decreases due to momentum tra
fer to the ambient gas particles, and in this regime, the tra
port of any particles is mainly controlled by diffusion.

B. Hydrogen atoms

1. Anomalous density profile

Contrary to the argon case, hydrogen atom axial den
profiles do not exhibit any jump throughout the stationa

n
e

FIG. 3. Axial component of the velocity along the jet centerli
for Ar, H, and D atoms at a 20 Pa background pressure. The
coupling between H(D) and Ar inside the supersonic domain ca
clearly be seen. The theoretical Ar velocity profile in the superso
domain~dashed line! is in good agreement with the measuremen
1-3
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S. MAZOUFFREet al. PHYSICAL REVIEW E 64 016411
shock front, as can be seen in Fig. 4, while the drift veloc
drops, as can be observed in Fig. 3. This means that
forward flux of H atoms is not conserved in the shock regi
This striking demonstration of an anomalous H atom sh
pattern has been reported in a foregoing paper@8#. It is pos-
tulated that strong density gradients between the core of
jet and its surroundings, due to a low H concentration in
background gas, are responsible for an outward diffusion
H atoms. The efficient destruction of hydrogen ground-st
atoms at the wall of the vessel@30#, where they recombine to
form molecular hydrogen@31–33#, is responsible for the
very low H background density. In neutral gas mixture e
pansions migration of the light species towards the edge
the jet has been observed within the first millimeters of
flow @12#. In this region, this so-called mass focusing effe
arises from a mass-dependent kinetic energy.

One can exclude under our experimental conditions tha
atoms recombine in volume during the expansion proces
form molecular hydrogen, which would also lead to a no
conservation of the axial H flux. The chemical reactions t
have to be considered are the three-body reactions@34#

H1H1Ar→H21Ar, k59.8310242 m6 s21,

H1H1H2→H21H2, k'2310242 m6 s21, ~4!

H1H1H→H21H, k54.5310244 m6 s21,

FIG. 4. Axial density profile of H for different background pre
sures. Contrary to the Ar profiles, there is no density jump throu
out the stationary shock front, implying that the forward flux is n
conserved. The curves are the result of a fit using Eq.~6!.
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as well as the two-body reaction@35#

H1H→H2 k510221 m3 s21. ~5!

Furthermore, as already mentioned in Ref.@8#, the steep-
ness of the density decay within the supersonic domain
pends onpback, which means that H atoms that come fro
the source receive information about the standing amb
gas. This proofs that a shock-wave structure does not for
totally closed system. As shown in Fig. 4, the H axial dens
profile ahead of the shock wave can be well described b
modified point source expansion law of the form

n~z!5n0

zref
b

~z1zsource!
b . ~6!

where the exponentb is larger than two, because an outwa
diffusion effect is superimposed on the normal rarefact
effect. The length parameterszref andzsourceare taken to be
the ones determined from the Ar measurements. The va
of n0 andb depend onpback and are listed in Table I. It can
clearly be seen thatb gets closer to two as the pressu
increases, meaning that H atoms get better confined in
the supersonic jet. In other words, it becomes more diffic
for H to cross the barrel shock wave at highpback, since the
local mean free path decreases. This also explains why th
density behavior in the ambient gas depends onpback, as can
be seen in Fig. 4.

2. Perpendicular temperature

The axial profile of the atomic hydrogen perpendicu
temperatureT' ~associated with the velocity distribution pe
pendicular to a stream line! is depicted in Fig. 5 for two
different values ofpback. The temperature profiles clearl
reveal the presence of a stationary shock front across w
T' raises due to the conversion of the jet particle kine
energy into random thermal motion. As predicted by t
theory, both the position and the width of the shock fro
depend onpback @12#. In the supersonic region of the expa
sion, a strong cooling effect occurs because the thermal
ergy gained by the particles in the plasma source is c
verted into kinetic energy by means of collisions. For
adiabatic process, the energy equation can be replaced b
Poisson adiabatic law@28#

S n

n0
D g21

5
T

T0
, ~7!

-
t

bscript
d

TABLE I. Parameters governing the H atom expansion at different background pressures. The su
o refers to the source region. The variableb is linked to the on-axis H atom density decay, see Eq. 6, ang
is the quasiadiabatic exponent.

pback ~Pa! 16 20 42 100

no(m23) (5.661.0)31021 (2.260.2)31021 (5.661.0)31021 (2.260.2)31021

b 2.6560.10 2.3560.05 2.2060.05 2.1060.05
g 1.4060.10 1.4060.04 1.5060.15 1.4560.05
To ~K! 900063000 48006600 810063500 56006800
1-4
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TRANSPORT OF GROUND-STATE HYDROGEN ATOMS IN . . . PHYSICAL REVIEW E64 016411
whereg is the adiabatic exponent which is equal to 5/3 fo
monoatomic gas. By plotting the H atom temperature a
function of the density, the isentropic exponent can be ev
ated. The value ofg for various values ofpback is listed in
Table I. As can be seen,g for H radicals has the almos
constant value 1.4. The fact that the measuredg is smaller
than the theoreticalg for a monoatomic gas means that, co
trary to a neutral gas expansion, the supersonic expansio
a plasma is nonadiabatic@36#. As can be seen in Fig. 5, th
measured temperature is well above the theoretical isentr
temperature. In the case of a plasma expansion, the coo
of neutrals in the supersonic domain can be disturbed by
transfer from both the source and the hot background
behind the shock front. Re-entry of background gas into
supersonic domain through the barrel shock wave can
disturb the flow, especially at low pressure@29#. In Fig. 5, a
fit to the measured data is shown using the adiabatic law w
measuredb and g. The source temperatureT0 , that corre-
sponds to the temperature inside the arc nozzle, is foun
be close to 0.5 eV, independent ofpback.

3. Axial velocity component

The measured axial profiles of the axial velocity comp
nents of H andD are shown in Fig. 3 for a backgroun
pressure of 20 Pa. Also the Ar velocity profile is shown. T
shape of the H andD velocity profile along the jet center lin
is very similar to the Ar one. This means that the mec
nisms responsible for the H andD axial velocity develop-
ment are connected to those that determine the Ar pro
Throughout the supersonic domain, the H(D) velocity is
higher than the Ar velocity. The decoupling between the
fluid and the radical fluid, which is already present at t
source exit, is a direct consequence of losses of H atom
the walls. A possible way of describing the hydrogen d
velocity is to consider this velocity as the sum of the arg
drift velocity and a diffusion term. The diffusion velocity
that contains implicitly the H-density gradients, would co
trol the H flow relative to the Ar flow. More theoretical an

FIG. 5. H perpendicular temperature profile along the jet c
terline for two different background pressures. Also shown are
theoretical temperature profiles withg51.45 ~solid line! and with
g55/3 ~dashed line!. The source temperature is found to be 0.5 e
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computational works are needed to validate this idea. No
theless, primary works using an hydrodynamic approach
model the Ar-H flow, seem to confirm this view. Behind th
shock wave, all velocities are about the same, meaning
all particles are well coupled. This is a consequence of
much higher collision frequency in the subsonic doma
However, across the stationary shock front, the veloci
differ substantially, the atomic hydrogen velocity bein
lower than the argon velocity. Because of collisions in t
shock, we can expect the difference in velocity to slow
diminish. It can also be seen that the H(D) velocity starts to
decrease earlier than the Ar velocity. This effect is not
well understood.

IV. USE OF A LIGHT CARRIER GAS

In order to study the influence of the mass on the rad
transport mechanism, the carrier gas has been changed
gon (mAr540 amu) has been replaced by helium (mHe
54 amu). The parameters are the following: the arc curr
is 50 A, the cathode-anode voltage is 140 V, the He flow
2 slm, the H2 flow is 0.5 slm and the background pressure
20 Pa. The source geometry is identical to the one used in
Ar-H2 mixture case. An admixture of less than 2% Ar gas
used to prevent a too fast degradation of the cascaded
cathode tips. Thus, the average mass of the mixture is e
to 4.3 amu, using the fact that the plasma source deliv
mainly H2 in view of the low measured H density, see Fig.

The results of the measurements are given in Fig. 6.
H density at the source exit is much less, by nearly 2 ord
of magnitude atpback520 Pa, than when Ar is used as
carrier gas@8#. The relatively low-delivered amount of H
arises directly from the way H atoms are created in a He2
mixture @37–39#. The low H temperature at the arc outlet
due to the high-thermal conductivity of the He-H2 mixture.

The sharp rise in the temperature, which occurs beh
the arc exit as depicted in Fig. 6, reveals the occurrence
stationary shock front. In comparison with the results o
tained at the samepback for an Ar-H2 mixture, two remarks

-
e

.

FIG. 6. Axial profiles of the H density and H perpendicul
temperatureT' when He is used as a carrier gas instead of Ar. T
shock front structure is visible in the temperature profile. Howev
no discontinuity is observed in the H density profile.
1-5



S. MAZOUFFREet al. PHYSICAL REVIEW E 64 016411
FIG. 7. Radial profiles of the density~top!,
perpendicular temperatureT' ~middle!, and ra-
dial velocity wr ~bottom! of H atoms for a back-
ground pressure of 16 Pa atz52 mm ~left! and
z58 mm ~right!. The H density profile in the
core of the jet is modeled using Eq.~8! ~solid
line! with a52.4 and 5.5 atz52 and 8 mm, re-
spectively.
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can be made. First, the shock wave is located very clos
the arc exit since the shock position varies with the stag
tion pressure, which at constant flow decreases when
atomic mass decreases@12#. Second, the shock front, whos
thickness is always in the order of one local mean free p
for momentum exchange, is narrow despite a relatively l
neutral-neutral momentum exchange cross section for
This originates from the fact that the shock wave occ
close to the nozzle exit, where the He density is still high

According to the temperature jump, the Mach numberM
is found to be equal to 2.3 ahead of the shock when using
Rankine-Hugoniot relation with a value of 1.5 for the ise
tropic exponentg. With this value forM, the amplitude of
the density jump should be 2.8. However, no significant d
sity jump is observed across the shock wave. This ag
indicates an outward diffusion of H atoms. Despite the sm
mass ratio between He and H, H atoms leave the core o
plasma jet and recombine at the vessel wall. This re
points out the importance of the density gradients in the
atom loss process.

In the subsonic domain of the flow, the temperature
cays fast because of the large thermal conductivity of
mixture, and the density remains relatively constant. Des
the low H density at the source outlet, it is slightly high
behind the stationary shock wave (z.100 mm) than in the
case where Ar is used as a carrier gas. This means that
better transported when the mass of the carrier gas is sm
The gain in confinement when the mass of the carrier ga
closer to that of the transported species is known for my
component neutral beam expansions@12#. But we demon-
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strated that despite a better confinement, the atomic hy
gen anomalous shock-wave pattern does not vanish. A b
transport is of relevance for the downstream chemistry si
the amount of ground-state radicals can be one of the lim
ing factors when an expanding plasma jet is used for t
film deposition @5# or surface modification. Then a goo
compromise has to be found between the quantity of radi
available in front of the surface and the momentum of
carrier gas, which is also used to transport other particles
molecules of the precursor gas.

V. CONFINEMENT OF RADICALS INSIDE THE JET
CORE

In order to have a better insight in the lack of confineme
of atomic hydrogen inside the core of the plasma jet gen
ated from an Ar-H2 mixture, it is of interest to study beam
cross sections at several axial positions. Also the permea
ity of the Ar barrel shock wave needs to be discussed
Figs. 7, 8, and 9, radial profiles of the H atom density, p
pendicular temperature, and radial velocity component
given for pback516 Pa atz52, 8, 20, 50, 80, and 100 mm
behind the arc outlet.

A. Radial profiles of the H density

From the radial density profiles, we observe that the d
sity of atomic hydrogen decreases fast as we move a
from the source exit. This is a direct consequence of
rarefaction effect due to the increase of the beam diame
1-6
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FIG. 8. Radial profiles of the density~top!,
perpendicular temperatureT' ~middle!, and ra-
dial velocity wr ~bottom! of H atoms for a back-
ground pressure of 16 Pa atz520 mm ~left! and
z550 mm ~right!.
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However, this effect is enlarged by the outward diffusi
phenomenon. Contrary to argon, the H jet is never over
panded, i.e., the H atom density inside the jet is never lo
than outside the jet. Across the stationary shock front, fr
z550 to 100 mm, the radial H density profile is flat becau
the diffusion process levels out the density profile.

The shape of the density profile in the core of the plas
beam can be theoretically described. Such a shape c
sponds to a situation in which the jet is underexpanded.
propose the following function

n~r ,z!5n~z!cosa~w!, ~8!

with the anglew given by

w5arctanS r

z1zsource
D , ~9!

wherer is the radial distance andzsourceis the position of the
virtual point source. In the field of gas dynamics, some m
complex functions have been proposed based on experim
tal data@10,40#. The results of fits using Eq.~8! are depicted
in Fig. 7 atz52 and 8 mm. As can be seen in the graph,
function reasonably represents the experimental data in
the jet. However, to obtain such an agreement, the expo
a in Eq. ~8! has to be modified when changing the ax
positionz:a52.4 atz52 mm anda55.5 atz58 mm. In the
classic supersonic expansion picture, the value of this ex
nent only depends on the source conditions and geom
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and ong, but it is a constant in the course of the expansi
Once more the increase ina is connected to an outward los
of H radicals in particular in the outward regions of the je

B. Temperature and radial velocity

The radial profiles of the H atom perpendicular tempe
ture T' clearly show evidence of the quasiadiabatic cooli
effect. They also reveal the structure of the barrel sho
wave.

It can be seen in Fig. 7 that atz52 mm in the core of the
jet T' is not constant. The temperature is higher on axis th
on the sides. This is purely a geometrical effect: the H ato
detected on the sides have travelled more in comparison
those on the jet axis. Then, since the former have underg
more collisions they converted a larger part of their therm
energy into kenetic energy that leads to a lower temperat
At z58 mm, this geometrical effect is almost not noticeab
anymore.

The rise inT' when going off axis is due to collision
with Ar atoms in the barrel shock wave@12#. This tempera-
ture jump defines the boundary of the plasma jet. Then,
hind the barrel shock wave,T' decreases towards the vess
walls because of heat transfer to the background gas. As
be seen in Fig. 7, the background gas temperature is ra
low, around 500 K. In the subsonic domain, the temperat
of flowing H atoms is homogeneous over the jet radius,
can be seen in Fig. 9, and relatively high. This shows that
heat gained in the source is transported mainly forward w
some radial losses due to thermal conduction.
1-7
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FIG. 9. Radial profiles of the density~top!,
perpendicular temperatureT' ~middle!, and ra-
dial velocity wr ~bottom! of H atoms for a back-
ground pressure of 16 Pa atz580 mm ~left! and
z5100 mm~right!.
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The radial profiles of the H atom radial velocity comp
nent also reveal the Ar shock-wave structure. Because o
expansion process, the radial velocity first increases w
moving away from the jet axis. Then when H atoms colli
with Ar atoms in the barrel shock wave, the velocity d
creases since it is converted into thermal energy, and
temperature increases accordingly. As expected, the pos
of the Ar barrel shock as deduced from the H radial veloc
profile does coincide with the position deduced from the c
respondingT' profile.

As can be seen in Figs. 7 and 8, the maximum value
the H radial velocitywr

max decreases asz increases. This is
not predicted in the classical expansion picture. Assum
that the total velocity does not vary with the radial positio
the magnitude of the radial velocity component as a funct
of the radial position for a given axial position can be writt
in the classical picture as follows

wr5wz,0 sin~w!, ~10!

wherewz,0 is the axial speed atr 50 andw is the expansion
angle given by Eq.~9!. In the case of a free jet, the maximu
radial velocity is always reached at roughly the same angw
for a givenpback independent ofz. Since up to the stationar
shock wave the axial velocity increases slightly, as can
seen in Fig. 3,wr

max should then also increase a bit. Howev
it decreases by approximately a factor 3 betweenz52 and
20 mm. By using the measured argon axial drift veloci
shown in Fig. 3, it is possible to estimate with Eq.~10! the
maximum value of the H radial velocity component in ca
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of a perfect coupling between H radicals and Ar atoms. T
velocity is calculated at the boundary of the plasma jet
which the location is taken from theT' profile. The maxi-
mum speed is found to be equal to 1000, 900, and 900 m21

at z52, 8, and 20 mm, respectively. At anyz, the highest H
radial velocity is always larger than the calculated valu
which points out the importance of the radial escape of
radicals. This radial escape process is certainly most imp
tant at the beginning of the plasma expansion where
atomic hydrogen radial velocity component is highest.

The discrepancy between the expected H radial velo
and the measured one not only confirms the idea of a de
pling between H and Ar atoms, but it also suggests that th
velocity is connected to the H density gradients, which
the largest at the beginning of the expansion and that
crease with increasingz.

C. Permeable Ar barrel shock wave

The picture of a strong decoupling between H and Ar
substantiated by comparing the radial profile of the axial a
radial velocity of the H atoms and the radial velocity com
ponents of the Ar atoms@29#. This is done in Fig. 10 for a
position of 8 mm behind the arc outlet and atpback520 Pa.
The data points are plotted as a function of the anglew with
the expansion axis given by Eq.~9!.

This figure confirms the picture of an outward diffusion
H. Moreover, it can be fully understood by considering th
the H density gradient is the driving mechanism of the d
fusion process. First, the graph clearly shows the decoup
1-8
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TRANSPORT OF GROUND-STATE HYDROGEN ATOMS IN . . . PHYSICAL REVIEW E64 016411
between H and Ar atoms. On the expansion axis, both ra
velocity components are zero. Asr increases, i.e., furthe
from the axis, the gap between the two velocities also
creases, the maximum H radial speed being approxima
three times higher than the maximum Ar speed. Second
atoms penetrate and even cross the Ar barrel shock.
decay in Ar radial velocity, due to friction with the standin
gas, indicates the position of the barrel shock. It follo
from the picture that atz58 mm, the expansion angle i
about 30°. But the H atom radial velocity only starts to d
crease beyond the beginning of the Ar barrel shock wa
Moreover, when the Ar velocity is zero, the H velocity is st
high, indicating that H atoms are still moving radially in
the background gas, where Ar atoms are motionless. Fin
the H velocity becomes zero because of increasing fric
with the neutral background gas. Then the directed motio
replaced by a random motion due to the thermal spe
Third, even if H atoms penetrate the Ar barrel shock wa
with still a significant axial velocity component, H mainl
escapes the plasma jet radially. Indeed, the axial velo
component becomes zero whereas the radial compone
still high. This is a direct consequence of the steep ra
density gradients between the core of the plasma beam
its vicinity.

VI. ATOMIC HYDROGEN DIFFUSION FLUX

To confirm the fact that hydrogen atoms escape the c
of the plasma jet by a diffusion process we estimate, a
background pressure of 16 Pa, the losses of H radicals
the normal shock wave, i.e., fromz520 mm to z
5100 mm, and compare them with a calculated diffus
flux.

The loss of atomic radicals in the shock region can
estimated by determining the difference between the forw
flux of H atoms entering the shock front,fH

in , and the flux
behind the shock,fH

out. At a given z, the forward flux~in
s21! is given by

FIG. 10. Profiles of the axial and radial component of the
velocity as well as the radial component of the Ar velocity as
function of the angle with the jet axis, recorded atz58 mm behind
the arc nozzle.
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nwdS5E
0

R

nx~r !wz~r !2prdr , ~11!

whereR represents the position of the boundary of the
that is taken to be the radial position at which the H ato
radial velocity is maximum. In order to calculate the forwa
flux, the radial profile of the H axial velocity component
needed. We will assume that the profile is identical to
one measured atz58 mm, which, in the core of the jet, ca
be well approximated by

wz~r !5wz~0!cos2~w!, ~12!

where the expansion anglew is given by Eq.~9!. We find
that fH

in53.331019s21 and fH
out53.931018s21, which

means one order of magnitude loss of H flux.
Now this loss of H radicals has to be compared with the

radial flux across the shock front. At a specific axial positi
z, the differential radial flux of H atoms at the jet boundaryR
is given by

]

]z
fH

rad52pRn~z,R!wr~z,R!. ~13!

With our data set, only an averaged H atom radial fl
fH

rad can be calculated over the shock front. The latter
obtained by multiplying the averaged differential flux by th
shock thicknessL, which is equal to 80 mm at 16 Pa. W
find that fH

rad53.431019s21, which is in good agreemen
with the decrease in forward flux. Thus, we find that the to
H atom flux is conserved throughout the shock front.

Finally, the radial flux can be compared with a diffusio
flux. An estimate of the thermal flux can be obtained
using Fick’s diffusion law. The radial diffusion flux of H
atoms through the stationary shock wave is given by

fH
th52lH-Arv th

]nH

]r
S5

v th

nArsAr-H

]nH

]r
S, ~14!

wheresAr-H is the momentum transfer cross section@41#, v th
is the H atom thermal speed, andS52pRL is the surface
around the stationary shock wave. The H atom density g
dient between the jet and the vessel wall can be estim
from

]nH

]r
5

nH~R!2nH~wall !

R2r vessel
'

nH~R!

R2r vessel
, ~15!

wherer vessel5180 mm is the radius of the vacuum chamb
From Rayleigh scattering measurements@13,26#, the average
Ar density at the jet boundary is found to be equal
631020m23. The H diffusion flux is then equal to
3.231019s21. This value is in good agreement with thos
calculated previously. It thus confirms the picture of rad
outflow induced by a density gradient.
1-9
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VII. CONCLUSIONS

In the expansion of a plasma generated from an Ar2
mixture, hydrogen atoms are decoupled from argon ato
As a consequence, a peculiar situation is created where
plasma flow is composed of two fluids with their own ma
roscopic features. The Ar flow pattern can be entirely
scribed using the well-established inert gas supersonic
pansion theory. On the contrary, the H flow pattern exhib
a significant departure from the classical expansion the
The anomalous H atom flow characteristic is a direct con
quence of the interaction between the plasma and the ve
walls where H atoms recombine to form molecular hyd
gen.

The decoupling effect, of which the strength depends
the background pressure and on the reduced mass, is a
eral physical phenomenon that applies to most of ato
radicals as soon as the plasma expansion is surrounde
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surfaces where the radicals can recombine with a high p
ability. In that case the surfaces, e.g., a reactor wall or d
particles, act as a sink for the radical. This in turn crea
density gradients that are the driving force for this effect.
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