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Transport of ground-state hydrogen atoms in a plasma expansion
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The transport of ground-state atomic hydrogen in the expansion of a thermal plasma generated from an
Ar-H, mixture is studied by means of laser-based diagnostic techniques. The flow of hydrogen atoms is
investigated by two-photon excitation laser-induced fluoresc@n€®, 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.
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[. INTRODUCTION different positions in the expansion, the H distribution in the
plasma jet in terms of density, temperature, and velocity has

Understanding the transport of atomic radicals in a plasm&een completely mapped.
expansion, i.e., the flow pattern and the interactions with the In a foregoing pap€8], we have shown that the transport
surrounding gas, is of interest from several aspects. From @f H radicals, contrary to that of argon neutrals, cannot be
fundamental point of view, a plasma expansion is a Veryentirely described in terms of the well-established free jet
general physical phenomenon that covers a broad range #pw picture. Hydrogen atoms exhibit a very specific behav-
dimensions, ranging from astrophysical objeld$to small  ior. Whereas the occurence of a stationary shock wave can
laser spot$2]. In comparison with the expansion of a neutral clearly be identified on both the temperature profile and the
gas, plasma expansion is a more complex phenomenon. Fyglocity profile along the jet centerline, there is no density
instance, different kind of particles are presémeutral, ion,  discontinuity throughout the shock front. This leads to a non-
electron, photoy current and electric fields can be gener-conservation of the H atom forward flux. It was stated that H
ated, and the flow is often not isentropic. From a technologifadicals can escape the core of the plasma jet by a diffusion
cal perspective, due to their high reactivity, atomic radicalsProcess induced by the presence of large density gradients
play a major role in plasma chemistry and therefore are oPetween the jet and its periphery. The latters arise from the
relevance for industrial applications like deposition of thin recombination of H at the vessel walls that leads to the for-
films [3,4,5) and surface modificatiofs]. mation of H, molecules. In this contribution, we will analyze

From a practical point of view, it is advantageous to studyin detail the atomic radical anomalous shock wave pattern,
the physics of expanding plasmas on the intermediate scaRnd we will demonstrate that the hypothesis of outward dif-
as then the system is well suited for diagnostics. In this confusion controlled by density gradients can fully explain the
tribution, we focus on the transport of ground-state hydrogerineasurements. It is also a purpose of this paper to add to the
atoms in the expansion of a thermal plasma generated frofferature detailed measurements of the radical flow charac-
an Ar-H, mixture by a dc wall-stabilized arc plasma source.teristics in a plasma expansion.

Such a plasma jet can serve as an example, and the results

obtained may pe ge_neralized to other kind of localized;, p| AsMA JET AND EXPERIMENTAL ARRANGEMENT

plasma expansion, like solar outbursts and laser spots.

Atomic hydrogen is of particular interest. Such a light radical The cascaded af®] is operated at a 40 A dc current, and
plays an important role in the field of nuclear fusion, e.g.,with a cathode-anode voltage of 100 V. In normal condi-
Tokamak plasmals7], as well as in numerous manufacturing tions, a gas flow of 3.0 standard liters per min(gém) Ar
technigques employing processing plasmas. Furthermore, H and 0.5 slm His used. The diameter of the arc channel is 3
one of the main components of both stellar and interstellamm, the stagnation pressure inside the arc is 0.6 atm and the
matter. opening angle of the arc nozzle is 45°.

In order to clearly understand the dynamics of such a The cascaded arc thermal plasma expands supersonically
plasma jet, both neutral Ar atoms and H radicals have to b&to a vacuum vessélength 3 mm, diameter 0.36)mvhere
probed in such a way that the plasma flow is not disturbedthe background pressur@d,) can be varied almost inde-
The local argon atom density is monitored by means of UVpendently from the gas flow, from 10 Pa to 1 atm. Because
Rayleigh scattering whereas the Ar velocity and temperaturéhe plasma expands from the orifice of the arc into a region
are measured by means of laser induced fluorescgriE¢.  with a finite pressure, a well-defined free jet shock wave
The detection of ground-state hydrogen atoms is more cunstructure[10—12 is produced due to the interaction of the
bersome due to the large energy gap between the electrongcipersonic flow with the ambient gas.
ground state and the first excited states. Hydrogen atoms are In the case of an Ar-KHmixture, a fast lowering in the
spatially probed by means of two-photon absorption laseelectron density appears soon after the onset of the expansion
induced fluorescenc@ALIF). By applying this method for [13]. At an electron temperature of 1 eV this ionization loss
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gated PMT | pavicion Hydrogen atoms are excited with two 205 nm photons

Golarblind) | seattering from the 1s?S ground state to thed®D and 3°S states. The
¥intircor laser beam intensity is low enough to avoid any parasitic
effects such as stimulated emission, production of kind
2050m dissociation of H molecules. The excitation is monitored by
) detection of the resulting fluorescence yield on the Balmer-
Pamate usm  (Ha) line at 656 nm using a gated photomultiplier tube
focus (PMT). A narrow-band width interference filter A
=10nm) is used to isolate the Hine from the plasma emis-
lens sion. A slitmask is used to define the detection volurid
cascaded arc f=1m 3 . . . .
o mm’) which dimensions are smaller than any gradient scale
656 nm Vyiaserbeam length. The PMT signal is recorded by means of an oscillo-
UV laser beam f=06m scope connected to a computer. The dye laser frequency is
calibrated by the simultaneous recording of the absorption
TALIF spectrum of molecular iodine. From a spectral scan over the

o _ two-photon transition, the local H atom density, temperature,
FIG. 1. Schematic view of the experimental arrangement. Theand velocity along the laser beam are measured. Note that
plasma is created in a cascaded arc and it expands freely from thfe measurements are performed in succession. Absolute
source nozzle into a vacuum chamber. The jet diameter is around §mber densities are obtained by calibrating the TALIF
mm in the subsonic do'mai(dep.ending on the background pres'_setup by means of a titration reaction with N® a flow
sure, and the vessel diameter is 360 mm. The UV _Iaser beam i$ube reacto21,22. To compensate for the pulse-to-pulse
used to perform both TALIF and Rayleigh scattering measures, oo fiyctuation any data point that composes the spectral
ments. It can be directed either perpendicular or parallel to the je

; . brofile is an average over 256 laser shots.
axis, which allows for the measurement df,(,w) and (T ,w), The UV laser beam at 205 nm is also employed to mea-
respectively.

sure the argon heavy-particle density by means of Rayleigh
scattering [23,24. The polarized, scattered radiation at
505 nm is detected at an angle of 90° using a gated solar
blind PMT, as shown in Fig. 1. A dielectric UV mirror cen-
N N TR tered on 205 nm AN=10nm) is used to filter out the
Art+Hy—ArH"+H k=1.2x10"" m°s™", (1)  plasma background light. The amount of stray light is re-
duced by means of a set of diaphragms and by using win-
followed by the dissociative recombination reactjdd—16  dows at Brewster's angle. Although the amount of photons at
205 nm is much smaller than the amount of photons that can
ArH" +e SAr+H* k=101 més L (2)  be generated at for instance, 532 nm with our Nd:YAG laser,
the differential scattering cross section at 205 nm is about

Thus, using a 6:1 Ar-kimixture, at the arc outlet, the plasma 60 times larger than at 532 nfi25]: =3.6x10"*m? at
jet turns into almost a gas jet composed of Ar and H atom@05 nm ando=5.6x 10 3*m? at 532 nm. The current de-
and of H, molecules. Both the amounts of H and éepend  tection limit in an Ar-H, plasma is around f0m~2: it does

on the dissociation degree of the source that is very likely td0t permit us to accurately measure the Ar density in the
be close to 117]. Beyond the Mach disk, the gas expandsshock region at a background pressure below 40 Pa.
subsonically and mixes with the residual background gas.

Then the evolution of the flow is determined by the circula- 11l. TRANSPORT OF ATOMS ALONG THE JET CENTER

tion pattern in the vessel, which is a direct consequence of LINE

the large residence time.s~1 s at 20 Pa Furthermore, as
the diffusion time is much shorter than the residence time
(7giry~1 ms at 20 Pg there is ample time for plasma-wall In the case of an expanding argon plasma, it has been
interactions. demonstrated experimentallg6] that the expansion of neu-

In this experiment, ground-state hydrogen atoms are spdral atoms can be well understood in terms of an adiabatic
tially probed by using two-photon absorption laser-inducedsupersonic expansion of an ideal da§]. Furthermore, the
fluorescencéTALIF) [18-20. The experimental method is entire axial density profile can be described by a quasi-one-
described elsewherg0,21], and only a short overview is dimensional model based on hydrodynamic equat{@@s,
presented here. A simplified scheme of the setup is depictedespite the fact that the Knudsen numbar inside the su-
in Fig. 1. A tunable 20 Hz Nd: yttrium aluminum garnet personic domain is rather high. For instance, at a 40 Pa back-
(YAG) pumped dye laser delivers radiation around 615 nmground pressureKn=0.1 ahead of the stationary shock
The output of the dye laser is frequency tripled using nonwave. Later, this model has been extended to study the case
linear optical crystals resulting in 2 mJ of tunable UV light of an expanding argon plasma seeded with a small amount of
around 205 nm with a measured bandwidth of 0.2 trifthe  molecular hydrogef13].

UV laser beam is focused either perpendicular or parallel to The development along the jet center line of the Ar heavy
the plasma expansion axis. particle density, measured by means of UV Rayleigh scatter-

is due to the production of hydrogen atoms by the associativ
charge exchange reaction

A. Argon atoms
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) ) ) FIG. 3. Axial component of the velocity along the jet centerline
~ FIG. 2. Axial density profile of Ar neutrals at 42 Ra@pen  for Ar, H, and D atoms at a 20 Pa background pressure. The de-
circles and 100 Pasolid triangleg background pressure in the case coypling between HD) and Ar inside the supersonic domain can
of an Ar-H, mixture. The solid line represents a fit using expressionciearly be seen. The theoretical Ar velocity profile in the supersonic

(3). Also shown is the Ar axial density profile measured in the cas&jomain(dashed lingis in good agreement with the measurements.
of a pure Ar plasmdstal at pp,q=40 Pa.

. ] . o the forward flux, can clearly be seen in Fig. 2. From the
ing for a 6:1 Ar-H, mixture, is shown in Fig. 2 for two Rankine-Hugoniot relatior{28] the compression ratio is
different background pressures. Our data are in agreemefynd to be 3 at 20 Pa and 4, i.e., the maximum compression
with foregoing measurements obtained in the case of a purgytio, at 100 Pa. The slow increase in Ar density in the sub-
Ar plasma[13], see Fig. 2. It implies that the Ar flow is not sonjc region is due to a cooling of the gas by heat transfer,
disturbed by the presence of H and. Hrrom the conserva- the static pressure being constant. The velocity of Ar atoms
tion laws in stationary state, and under the assumption tha an expanding Ar-Kthermal plasma jet created by a cas-
the particles originate from a point source and flow alongcaded arc, has recently been determined by measuring the
straight stream lines, one can obtain the theoretical expreoppler shift in a LIF experiment on metastable[&6]. The
sion for the density development along the jet centerline  gevelopment of the Ar axial velocity component along the
plasma jet axis appaq= 20 Pa is shown in Fig. 3.

The general shape of a velocity profile can be described
using theory developed in the field of gas dynanmiz8], and
it has been explained elsewhere for both H at¢&jsand Ar
atoms[29]. In short, behind the source exit, the argon gas is
irst accelerated to supersonic velocities over a few source
ozzle diameters due to conversion of thermal energy gained
in the source into kinetic energy. If the background pressure
is low enough, the flow reaches a steady state, the so-called

AT . . . flozen regime, in which the velocity stays constant. Such a
sonic orifice in the field of gas dynami¢$0,27. The axial velocity plateau is visible in Fig. 3 for the Ar case. As can

density decay starts at some positkggj,cedepenqmg on th_e also be seen in Fig. 3, in the supersonic domain, the mea-
source nozzle geometry, e.g., several nozzle diameters in tg ' !

f a straiaht orifice. This d in density d i Grements are in good agreement with a theoretical calcula-
case of a straight oritice. 1his decrease In densily describesig, , “rpan the expanding gas collides with the residual back-

. ) L . r@jround gas that results in the formation of a stationary shock
The measured Ar density profiles in Fig. 2, are fIttedwave over which the flow experiences a transition from the

according to Eq(3). As can be seen, the experimental datasupersonic to the subsonic regime. Behind the shock, the

are we_II described by the theor_etlcal expression. Up Qiow pattern is mainly determined by the geometry of the
the stationary shock front the density decrease is not affect ssel. The flow velocity decreases due to momentum trans-

by a change ifpyack, Meaning that the supersonic domain of fer to the ambient gas particles, and in this regime, the trans-

the expansion can be considered as a closed domain syt : : . PR
. ort of any particles is mainly controlled by diffusion.
rounded by a shock-wave structur#l,26. From the fit, B yp y y

both length parameters can be estimated. We find that

Zier= 3.00.2 mm and thatg,,.e& 3.0 0.2 mm. This means B. Hydrogen atoms
that the virtual point source, i.e., the start of the expansion, is
located 3 mm inside the nozzle. This is a direct consequence
of the use of a diverging nozzle. The density jump across the Contrary to the argon case, hydrogen atom axial density
normal shock wave, which results from the conservation oprofiles do not exhibit any jump throughout the stationary

2

Zref ( 3)

nz)=Ng-———"3.
(2 O(Zdl'zsource)2

In Eq. (3), ng is the density in the source, is a scaling
length equal to the source nozzle radius in the case of a 4
degrees expansion, arrg,,..is the position of the virtual
point source. This formula is similar to the one used to de
scribe the supersonic expansion of an inviscid gas through

1. Anomalous density profile
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as well as the two-body reacti@b|
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Furthermore, as already mentioned in R&, the steep-
ness of the density decay within the supersonic domain de-
pends onpy.ck, Which means that H atoms that come from
the source receive information about the standing ambient
=4 oy gas. This proofs that a shock-wave structure does not form a
’ og totally closed system. As shown in Fig. 4, the H axial density
profile ahead of the shock wave can be well described by a
modified point source expansion law of the form
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FIG. 4. Axial density profile of H for different background pres- h h is | h b d
sures. Contrary to the Ar profiles, there is no density jump throughyv ere the exponergi is larger than two, because an outwar

out the stationary shock front, implying that the forward flux is not diffusion effect is superimposed on the normal rarefaction
conserved. The curves are the result of a fit using(Bx. effect. The length parameterg; and o ccare taken to be
the ones determined from the Ar measurements. The values

shock front, as can be seen in Fig. 4, while the drift velocityof No and 8 depend ompy,cand are listed in Table I. It can
drops, as can be observed in Fig. 3. This means that thgearly be seen thaB gets closer to two as the pressure
forward flux of H atoms is not conserved in the shock regionincreases, meaning that H atoms get better confined inside
This striking demonstration of an anomalous H atom shockhe supersonic jet. In other words, it becomes more difficult
pattern has been reported ina foregoing piﬁﬂg”t is pos- for H to cross the barrel shock wave at hignick! since the
tulated that strong density gradients between the core of th@cal mean free path decreases. This also explains why the H
jet and its surroundings, due to a low H concentration in thedensity behavior in the ambient gas dependpgf, as can
background gas, are responsible for an outward diffusion ope seen in Fig. 4.
H atoms. The efficient destruction of hydrogen ground-state )
atoms at the wall of the vesg@0], where they recombine to 2. Perpendicular temperature
form molecular hydrogeri31-33, is responsible for the The axial profile of the atomic hydrogen perpendicular
very low H background density. In neutral gas mixture ex-temperaturd, (associated with the velocity distribution per-
pansions migration of the light species towards the edges gfendicular to a stream linds depicted in Fig. 5 for two
the jet has been observed within the first millimeters of theditferent values ofp,,. The temperature profiles clearly
flow [12]. In this region, this so-called mass focusing effectreveal the presence of a stationary shock front across which
arises from a mass-dependent kinetic energy. T, raises due to the conversion of the jet particle kinetic

One can exclude under our experimental conditions that I'énergy into random thermal motion. As predicted by the
atoms recombine in volume during the expansion process tgheory, both the position and the width of the shock front
form molecular hydrogen, which would also lead to a non-depend OMPpack [12] In the Supersonic region of the expan-
conservation of the axial H flux. The chemical reactions thagion’ a strong C00|ing effect occurs because the thermal en-

have to be considered are the three-body reactidds ergy gained by the particles in the plasma source is con-
verted into kinetic energy by means of collisions. For an
H+H+Ar—Hy,+Ar, k=9.8x10"% m°s? adiabatic process, the energy equation can be replaced by the

Poisson adiabatic laj28|
H+H+Hy,—Hy+H, k=2x10% mfs™, (4

)71
J— =—, 7
H+H+H—H,+H, k=4.5x10% m®s?% No To @

TABLE |. Parameters governing the H atom expansion at different background pressures. The subscript
o refers to the source region. The varialfiés linked to the on-axis H atom density decay, see Eq. 6,7and
is the quasiadiabatic exponent.

Pback (P3 16 20 42 100
no(m~3) (5.6+1.0)x 10™* (2.2+0.2)x 10% (5.6+1.0)x 107 (2.2+0.2)x 10*
B 2.65+0.10 2.35-0.05 2.20-0.05 2.10-0.05
y 1.40+0.10 1.40-0.04 1.50-0.15 1.45-0.05
T, (K) 9000+ 3000 480G 600 810G+ 3500 560 800
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FIG. 5. H dicular t ¢ file al he | FIG. 6. Axial profiles of the H density and H perpendicular
- 9. H perpendicular temperature profile along the jet Cen'temperaturéﬁ when He is used as a carrier gas instead of Ar. The

terline for two different background pressures. Also shown are th hock front structure is visible in the temperature profile. However,

theoretical temperature profiles with=1.45 (solid line) and with : P : : Y
no discontinuity is observed in the H density profile.
v=5/3 (dashed ling The source temperature is found to be 0.5 eV. y P

) , . o computational works are needed to validate this idea. None-
wherey is t_he adiabatic exponent which is equal to 5/3 for 3theless, primary works using an hydrodynamic approach to
monoatomic gas. By plotting the H atom temperature as &ode| the Ar-H flow, seem to confirm this view. Behind the
function of the density, the isentropic exponent can be evalughqck wave, all velocities are about the same, meaning that
ated. The value ofy for various values oppac is listed in 4 particles are well coupled. This is a consequence of the
Table 1. As can be seeny for H radicals has the almost ,ch higher collision frequency in the subsonic domain.
constant value 1.4. The fact that the measuyad smaller o ever, across the stationary shock front, the velocities
than the theoretica) for a monoatomic gas means that, Con- gigfer substantially, the atomic hydrogen velocity being
trary to a neutral gas expansion, the supersonic expansion Qfyer than the argon velocity. Because of collisions in the
a plasma is nonadiabati@6]. As can be seen in Fig. 5, the ghock we can expect the difference in velocity to slowly
measured temperature is well above the theoretical isentropi§minish. It can also be seen that theDy(velocity starts to

temperature. In the case of a plasma expansion, the coolingycrease earlier than the Ar velocity. This effect is not yet
of neutrals in the supersonic domain can be disturbed by hegfa|| understood.

transfer from both the source and the hot background gas
behind the shock front. Re-entry of background gas into the
supersonic domain through the barrel shock wave can also IV. USE OF A LIGHT CARRIER GAS

i i 9. ig. . .
disturb the flow, especially at low pressy@]. In Fig. 5, a h In order to study the influence of the mass on the radical

fit to the measured data is shown using the adiabatic law wit : ) i
measureds and y. The source temperatuf,, that corre- transport mechanism, the carrier gas has been (_:hanged. ar-
sponds to the temperature inside the arc nozzle, is found @on (my=40amu) has been replaced bY heliunm, ¢
be close to 0.5 eV, independent @, ;4 amu). The parameters are the fpllowmg. the arc curre_nt
ac is 50 A, the cathode-anode voltage is 140 V, the He flow is
) _ 2 slm, the H flow is 0.5 slm and the background pressure is
3. Axial velocity component 20 Pa. The source geometry is identical to the one used in the
The measured axial profiles of the axial velocity compo-Ar-H, mixture case. An admixture of less than 2% Ar gas is
nents of H andD are shown in Fig. 3 for a background used to prevent a too fast degradation of the cascaded arc
pressure of 20 Pa. Also the Ar velocity profile is shown. Thecathode tips. Thus, the average mass of the mixture is equal
shape of the H anB velocity profile along the jet center line to 4.3 amu, using the fact that the plasma source delivers
is very similar to the Ar one. This means that the mechasmainly H, in view of the low measured H density, see Fig. 6.
nisms responsible for the H arid axial velocity develop- The results of the measurements are given in Fig. 6. The
ment are connected to those that determine the Ar profiled density at the source exit is much less, by nearly 2 orders
Throughout the supersonic domain, theDH(velocity is  of magnitude atp,,g=20Pa, than when Ar is used as a
higher than the Ar velocity. The decoupling between the Arcarrier gas[8]. The relatively low-delivered amount of H
fluid and the radical fluid, which is already present at thearises directly from the way H atoms are created in a He-H
source exit, is a direct consequence of losses of H atoms atixture [37—39. The low H temperature at the arc outlet is
the walls. A possible way of describing the hydrogen driftdue to the high-thermal conductivity of the He-khixture.
velocity is to consider this velocity as the sum of the argon The sharp rise in the temperature, which occurs behind
drift velocity and a diffusion term. The diffusion velocity, the arc exit as depicted in Fig. 6, reveals the occurrence of a
that contains implicitly the H-density gradients, would con-stationary shock front. In comparison with the results ob-
trol the H flow relative to the Ar flow. More theoretical and tained at the sampy,¢ for an Ar-H, mixture, two remarks
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can be made. First, the shock wave is located very close tstrated that despite a better confinement, the atomic hydro-
the arc exit since the shock position varies with the stagnagen anomalous shock-wave pattern does not vanish. A better
tion pressure, which at constant flow decreases when th@ansport is of relevance for the downstream chemistry since
atomic mass decreasgk2]. Second, the shock front, whose the amount of ground-state radicals can be one of the limit-
thickness is always in the order of one local mean free pating factors when an expanding plasma jet is used for thin
for momentum exchange, is narrow despite a relatively lowfilm deposition[5] or surface modification. Then a good
neutral-neutral momentum exchange cross section for Heompromise has to be found between the quantity of radicals
This originates from the fact that the shock wave occursavailable in front of the surface and the momentum of the
close to the nozzle exit, where the He density is still high. carrier gas, which is also used to transport other particles like
According to the temperature jump, the Mach numlder molecules of the precursor gas.
is found to be equal to 2.3 ahead of the shock when using the
Rankine-Hugoniot relation with a value of 1.5 for the isen-
tropic exponenty. With this value forM, the amplitude of
the density jump should be 2.8. However, no significant den-
sity jump is observed across the shock wave. This again In order to have a better insight in the lack of confinement
indicates an outward diffusion of H atoms. Despite the smalbf atomic hydrogen inside the core of the plasma jet gener-
mass ratio between He and H, H atoms leave the core of theted from an Ar-H mixture, it is of interest to study beam
plasma jet and recombine at the vessel wall. This resulgross sections at several axial positions. Also the permeabil-
points out the importance of the density gradients in the Hty of the Ar barrel shock wave needs to be discussed. In
atom loss process. Figs. 7, 8, and 9, radial profiles of the H atom density, per-
In the subsonic domain of the flow, the temperature dependicular temperature, and radial velocity component are
cays fast because of the large thermal conductivity of thejiven for p,,q=16 Pa atz=2, 8, 20, 50, 80, and 100 mm
mixture, and the density remains relatively constant. Despit@ehind the arc outlet.
the low H density at the source outlet, it is slightly higher
behind the stationary shock wave>100 mm) than in the
case where Ar is used as a carrier gas. This means that H is
better transported when the mass of the carrier gas is small. From the radial density profiles, we observe that the den-
The gain in confinement when the mass of the carrier gas isity of atomic hydrogen decreases fast as we move away
closer to that of the transported species is known for myltifrom the source exit. This is a direct consequence of the
component neutral beam expansidd®]. But we demon- rarefaction effect due to the increase of the beam diameter.

V. CONFINEMENT OF RADICALS INSIDE THE JET
CORE

A. Radial profiles of the H density
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However, this effect is enlarged by the outward diffusionand onvy, but it is a constant in the course of the expansion.
phenomenon. Contrary to argon, the H jet is never overex©nce more the increase @is connected to an outward loss
panded, i.e., the H atom density inside the jet is never loweof H radicals in particular in the outward regions of the jet.
than outside the jet. Across the stationary shock front, from
z=50 to 100 mm, the radial H density profile is flat because
the diffusion process levels out the density profile. B. Temperature and radial velocity

The shape of the density profile in the core of the plasma ¢ (4dial profiles of the H atom perpendicular tempera-
beam can be theoretically described. Such a shape corgi o 1 clearly show evidence of the quasiadiabatic cooling
sponds to a situation in which the jet is underexpanded. Wee ot They also reveal the structure of the barrel shock

propose the following function wave.
B @ 8 It can be seen in Fig. 7 that at=2 mm in the core of the
n(r.z)=n(z)cos(¢), (8) jet T, is not constant. The temperature is higher on axis than
_ _ on the sides. This is purely a geometrical effect: the H atoms
with the anglee given by detected on the sides have travelled more in comparison with

those on the jet axis. Then, since the former have undergone
more collisions they converted a larger part of their thermal

gozarctaf( ;) 9) energy into kenetic energy that leads to a lower temperature.

Z+ Zsourc At z=8 mm, this geometrical effect is almost not noticeable
anymore.

wherer is the radial distance arm,,.is the position of the The rise inT, when going off axis is due to collisions

virtual point source. In the field of gas dynamics, some moravith Ar atoms in the barrel shock wayé&2]. This tempera-
complex functions have been proposed based on experimeture jump defines the boundary of the plasma jet. Then, be-
tal data[10,40. The results of fits using E¢8) are depicted hind the barrel shock wav@, decreases towards the vessel
in Fig. 7 atz=2 and 8 mm. As can be seen in the graph, thewalls because of heat transfer to the background gas. As can
function reasonably represents the experimental data insidge seen in Fig. 7, the background gas temperature is rather
the jet. However, to obtain such an agreement, the exponefdw, around 500 K. In the subsonic domain, the temperature
a in Eg. (8 has to be modified when changing the axial of flowing H atoms is homogeneous over the jet radius, as
positionz:a=2.4 atz=2 mm anda=5.5 atz=8 mm. Inthe  can be seen in Fig. 9, and relatively high. This shows that the
classic supersonic expansion picture, the value of this expdieat gained in the source is transported mainly forward with
nent only depends on the source conditions and geometisome radial losses due to thermal conduction.
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The radial profiles of the H atom radial velocity compo- of a perfect coupling between H radicals and Ar atoms. The
nent also reveal the Ar shock-wave structure. Because of theelocity is calculated at the boundary of the plasma jet of
expansion process, the radial velocity first increases whewnhich the location is taken from th€, profile. The maxi-
moving away from the jet axis. Then when H atoms collidemum speed is found to be equal to 1000, 900, and 900'ms
with Ar atoms in the barrel shock wave, the velocity de-atz=2, 8, and 20 mm, respectively. At agythe highest H
creases since it is converted into thermal energy, and thgdial velocity is always larger than the calculated value,
temperature increases accordingly. As expected, the positiaphich points out the importance of the radial escape of H
of the Ar barrel shock as deduced from the H radial V8|0Cityradica|s_ This radial escape process is Certaimy most impor-
profile does coincide with the position deduced from the cortant at the beginning of the plasma expansion where the
respondingT, profile. atomic hydrogen radial velocity component is highest.

As can be seen in Figs. 7 and 8, the maximum value of The discrepancy between the expected H radial velocity
the H radial velocityw;"® decreases asincreases. This is and the measured one not only confirms the idea of a decou-
not predicted in the classical expansion picture. Assumingling between H and Ar atoms, but it also suggests that the H
that the total velocity does not vary with the radial position,velocity is connected to the H density gradients, which are
the magnitude of the radial velocity component as a functionhe largest at the beginning of the expansion and that de-
of the radial position for a given axial position can be written crease with increasing
in the classical picture as follows

W, =W, Sin( @), (10 C. Permeable Ar barrel shock wave

The picture of a strong decoupling between H and Ar is
wherew,  is the axial speed at=0 and¢ is the expansion substantiated by comparing the radial profile of the axial and
angle given by Eq(9). In the case of a free jet, the maximum radial velocity of the H atoms and the radial velocity com-
radial velocity is always reached at roughly the same apgle ponents of the Ar atomf29]. This is done in Fig. 10 for a
for a givenpy,ccindependent ok Since up to the stationary position of 8 mm behind the arc outlet andmy,= 20 Pa.
shock wave the axial velocity increases slightly, as can behe data points are plotted as a function of the argleith
seen in Fig. 3w;"* should then also increase a bit. However, the expansion axis given by E(p).
it decreases by approximately a factor 3 betwee2 and This figure confirms the picture of an outward diffusion of
20 mm. By using the measured argon axial drift velocity,H. Moreover, it can be fully understood by considering that
shown in Fig. 3, it is possible to estimate with EG0) the  the H density gradient is the driving mechanism of the dif-
maximum value of the H radial velocity component in casefusion process. First, the graph clearly shows the decoupling
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FIG. 10. Profiles of the axial and radial component of the Hwhere the expansion angleis given by Eq.(9). We find
velocity as well as the radial component of the Ar velocity as athat ¢m:3_3>< 10% 1 and d)ﬂ”t: 3.9x10%s™ 1 which
function of the angle with the jet axis, recordedzat8 mm behind  means one order of magnitude loss of H flux.
the arc nozzle. Now this loss of H radicals has to be compared with the H

radial flux across the shock front. At a specific axial position
between H and Ar atoms. On the expansion axis, both radia the differential radial flux of H atoms at the jet bound&y
velocity components are zero. Asincreases, i.e., further is given by
from the axis, the gap between the two velocities also in-
creases, the maximum H radial speed being approximately i(ﬁﬁdzszn(z, R)W,(z,R). (13
three times higher than the maximum Ar speed. Second, H Jz
atoms penetrate and even cross the Ar barrel shock. The
decay in Ar radial velocity, due to friction with the standing  With our data set, only an averaged H atom radial flux
gas, indicates the position of the barrel shock. It foIIOWquSL,ad can be calculated over the shock front. The latter is
from the picture that az=8 mm, the expansion angle is obtained by multiplying the averaged differential flux by the
about 30°. But the H atom radial velocity only starts to de-shock thicknesd., which is equal to 80 mm at 16 Pa. We
crease beyond the beginning of the Ar barrel shock wavefind that ¢,rj‘d=3.4>< 10°s™ 1, which is in good agreement
Moreover, when the Ar velocity is zero, the H velocity is still with the decrease in forward flux. Thus, we find that the total
high, indicating that H atoms are still moving radially into H atom flux is conserved throughout the shock front.
the background gas, where Ar atoms are motionless. Finally, Finally, the radial flux can be compared with a diffusion
the H velocity becomes zero because of increasing frictiodlux. An estimate of the thermal flux can be obtained by
with the neutral background gas. Then the directed motion igising Fick’s diffusion law. The radial diffusion flux of H
replaced by a random motion due to the thermal speeditoms through the stationary shock wave is given by
Third, even if H atoms penetrate the Ar barrel shock wave
with still a significant axial velocity component, H mainly any v Ny
escapes the plasma jet radially. Indeed, the axial velocity d’EZ—)\H'ArUm&—rSZ P
component becomes zero whereas the radial component is
Zt;lllsr;;gh. Th.|s is a direct consequence of the steep radla\IWeregAr_H is the momentum transfer cross seclié], vy,
y gradients between the core of the plasma beam an .
its vicinity. iS the H atom t_hermal speed, agF27RL is the surfr_:\ce
around the stationary shock wave. The H atom density gra-
dient between the jet and the vessel wall can be estimated
from

To confirm the fact that hydrogen atoms escape the core
of the plasma jet by a diffusion process we estimate, at a Ny _ nu(R)—ny(wall)  nu(R) (15
background pressure of 16 Pa, the losses of H radicals over ar R—ressel R—Tyessel
the normal shock wave, i.e., frone=20mm to z
=100mm, and compare them with a calculated diffusionwherer ..=180 mm is the radius of the vacuum chamber.
flux. From Rayleigh scattering measuremdri3, 26|, the average
The loss of atomic radicals in the shock region can bear density at the jet boundary is found to be equal to
estimated by determining the difference between the forwargx 10°°m=3. The H diffusion flux is then equal to
flux of H atoms entering the shock frong,}, and the flux  3.2x10'9s 1. This value is in good agreement with those
behind the shocke?". At a givenz, the forward flux(in calculated previously. It thus confirms the picture of radial
s 1) is given by outflow induced by a density gradient.

—S, (14
NararH OF

VI. ATOMIC HYDROGEN DIFFUSION FLUX
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VII. CONCLUSIONS surfaces where the radicals can recombine with a high prob-
ability. In that case the surfaces, e.g., a reactor wall or dust

In the expansion of a plasma generated from an Ar-H icl ink for th dical. This i
mixture, hydrogen atoms are decoupled from argon atomspart'(? es, act as a sink for the radical. This in tum creates
' density gradients that are the driving force for this effect.

As a consequence, a peculiar situation is created where the
plasma flow is composed of two fluids with their own mac-
roscopic features. The Ar flow pattern can be entirely de-
scribed using the well-established inert gas supersonic ex- ACKNOWLEDGMENTS
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